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The accordion imager, a new solid-state image sensor

A. J. P. Theuwissen and C. H. L. Weijtens

No image sensor can compete with the human eye. Even if a charge distribution could be pro-
duced in a solid-state image sensor with the same accuracy as an image is formed on the retina,
the information could not be transferred in the same way. Each photosensitive element in the
eye has its own channel for transferring the image information to the brain. A simulation
of this system would require far too many connections. The information originating from all
the individual image elements in solid-state image sensors is ultimately transferred through a
single channel. The idea for the transfer of the image information in the ‘accordion imager’
described below was first'put forward in the early eighties at Philips Research Laboratories.

Introduction .

A solid-state image sensor seems to be an attractive
alternative to the conventional television camera tube.
In a camera tube an electron beam scans the charge
distribution produced on a photoconductor by inci-
dent light. In most solid-state sensors the charge dis-
tribution is not scanned; the charge is transferred
directly.

Major applications of such image sensors are to be
found in monitoring and surveillance equipment, elec-
tronic cameras and even in toys. Because of the in-
teresting applications in the consumer market it is
important to keep the price of the imager low. Since
the price is directly related to the size of the sensor,
the sensor should be as small as possible without loss
of resolution.

A solid-state image sensor has a number of advan-
tages compared with a camera tube: it can be made in
ICtechnology, its weight is low, it requires little power
and it is small and robust. Image-lag or ‘comet’ effects
can be avoided and the image area is not damaged if
the light beam is too bright. The image quality, how-
ever, is not that of a camera tube. For a comparable

Dr Ir A. J. P. Theuwissen and Drs C. H. L. Weijtens are with
Philips Research Laboratories, Eindhoven.

image quality, a solid-state sensor should have a
certain minimum number of picture elements (pixels).
But this must not require any change in the critical
dimensions (and hence a new technology) or make the
chip too expensive. In the current state of the tech-
nology the chip will only compare with other image
sensors if its area is less than 40 mm?.

A solid-state image sensor is simply a silicon chip. It
consists of two parts, an image section and a storage
section. In the image section incident light generates
electrons, which are collected in potential wells at
defined positions on the surface (the pixels). This
results in a distribution of charge packets that corres-
ponds to an image. The size of a charge packet corres-
ponds to the quantity of light that arrives at a pixel.
After charge has been accumulated during a specific
period (the ‘integration period’) this charge distribu-
tion is transferred in its entirety [} to the storage sec-
tion, which is shielded from light. The transfer has to
be very fast to ensure that the charge packets in transit
are not significantly affected by incident light. Nor, of

(11 The charge distribution corresponding to an image is trans-
ferred in its entirety to the storage section situated below the
image section. Sensors of this type are therefore called frame-
transfer (FT) devices. .
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The peristaltic ‘potential movement’ can in principle be produced
with only three electrodes. We use four electrodes to obtain the
usual interlacing for television pictures. During successive integra-
tion periods the voltage patterns on the electrodes are shifted sym-
metrically with respect to each other by an integer number of elec-
trodes. In the field duration following the transfer in fig. 2, elec-
trode 3 acts as a barrier electrode and the voltage on electrodes 7, 2
and 4 produces the potential wells.

For the collection of the charge packets during the
integration period two electrodes per pixel are suffi-
cient. The peristaltic charge transfer can only take
place if a pixel consists of more than two electrodes.
In fig. 2 there are four. Because of these extra elec-
trodes a row of pixels occupies a relatively large area
on the chip. This has detrimental consequences for the
resolution in the vertical direction (»), which is deter-
mined by the number of pixels per unit length. For
this reason we wanted to make a sensor with smaller
pixels. The obvious way of doing this is to make the
electrodes narrower. However, this would require an
entirely new technology for producing the sensors.
Another way of making the pixels smaller is to reduce
the number of electrodes in each row. This does not
greatly affect the production process, but it does of
course change the transfer mechanism. The way in
which this problem has been solved in our new ‘accor-
dion imager’ is treated in this article, which describes
the operation of the sensor, its design and its charac-
teristics.

The ‘accordion’ operation

The new ‘accordion imager’ [®1 is a solid-state
image sensor with only two electrodes per pixel, which
serve alternately as integration and barrier electrodes
in successive integration periods. The storage section
also consists of elements with only two electrodes.
Charge transfer takes place as follows. After an inte-
gration period the potential wells and barriers are
doubled in width one at a time. This process starts at
the interface between the image and storage sections
of the sensor. The charge distribution is stretched like
an accordion. When the lower edge of the storage sec-
tion is reached the potential wells and barriers are
reduced to a width of one electrode, one at a time.
The charge distribution is now ‘squeezed together’
like an accordion. The result of this stretching and
squeezing is that the entire charge distribution is
moved from the image section to the storage section.
The transfer from the storage section to the output
register can be made in the same way.

It is clear that in this method of transfer the voltages
on the electrodes will change in a more complex way
than in the four-phase sensor. The benefits, however,
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are considerable: with the same technology as used
for producing a four-phase sensor an equally large
sensor can be made that has twice as many pixels, or a
smaller sensor with the same number of pixels. The
accordion imager has the same number of pixels as the
four-phase sensor but occupies a smaller chip area.
The detailed action for the charge transfer in the
accordion imager is illustrated in fig. 3 and fig. 4. At
time 7o ( fig. 3) the sensor is in one of the two states in
which charge is accumulated during a period of 20 ms,
the integration period. At time ¢, the first charge
packet (a) is stretched. At time #; it is pushed further
towards the output. The other charge packets (,c,...)
stay in position. At time #3 the second charge packet
(b) starts to move, and so on. This change from a
static two-phase system to a dynamic four-phase sys-
tem continues until every charge packet has been
spread over two electrodes. The separation between
each two charge packets has a width of two elec-

TN e/

— transfer direction

Fig.3. Principle of the ‘accordion’ mechanism. The starting point is
a two-phase system, in which charge is collected beneath the elec-
trodes / during the integration period and the electrodes 2 form a
barrier between the different charge packets. A four-phase system is
built from this, a step at a time. The state at time fo occurs at the
end of an integration period, #; to f5 indicate the successive stages
in ‘stretching the accordion’. It can clearly be seen that charge
packet a is transferred first, followed by charge packet b, and so on
to the output of the sensor.

121 F.L.J.Sangster and K. Teer, Bucket-brigade electronics — new
possibilities for delay, time-axis conversion, and scanning,
1IEEE J. SC-4, 131-136, 1969.

18] The ideas on which this work is based were put forward by
A. J. J. Boudewijns, now with the Consumer Electronics Divi-
sion, Philips NPB, formerly with Philips Research Laborato-
ries, and M. G. Collet and L. J. M. Esser of these laboratories.
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trodes. At this moment the first packet has arrived at
the first part of the storage section and the accordion
starts to close up. The potential wells and barriers are
gradually made one electrode wide.

The entire process of stretching and squeezing the
‘accordion’ is illustrated in fig. 4 for a sensor in which
the image and storage sections each have eight elec-
trodes. Note that at the end of the cycle the sensor is
in the appropriate state for collecting charge beneath
the electrodes that were barrier electrodes in the pre-
vious integration period; this provides the interlacing.

In the accordion imager the charge transfer takes
place over two times 588 electrodes (image and stor-
age). This takes 0.5 ms, which is sufficiently short
compared with the integration period of 20 ms. The
application of the voltages to the electrodes is
obviously more complicated than in the four-phase
sensor. The voltage change is no longer the same for
-electrodes with the same number, as it was in the four-
phase sensor. In the following section we shall show
how the required voltage pattern on the electrodes is
produced.

The accordion imager
Principle

So far we have considered the consequences of the
changing voltages on the electrodes for the charge
transfer. Let us now see how these voltage changes are
produced.

The image sensor is controlled by two shift registers,
one for the image section and one for the storage sec-
tion. These shift registers consist of cells, each with a
clock input. The output of each cell is connected to an
electrode of the sensor and to the input of the next
cell. At the input of the first cell the signal can be
either IM (for the image section of the sensor) or ST
(for the storage section of the sensor). The clock sig-
nals ¢, which controls the clock inputs of the odd
cells in each shift register, and ¢2, which controls the
clock inputs of the even cells, make this input signal
shift step by step through the register, with signal
inversion after each cell. This process produces the
required voltage pattern on the electrodes. The signal
at the input of the first cell of the shift register (/M or
ST) causes the stretching and squeezing of the accor-
dion. The way in which this is done is illustrated in
fig. 5 for a small part of the sensor (8 electrodes of the
image section and 8 electrodes of the storage section
with the associated shift registers).

At the moment when the clock associated with a cell
generates a pulse, the output of the cell takes on a
value opposite to the value at the input. The input sig-
nals IM and ST, as shown in fig. 54, produce the

Philips Tech. Rev. 43, No. 1/2

potential profile shown in fig. 5b on the electrodes
A Br.... Aslong as the input signal IM is changing,
the potential wells and barriers are two electrodes wide
and the charge packets are transferred. The variation
of the potential wells and barriers with time can be
seen in fig. 5 from the values of the outputs A1, By, ...
at consecutive times. We see that the required poten-
tial pattern is produced at the numbered times, and
that it corresponds to the state of the sensor as illus-
trated in fig. 4.

As soon as the input signal M (or ST) becomes con-
stant, the voltages on the electrodes of the image sec-
tion (or storage section) also become constant, after a
short delay. Gradually the accordion is squeezed shut,
and the process continues until the potential distribu-
tion consists of wells and barriers, each with a width
of only one electrode. This potential distribution
remains unchanged as long as the signal IM remains

‘constant. By keeping the input signal JM high in one

integration period and low in the other, the electrodes
function alternately as barrier and integration elec-
trodes (see fig. 4 and fig. 5).

Correct operation of the sensor requires a number
of synchronization signals — in addition to the clock
signals ¢, and ¢ and the control signals /M and ST.
These synchronization signals indicate the start and
finish of the stretching of the two ‘accordions’ (the
image and storage sections). They can be determined
by counting the number of clock pulses, for example.
Some of them can also be derived from the state of
the shift register [4]. The first synchronization signal
indicates the start of the stretching of the charge
distribution in the image section and coincides with
the end of the integration period. This signal must of
course be supplied from outside the chip !®. The end
of the stretching process is reached when the potential
of the final electrode of the image section, electrode
Hj in the example given in figures 4 and 5, changes for
the first time. The arrows in fig. 5 indicate the states
from which the synchronization signals are derived.
At this time, tg, the accordion of the storage section
starts to close up. There must then be no further
change in the signal ST.

When the charge distribution in the storage section
has completely closed up, signal IM is kept constant.
The potential distribution in the image section also
closes up. The time at which this must start to happen
is reached when there is no further change in the
potentials of the last two electrodes in the storage sec-
tion (t]_.s).

41 A J. P. Theuwissen, C. H. L. Weijtens and J. N. G. Cox, The
accordion imager: more than just a CCD-sensor, Proc. Elec-
tronic Imaging 85, Boston 1985, pp. 87-90.

81 ], N. G. Cox contributed to the design and construction of the
special electronic units required here.
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Fig. 4. A complete cycle of the stretching and H, . T e e e e s e s e e e =
squeezing of the ‘accordion’ of an image sensor P e
consisting of 16 electrodes. A; to H; indicate the A I EEE=EEEE=SSESESSE=SSS5SSSSES
electrodes of the image section, 45 to H; the elec- I/_ S e e e e o eSS
trodes of the storage section. A blue rectangle cor- Hs  SEES=SSEE=SCSEE=S=SSSSSSSS=S==S
responds to an integration electrode that has a row D eSS S S E S e EEEEEEEEE
of charge packets beneath it. A red rectangle corres- /4' S EE=ES=S=ERESSS 2SS SSSCSReE
ponds to a barrier electrode, and a green rectangle As i=0 2 4 6 & 0 2 u 1 18 f,o 22
L

to an electrode that has no charge beneath it yet,

but is at a positive potential. The first column gives

the potential distribution at #g, i.e. at the time when a complete
integration period has just finished. Beneath the electrodes Ay, Ci,
Ej and G there are rows of charge packets (a, b, c and d). At ¢, the
first row of charge packets starts to move, at {3 the second, and so
on. At time fg the first row of charge packets has arrived at the
lower edge of the storage section, and the ‘accordion’ of the storage
section can then be squeezed shut. At f9 the first row of charge
packets is again one electrode wide. We note that from ¢ the elec-
trodes of the image section that no longer take part in the transfer

?,
)
IM
a ST
97 @2
o0
Hr
Gr
Fr
Er
. Dy
Fig. 5. a) Control signals for the
transfer of the charge distribution c
from image section to storage sec- T
tion in the 16-electrode image sen-
sor shown in fig. 4. IM and ST are Br
the input signals of the 7-cell shift
registers (shown as rectangles). A;
These registers produce the poten-
tial profile shown in 4 on the elec-
trodes As; to Hi. The clock sig- IM
nals ¢; and ¢z are necessary
for ‘clocking’ the input signal ¢ ¢
through the shift register. This 7?79
potential profile causes the row of Hs
charge packets (whose position is
indicated by a, b, ¢, ...) to be Gs
transferred from the image sec-
tion to the storage section. The F
numbers below the time axis and S
the designations of the electrodes
correspond to those given in fig. 4. Es
At time tg, for example (see
dashed line), the potential pattern D
on the electrodes corresponds to S
the pattern in fig. 4 for tg. The
arrows indicate the points in the Cs
potential pattern from which the
synchronization signals can be B8
determined (see text). After the S
transfer the functions (separation
and integration) of the electrodes I—AS
in the image section are ex-
changed. b sT

of the current charge distribution take up a new potential distribu-
tion, which will collect charge during the next integration period.
After the complete charge distribution has arrived in the storage
section, a clock signal must be sent to provide the potential distri-
bution in the image section with the required one-electrode-wide
wells and barriers. From #2; charge can be collected beneath the
electrodes (B1, Dy, Fy and Hj). After completion of this integration
period A;, C1, E1 and G are again used to collect the electrons, so
that the complete cycle of stretching and squeezing starts again.
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Characteristics of the sensor

To conclude, we shall recapitulate the character-
istics of the accordion imager, and compare them with
those of its predecessor, the four-phase image sensor.
Table II gives the main characteristics of both types of
sensor.

The area occupied by the accordion imager is only
56% of that of the four-phase device. This makes the
accordion imager the smallest solid-state image sensor
described in the literature with such a large number of
pixels. This reduction of chip area has not entailed
any sacrifice of resolution. One of the advantages of
the smaller number of electrodes is that it reduces the
dissipated power. A lower dissipated power per pixel
results in a lower dark current, and therefore better

Table II. Some characteristics of the accordion imager compared
with those of the four-phase sensor.

Four-phasc? sensor | Accordion imager

Type [1] frame transfer frame transfer
Chip area (yXx) 9.41x7.01 7.01%5.45

= 66 mm? = 38.2 mm?
Number of pixels (yXx) 588 X 604 588 x 604
Pixel dimensions (yXx) 15.6 X 10 pm? 11 X7 pm?
Read-out rate 11.5 MHz 11.5 MHz
Layout rules 3.5 um 3.5 um
Number of electrodes

per pixel 4 2

Philips Tech. Rev. 43, No. 1/2

image quality. Dark-current fluctuations, which are
local, are one of the main limitations in the use of a
solid-state image sensor. These fluctuations can cause
bright spots to appear at various points in the picture.

Another advantage is that the electronic control cir-
cuits not included on the chip are simpler and more
compact. Less polysilicon is required on the chip, and
this improves the photosensitivity of the sensor, par-
ticularly for blue light. The most important aspect of
the accordion imager, however, is that a number of
characteristics connected with the chip size and the
number of pixels (especially the cost of the chip) are
better than for other image sensors, yet it has not
been necessary to design a completely new method of
production or to develop an entirely new production
process.

Summary. Solid-state image sensors are silicon chips in which a
charge distribution is generated by incident light. The use of such
devices in video cameras for the consumer market will depend
greatly on the price of the sensor. As with all chips, this is closely
dependent on the chip area. With a new read-out mechanism, in
which the charge distribution is stretched out and squeezed shut like
an accordion, it is possible to build an image sensor with two elec-
trodes instead of the usual four for each line of the frame. The new
sensor can be produced with the same technology as used for the
four-phase sensor. The electronic control circuits can be fabricated
on the chip with the sensor in a single process.
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PHILAN, a local-area network based on a fibre-optic ring

J. R. Brandsma

Information is one of the main resources of modern life. The availability of up-to-date,
reliable and sufficient information at the right place and at the right time is very important for
the quality of public, social and economic services. This requires good means of communica-
tion, geared to the situation in which they are used. A specific situation is found in factories
and offices, where large numbers of people work closely together. Within such a geographic-
ally defined area there is a need for the easy exchange of large amounts of information of all
kinds and in accordance with an often varying communication pattern. For communications
within this business environment ever-increasing use is being made of the ‘local-area network’
or LAN. At the Philips Research Laboratories Project Centre in Geldrop, near Eindhoven, a
novel and versatile concept for a LAN based on a fibre-optic ring has been developed and
given shape in the form of a trial system for demonstration purposes. The main aspects of this
type of network, which is called PHILAN, are described in the article below.

Introduction

Few people would seriously consider buying a car if
the appropriate infrastructure were not available in
the form of roads and rules of the road, etc. Without
those provisions there would be absolutely no way of
making use of the many possibilities offered by that
product of modern engineering.

A comparable situation is to be found in the field of
information technology. Instead of the car we find
one of the many kinds of data-processing equipment,
and the infrastructure required consists of a commu-
nication network with the appropriate rules or code
of practice (‘protocols’). In this situation there is of
course not much point in storing or rapidly processing
large amounts of data at one particular place if it can-
not subsequently be sent to the destination with equal
rapidity and with a high degree of reliability. In situa-
tions where many people have to work closely together
or use the same information, as in offices, factories,
hospitals and universities, there is a great need for
special communication facilities. The requirements
these have to meet are the following:

e Versatility. Many different kinds of information
have to be sent out in parallel (telephone conversa-

tions, telex, electronic mail, communication with
computers and between computers, monitoring sig-
nals such as ‘slow-scan TV’, radiography, etc., etc.).
e Universality. Connections must be as universal as
possible, which means to say that at every connection
point it must be possible to receive and transmit a
wide variety of information (provided the appropriate
terminals are present).

o Flexibility. Connected terminals must be readily
transportable without having to make radical changes
such as recabling.

o Adaptability. It must be easy to change the kinds of
information that can be transmitted and to extend the
number of connections.

In the past ad hoc solutions to these problems have
been sought, and these have tended to result in a rather
confused combination of various kinds of communi-
cation networks with different types of cables, net-
work structures, wall sockets, etc. The best solution is
one that meets all the above requirements with a single
communication network, called a ‘local-area network
(LAN)Y 1] or, when special emphasis is placed on the
great diversity of the information that can be trans-

Ir J. R. Brandsma is with Philips Research Laboratories, Eind-
hoven. Until recently the author led the team working on the
PHILAN project at the Project Centre in Geldrop, near Eindhoven.

11w, A. M. Snijders, Bedrijfscommunicatie en glasvezel, een
symbiose, I & I (Inf. & Informatiebeleid), No. 7, 20-30, 1984;
D. D. Clark, K. T. Pogran and D. P. Reed, An introduction to

. local area networks, Proc. IEEE 66, 1497-1517, 1978.
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mitted, an ‘integrated local-area network (ILAN)’.
Owing to the local nature of these LANS, it is not in
principle necessary to take account of existing com-
munication networks — usually trunk (long-distance)
networks — at the design stage. Designers conse-
quently have a large measure of freedom in the choice
of the network structure, the transmission medium
and the type of signal.

In this article we shall describe the PHILAN net-
- work, a highly sophisticated ILAN network (21,
recently developed at Philips, which has been set up as
a trial system for demonstration purposes (fig. I). The
network has a ‘meander-type’ ring structure that uses
fibre-optic cable. The information (e.g. speech, cer-
tain video signals and all kinds of data) is transmitted
in digital form at a rate of about 20 Mbit/s, and the
error probability is smaller than 107°.

First of all we shall examine the main considerations
that have played a part in the design of PHILAN,
such as the various requirements applicable to the
transfer of various kinds of information and the pos-
sible alternative network structures. We shall then
describe the composition (‘frame structure’) of the
digital signals and consider the handling of the traffic
between the users of the network in accordance with
certain protocols. Finally we shall go somewhat deeper
into a number of the building blocks of PHILAN,
such as the ring-management system, the ring-access
units and a small ingenious optical relay.

Local-area communication

The various kinds of information to be transmitted
in a local-area network can be divided into two main
groups: continuous information and intermittent in-
formation. The first kind is found for example in tele-
phone and video communication and in communica-
tion for security and surveillance purposes. The other
kind is found in data processing, electronic archiving
and in comparable cases of communication between
man and machine (computer).

Continuous information requires a connection
which is permanently available and whose only side-
effect is a small and constant delay. Traditionally this
is realized by means of circuit switéhing, in which
there is — or at least seems to be — a continuous con-
nection between information source and destination.
Intermittent information can best be sent via a data
link established by means of packet switching, where a
channel is occupied only during the transmission of a
speciﬁc, clearly defined ‘packet’ of information at a
time. Each packet is separately addressed, transmitted
and received. Long messages are split into several
packets. In a modern local-area network the most effi-
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cient operation is achieved by combining both types
of information transmission [#1, .

This can be done for example by first converting all
information into digital form, i.e. into bit streams.
These separate bit streams can be combined by means
of time-division multiplex (TDM) to produce one total
bit stream with a much higher bit rate, which can be
transmitted via a common transmission medium (e.g.
an optical fibre) to which all users are connected. The
combined bit stream thus represents a considerable
number of communication processes that are taking
place simultaneously; the circuit-switched links each
have a piece of the combined bit stream that recurs at
strictly periodic intervals (e.g. a string of 8 successive
bits 8000 times a second) and the packet-switched
traffic receives parts of the remaining bit positions as
required. We shall return to this point later.
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Fig. 2. Four elementary network structures. @) Star. b) Bus. c) Tree.
d) Ring. CU central unit. ST station.
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Fig. 3. Basic block diagrams of the central unit CU and a station ST
of a network with ring structure. In both diagrams the receiver unit
R and the transmitter unit 7 are shown. In CU a number of moni-
toring and management operations are carried out in the part
marked CONTROL. The station contains a ring-access unit R4AU,
which handles the exchange of data between the ring and the out-
side world.
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An important external characteristic of any com-
munication network is the structure or topology of the
network 41181, Fijg 2 shows four basic structures: star,
bus, tree and ring. In principle a distinction can al-
ways be made between the central unit, which controls
the operation of the system, the satellite stations,
which function as data source or destination (data
sink), and the actual transmission paths.

Every network structure has its own way of hand-
ling traffic between stations, and in every structure the
role of the central unit is different. In fact with a bus
structure it is common practice to decentralize the
control in such a way that no separate central unit is
needed. Both with the star structure and the tree struc-
ture all the data goes from the source via the central
unit to the sink. In the ring structure the data cir-
culates from station to station. If a station does not
itself have any information to transmit, the incoming
information is passed on to the next station. When all
stations do that, the result is the formation — via the
central unit — of a ‘circulating memory’, whose
capacity depends on the total delay that occurs in the
stations and the transmission paths and, of course, on
the bit rate.

Another important external characteristic of a com-
munication network is the transmission medium em-
ployed. For a LAN three kinds of media enter into
consideration: twisted-wire pairs, coaxial cable and
fibre-optic cable. Twisted pairs are cheap and easy to
install. Coaxial cable has a higher transmission capa-
city and is popular because of the large number of
other existing applications (such as cable TV); this
accounts for the large variety of accessories available.
Fibre-optic cable offers the largest transmission capa-
city, little signal attenuation and the unique features
of complete electrical insulation and insensitivity to
electromagnetic interference.

In the rest of this article we shall mainly be con-
cerned with the ring structure, in which the signals in
digital form (briefly: data) are transmitted by means
of time-division multiplex. Fig. 3 shows basic block
diagrams of the central unit and a station in such a
ring. Both comprise a receiver and a transmitter. The
minimum operation that takes place is the unaltered
retransmission of the received data. The station also
possesses, however, a ‘ring-access unit’ (RAU), with
which data can be read from the ring or written to it.
The central unit controls and monitors the operation
of the ring; it determines the bit rate and, among its
other functions, plays a part in the allocation of trans-
mission capacity to the stations.

From the foregoing it may be deduced that the ring
structure has two potential disadvantages. In the first
place a ring structure is relatively vulnerable because
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Table 1. List of abbreviations used for component parts of
PHILAN.

Meaning
CRAU RAU for Circuit-switched traffic
CU Central Unit
EBS Electronic Bypass Switch

LN Local Nucleus

MG Meander Gate

PRAU RAU for Packet-switched traffic
RAU Ring Access Unit

R/T Receiver/Transmitter

ST STation

uUs USer

WR Wall Receptacle

wS Wall Socket

one defective station or one broken cable can put the
whole ring out of action. In the second place the
repeated reception and retransmission of data in the
form of a bit stream gives rise to a gradually increas-
ing inaccuracy in the bit positions (‘jitter’), which may
ultimately result in transmission errors. Timely steps
therefore have to be taken in the central unit to restore
the original accurate time division. This limits the
maximum number of stations that can be included in
the ring. Both disadvantages can be overcome by seg-
mentation of the ring. This can been done in PHILAN
and has resulted in a modified ring structure which we
shall refer to as a meander ring.

PHILAN

The network structure chosen for the PHILAN sys-
tem corresponds essentially to a ring, but parts of the
ring (‘meanders’) can be cut off whenever necessary.
This is done in a special unit that we call a meander
gate or MG. (A list of abbreviations frequently used
in this article will be found in Table 1) Each meander

{21 . R. Brandsma, PHILAN: a fiber-optic ring for integrated
traffic, Proc. GLOBECOM ’85, New Orleans, LA, 1985, pp.
468-471;

J. L. W. Kessels, PHILAN: a LAN providing a reliable message
service for real-time applications, Proc. INRIA Conference
‘Advanced seminar on real-time local area networks’, Bandol,
France, 1986;

J. R. Brandsma, A. M. L. Bruekers and J. L. W. Kessels,
Method and system of transmitting digital information in a
transmission ring, U.S. Patent No. 4 553 234 (12th November
1985).

81 The term ‘integrated local-area network’ (ILAN) mentioned
earlier is used for communication networks in which this com- -
bination is found.

41 C. D. Tsao, A local area network architecture overview, IEEE
Commun. Mag. 22, No. 8, 7-11, 1984,

(81 D, Hutchison, J. A. Mariani and W. D. Shepherd (eds), Local
area networks: an advanced course (Proceedings, Glasgow
1983), Lect. Notes Comput. Sci., Vol. 184, Springer, Berlin
1985.
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secfig. 5) is closed in the meander gate, thereby cutting
out that meander. The rest of the PHILAN system is
therefore not affected by the malfunctioning of this
meander. This is not the only protective provision
made; in each wall receptacle the station connected
can be optically bypassed by means of a relay, in the
same way as when there is no plug in the socket. This
safeguard comes into operation automatically if it is
found, for example, that the transmitting unit of a
station is not sending out any optical signals. Yet an-
other safety feature is the possibility of making a
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Fig. 6. For each connection point some attenuation of the signal cir-
culating in the ring must be taken into account. In PHILAN the
number of connection points N per meander and the maximum
meander length / are related by the straight line shown (for a fibre-
optic cable with an attenuation of 5 dB/km and a maximum permis-
sible total attenuation in wall receptacles and glass fibre of just over
22 dB).
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Fig. 7. Frame structure of the digital signal used in the PHILAN
ring. Every 2560 successive bits form one frame consisting of 320
bytes of 8 bits. The first two bytes form an unchanging synchron-
ization word, called the ‘preamble’. By joining together the bits of
one particular byte from each frame a transmission channel (‘sub-
ring’) is formed with a capacity of 64 kbit/s. By taking N bytes
together a subring of Nx64 kbit/s is obtained. The share of each
subring in a particular frame is called a ‘field’.
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direct electrical through-connection in a station — be-
tween the output of the receiver and the input of the
transmitter. This is a feature that plays a particularly
important part in the localization of errors (‘error
diagnosis’).

During the design of PHILAN, reliability was a
paramount consideration. The aim throughout was to
provide safe communication services, not only as
regards network structure and hardware but also as
regards the signals and the protocols used. By this we
mean that after a certain time interval the user must
have an assurance that his message has arrived cor-
rectly at the right destination, without him having to
do anything else to verify this. Before looking at this
more closely we shall first examine the signal structure
used in PHILAN.

The signal structure: frames and subrings

Signal transfer in PHILAN takes place in the form
of a continuous series of bits passing through all con-
nected stations in succession at a rate of 20.48 Mbit/s.
Each group of 2560 successive bits is identically organ-
ized and is called a ‘frame’. A frame corresponds to
125 ps. Measures are taken in the central unit to en-
sure that the signal delay corresponding to one com-
plete circuit or /ap around the ring is always equal to
an integral number of frames. The frames therefore
continue to appear at each point in the ring at a fixed
rate.

The first 16 bits of a frame always form a special
and unchanging synchronization word, called the
‘preamble’, so that all parts of the PHILAN system
remain in synchronism with each other and ‘know’
exactly when a new frame starts. The remaining bits
of the frame belong together in groups of 8 bits
(‘bytes’). The grouping of the bits of a particular byte
from all successive frames results in a transmission
channel (‘subring’) with a capacity of 8/(125 x 107%) =
64 kbit/s. Similarly a combination of N bytes pro-
duces a subring of Nx64 kbit/s (fig. 7). The bits in
one particular frame that belong to the same subring
form a ‘field’; the size of a field may vary from 1 to
64 bytes (i.e. from 8 to 512 bits).

Between the preamble and the fields that form the subrings there
are a further 6 bytes in each frame that have a special function.
These are used for intercommunication between the units of the
local nucleus (CU and MGs) or between the units of a particular
meander (MG and STs). Details will not be given in this article.

Communication within PHILAN takes place by the
bits of a particular subring being written by the trans-
mitter of one station and read out by the receiver of
another station. Writing and read-out can also take
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place in a station simultaneously, in which case it is
referred to as a ‘swap’ [®1. The bits coming from the
ring and those destined for the ring are stored in the
stations in buffers, which form a kind of separation
between the fast (20 Mbit/s) transmission on the ring
and the preceding or subsequent processing. Pro-
cessing rate and transmission rate are thus made inde-
pendent of each other. One advantage of this is that
no processing operations need to be carried out at
transmission rate.

All communication takes place through the mech-
anism of the subrings: this includes both the actual
data transfer in packet-switched or circuit-switched
traffic and all incidental messages concerning matters
such as origin and destination (data source and data
sink) and related to the operation of the whole net-
work. Three distinct types may be distinguished: traffic
subrings, memory subrings and insertion subrings.
Each subring is completely independent; what hap-
pens on one particular subring has no influence what-
ever on the others.

Traffic subrings

As the name suggests, these are the subrings in
which the actual traffic in PHILAN takes place, and
they account for about 90% of the total ring capacity.

In circuit-switched traffic a subring with the required
capacity of Nx64 kbit/s is made available for the
whole duration of a ‘conversation’, which in principle
may be unlimited. Even in two-way (‘full-duplex’)
traffic between two stations only one subring is re-
quired if both stations use the swap operation.

In packet-switched traffic a subring is made avail-
able for the transfer of one packet (a maximum of
8 kbytes). This subring covers a field of 1, 4, 16 or 64
bytes per frame; on this basis there are four categories
of traffic subrings with a capacity of 64, 256, 1024 and
4096 kbit/s respectively. Owing to the limited dimen-
sions of the fields, a packet will in general be distri-
buted over more than one frame. Messages that are
longer than the longest possible packet are in turn
divided into a number of packets.

Traffic subrings will generally be referred to here
from now on as ‘channels’.

Memory subrings

Memory subrings function as a ‘circulating mem-
ory’ for various system data that may be of interest to
all connected stations. They are used for example to
allocate a channel to a particular station for a parti-
cular time for the transmission of a data packet. This
takes place in principle in the following way. In each
frame the channel controller (a part of the central
unit) places the number of a free channel — if there is
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one — in a field of the memory subring. By means of
a swap, each connected station may substitute a zero
for this number and thus ‘seize’ the channel con-
cerned. The channel controller also continuously per-
forms the swap operation on the memory subring and
finds out, by receiving the number zero, when the
channel is occupied. When a channel becomes free,
this is communicated to the channel controller by
returning the appropriate number in a similar way via
the memory subring. '
The channel controller monitors the free channels
continuously. Each of the four categories of channels
for packet-switched traffic has its own memory sub-
ring. Depending on the actual volume of messages the
channel controller may transfer channels from one
category to another by combination or splitting. The
channel controller also ensures that no channel num-
bers can become permanently lost or are duplicated in
circulation as a consequence of transmission errors.

Insertion subrings

In each frame two times 8 bytes are reserved for
forming two ‘insertion subrings’. They each therefore
have a transmission capacity of 512 kbit/s and are
used in packet-switched traffic for exchanging infor-
mation (‘protocol messages’) between the various
connected stations. One insertion subring is used for
sending protocol messages that connect a transmitter
and a receiver for the duration of the complete mes-
sage (‘call messages’). The other insertion subring is
used for exchanging protocol messages during actual
packet-switched traffic between partners that have
already been connected. These messages prevent
packets from being lost through overflow of storage
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Fig. 8. Comparison of the network stability for packet-switched
traffic in two types of LAN. The first type of network, of which
PHILAN is an example, offers the special feature of collision pre-
vention (CP) between the transmitted packets. In the other type of
network mutual interference is permitted and subsequently restored
(‘collision detection’ or CD). a) With increasing traffic load L, the
effective throughput 7 in PHILAN increases monotonically to the
maximum .value; in the other system, T becomes smaller at large
values of L. b) The price to be paid for this benefit is a somewhat
longer average delay 7 for the packets in the PHILAN network
when the traffic load L is small. At high values of L, PHILAN
again has the advantage. (If L is 100% or higher, the mean delay in
both systems is infinitely large.)
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buffers in the receiver (flow control) or as a conse-
quence of transmission errors (error control).

The name of this type of subring derives from the
manner in which it is used: each station can insert a
protocol message of 8 bytes into a field in this subring
by means of a swap operation. The present contents
of the field are read into a receiving buffer and
replaced by new contents. The present contents may
however represent a valid message for a subsequent
station on the ring and should not therefore be de-
stroyed. In the next frame it is consequently re-
inserted (again via the swap operation). In this way
each protocol message goes through the whole
PHILAN system until it finally comes back like a kind
of echo at the station which originally sent it out. This
station then finally removes the message from the
ring.

The total time that elapses before an echo arrives
depends on the number of stations in which swapping
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An illustrative example

The function of the various subrings may be illustrated by the
example given in fig. 9. This shows two users US-4 and US-B,
between which a packet-switched connection has to be built up via
the stations S7-A4, ST-B and the rest of the PHILAN system. US-4
and US-B are connected by means of a standardized link known as
a ‘VMEbus’ [7) with ST-4 and ST-B respectively. These stations
have a ring-access unit specially designed for packet-switched traffic
and are therefore designated PRAU. Let us assume that US-A is the
initiator of the connection and that US-B is not engaged; this means
that PRA U-B constantly monitors the first insertion subring, which
is used for sending call messages.

When US-A wants a connection, he sends a request for it, in-
cluding the address of US-B, over the VMEbus to PRAU-A. The
latter places a call for US-B on the first insertion subring by means
of the swap operation. This call also contains the address of US-A.
In response, PRAU-B performs two actions. He places a call for
US-A on the same insertion subring to indicate that he is ready to
receive information, and he informs US-B that a message is about
to be received. When the call for US-A by PRAU-A has been re-
ceived, US-A is requested, via the VMEbus, to fill the packet buffer
of ST-A with a packet. US-A does this and at the same time indi-

Us-A ST-A [o} PHILAN ST-8 “ Us-8B
A ] ] :E il [ § T\ % X ¥ 8
| olr R|4

VME bus
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Fig. 9. Simplified representation of a packet-switched link between users US-A and US-B. Be-
tween each user and the corresponding station ST electrical signals are exchanged via a standar-
dized connection, called a VMEbus. The stations are connected by fibre-optic cables with the rest
of the PHILAN system (not further specified here). PRAU ring access unit for packet-switched

traffic. R optical receiver. T optical transmitter.

has been carried out, but the maximum delay is known
beforehand. The correct reception of an echo at the
place of origin means that the protocol message in
question has passed correctly through all operating
stations. If, on the other hand, no correct echo is re-
ceived within the maximum delay, the same protocol
message is sent once again. This procedure forms the
basis on which the correct transmission of informa-
tion can be guaranteed in the PHILAN system (‘safe-
message service’).

One of the main advantages of the signal structure
and associated protocols adopted for PHILAN is net-
work stability: an increasing volume of traffic does
not — as in some other networks — lead to a lower
effective transmission capacity, caused by the fact that
an ever-decreasing proportion of the packets are trans-
mitted correctly at the first attempt (fig. 8). In addi-
tion, special measures have been taken to ensure that
PHILAN functions fairly, i.e. without any discrimi-
nation against transmitters or receivers in the alloca-
tion of transmission capacity.

cates how large the packet is and also whether it is the last packet of
this message.

PRAU-A then occupies a free traffic subring (channel) by means
of a swap on the memory subring in the category with the capacity
selected by PRAU-A. Next, PRAU-A sends a start message to
PRAU-B via the second insertion subring and at the same time
gives information about the channel used, the size of the packet and
whether it is the last packet or not. PRAU-B then switches to recep-
tion on the relevant channel, waits for the arrival of the packet and
writes it into his packet buffer. PRAU-B then places the number of
the used channel into the memory subring by means of a swap
operation to indicate that the channel is free again. In addition an

161 Read-out alone does not affect the signal circulating on the
ring; this only happens when new information is written to cer-
tain bit positions (possibly as part of a swap operation).

171 A number of manufacturers in the computer field (in particular
Motorola, Mostek and Signetics/Philips) have defined a col-
lective standard for communication links in applications of
8-bit, 16-bit and 32-bit microprocessors. It is called the
‘VMEDbus’, but is now also referred to as the ‘IEC 821 bus’ or
the ‘IEEE P1014’. The abbreviation VME stands for ‘Versa
Module Europe’, but the full name has now no more than
historical interest. An organization called VITA (VMEbus
International Trade Association) has been set up to dissemi-
nate information on the VMEbus. It has its own journal,
‘VMEbus Systems’, published by Intratech Communications,
St Clair Shores, Michigan 48081, U.S.A.
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error-detection procedure is carried out to check whether the packet
has been correctly received and, if this is so, the packet is made
available to US-B via the VMEbus. Finally, confirmation of this
and a request for the next packet are sent by PRAU-B to PRAU-A
via the second insertion subring. PRAU-A then requests US-A for
the next packet, again occupies a free channel, and so on.

If PRAU-B discovers that a particular packet has not been cor-
rectly received, he immediately sends a message back to PRAU-A
via the second insertion subring with a request for the relevant
packet to be retransmitted. This is done as soon as a free channel
has been found. This entire procedure is repeated for as long as is
necessary for all packets of a particular message to be sent correctly
from US-A to US-B. The connection between US-A and US-B is
cancelled as soon as PRAU-A has received confirmation that
PRAU-B has received the last packet of the.message correctly.

The actual procedure differs in one particular respect from what
has been suggested so far: each PRAU does not have only one
packet buffer; it has two — equivalent — packet buffers of 64 kbits
each. While US-A fills one packet buffer of PRAU-A, the contents
of the other packet buffer of PRAU-A are sent to one of the packet
buffers of PRAU-B, and at the same time the other packet buffer of
PRAU-B is emptied by US-B. If the transmission procedure takes
place at the maximum rate, packets of the same message are
handled simultaneously at three places in the PHILAN system: on
the actual ring and on the two VMEbuses of 4 and B. In this way
messages of any given length can be transmitted from A to B at a
maximum rate of about 4 Mbit/s.

The component units of PHILAN
The stations

As we have seen (fig. 5), a station can be divided
into a receiver/transmitter combination R/T and a
ring-access unit RAU. The two main tasks of R/T are
to perform the opto-electrical and the electro-optical
conversions of the digital signals circulating in the
PHILAN ring. A more detailed block diagram of R/T
is given in fig. 10. Whereas the electrical signals be-
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Fig. 10. Optical receiver/transmitter combination R/T used in each
station (and also in each meander gate) of the PHILAN system.
E electrical connection. F fibre-optic cable. COD: biphase encoder.
EJ O electro-optical converter. OfE opto-electrical converter for the
signal coming from the fibre-optic cable. GC gain control for the
electrical signal. RF receive filter. DEC biphase decoder. CR clock
recovery. S electrical bypass switch. WR wall receptacle. RAU ring-
access unit. LN local nucleus.
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tween R/T and RAU take the form of a simple bit
stream (with no encoding), an elementary form of
encoding (biphase coding [8) has been adopted, for
various technical reasons connected with transmis-
sion (91, for the digital signals to be transmitted by
optical fibre (fig. 11). The transmitter has therefore
been provided with an encoder and the receiver with
a special receive filter, a clock-recovery circuit and a
decoder.
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-

E_

LU IUULI

Fig. 11. ) Arbitrary bit stream consisting of ones and zeros. b) Cor-
responding ‘uncoded’ binary signal; a ‘1’ is represented by a high
level and an ‘0’ by a low level. ¢) The same bit stream after biphase
encoding. A ‘1’ is now represented by a sequence of a high level and
alow level, an ‘0’ by the reverse. This encoding gives a transmission

signal with a better frequency spectrum, and the required clock sig-
nal is easier to recover at the receiver end.
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Fig. 12. a) Basic diagram of the wall receptacle WR. Two optical
splices SP are used to include WR permanently in the meander ring.
A station ST can be connected by means of a wall socket WS, which
contains two optical contacts and two electrical contacts. The heart
of WR is a relay REL which controls two optical switch contacts.
b) Cross-section through the relay REL. A, B, C, D optical fibres.
SPR leaf springs. E, E' connections for the relay coil. SCRI, SCR2
set screws. AR armature. H housing (1Y),
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Possible extensions

So far we have confined the description of PHILAN
to the basic configuration; there are, however, a num-
ber of important extensions that can be made. Two of
these will be mentioned briefly to conclude this article.
In the first place it is possible in principle to connect
the central units of several PHILAN systems with
each other so as to form larger transmission networks.
In the second place, specially developed hardware can
be added to the central unit, the meander gates and
the stations to increase the diagnostic and control
capabilities of the system, enabling the system to make
regular fully automatic checks on the functioning of
all meander gates and stations. One such check is the
measurement of the optical transmitting power of
each station. All information about the state of the
network is recorded in the central unit and can be dis-
played on a screen or communicated to an operator
by means of alarm signals. Conversely, the operator
using the keyboard can give instructions to the central
unit to carry out specific tasks.
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By making the appropriate additions to the
PHILAN basic configuration the optimum local-area
network can thus be created for practically any situa-
tion.

Summary. PHILAN is an integrated local-area network in which
digital information is transmitted at a bit rate of about 20 Mbit/s in
time-divison multiplex. The system has a ring network structure,
with sections called meanders that can be cut off in the event of
local malfunctioning. The transmission medium used in the mean-
ders is fibre-optic cable. Both circuit-switched and packet-switched
traffic can be handled simultaneously in the PHILAN system. For
packet-switched traffic the use of specific protocols gives practically
100% reliability (‘safe-message service’). Connections to the mean-
ders are made via wall receptacles, in which a double optical plug
connection is established. Each wall receptacle contains a specially
developed relay for electromechanical switching of two fibre-optic
cables. In addition to a relatively simple basic configuration, there
are more elaborate versions of the PHILAN system with sophis-
ticated provisions for error diagnosis and control. At the Philips
Research Laboratories Project Centre a PHILAN trial system has
been built for demonstration purposes.
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of the Weston cell is 1.01463 V at 25 °C and its varia-
tion with temperature is only —4.05x 107° V/°C.

A major objective in the development of batteries
was, and still is, to make the most efficient use of the
relatively expensive electrode materials, and this is
most easily done with rechargeable batteries. To start
with such batteries will be required to have no spon-
taneous side-reactions that give an unproductive loss
of active material, in other words minimum ‘self-dis-
charge’. This requirement led to the development of
alkaline accumulators at about the turn of the cen-
tury. These included the nickel-cadmium cell and the
nickel-iron cell (Junger and Edison). Alkaline reagents
are in general less reactive with metals and metal
oxides than acids.

It is difficult to avoid such non-productive side reac-
tions completely, since most electrode materials are
not thermodynamically stable in combination with
aqueous electrolytes and are thus always inclined to
react with water with the formation of hydrogen or
oxygen, depending on the value of the electrode poten-
tial. As can be seen in fig. 2, it is only for the pair of
electrodes in the Weston cell that the position of the
electrode potentials is such that no spontaneous de-
composition of water can take place. A possible way
around this difficulty would be to use non-aqueous
electrolytes, but the usual practice has been to manage
with electrodes that, although not thermodynamically
stable, are sufficiently stable kinetically. In other
words, the electrode materials are chosen or treated in
such a way (for example by amalgamation) that their
rate of reaction with the electrolyte is very slow.

The extent to which unwanted amounts of hydrogen
or oxygen are nevertheless produced then often de-
pends on the state of charge of the battery and on the
charging rate. This is because the battery can only be
fully charged if the charging voltage is greater than the
cell e.m.f., which implies moving further into the un-
stable region (fig. 2). The charging voltage will have to
be higher the faster the battery is to be charged. Over-
charging the battery, which is usually unavoidable
because it is impossible to know exactly when the bat-
tery is fully charged, also causes the formation of
hydrogen and oxygen. The same applies to overdis-
charge, which may be the consequence of differences
in capacity between the series-connected cells of a
battery. Here a cell that has discharged first can be
forced by adjacent cells to discharge itself still further,
a process inevitably accompanied by the formation of
hydrogen and oxygen.

This problem of unwanted gas generation becomes
particularly serious when it is intended to produce a

completely sealed rechargeable battery, one that can

be used in all positions and without requiring mainte-
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nance, preferably for many years. The dry battery may
be seen as an early answer to this problem, without
however achieving the goal of rechargeability. More-
over, as pre-war users will have found to their dis-
pleasure, the ‘leakproof’ dry battery was by no means
the same thing as the hermetically sealed battery now
in view.

Good results in this respect have now been achieved
with nickel-cadmium cells. Since 1950 these cells have
been provided with an excess of cadmium hydroxide,
Cd(OH)., at both electrodes (fig. 4). In overcharging
and overdischarging the current tries to find a path,
oxidizing or reducing materials with the appropriate
characteristics, and this can give a high gas pressure in
a sealed cell. The excess of Cd(OH); ‘channels’ any
such unwanted current so that it causes no damage, or
very little.

If on overcharging the nickel electrode starts to
form oxygen, the cadmium electrode will still not be
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Fig. 4. Diagram illustrating the protection from overcharging and
overdischarging in a sealed cadmium battery, introduced in about
1950. Adding Cd(OH)2 to both electrodes introduces an oxygen
cycle during both overcharging (blue region) and overdischarging
(red region). The added Cd(OH); is indicated by hatching. An
excess of cadmium (red) is also added at the cadmium electrode;
this is explained on p. 32.

fully charged because of the excess of Cd(OH).. It
will therefore not generate hydrogen (fig. 2) and con-
tinue to convert Cd(OH); into metallic Cd. This con-
version, however, is now no longer used for the pro-
cess of energy storage but for reducing the oxygen
formed at the nickel electrode and retaining it as
Cd(OH)z. So from that stage onwards there is no
change in the state of charge of the two electrodes
(since the nickel electrode was already fully chalrged).

In overdischarging the electrodes change roles as
compared with the roles they took in overcharging.
Because of the addition of Cd(OH); to the nickel elec-
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trode, this electrode in the empty state will take on the
potential of the cadmium electrode, and so will again
be able to counteract the evolution of hydrogen. The
oxygen produced at the empty cadmium electrode in
overdischarging is reduced in a similar reaction cycle
at the nickel electrode. It could be said that there was
a deliberately engineered ‘chemical bypass’, which
channels both forms of an unwanted passage of cur-
rent via an oxygen cycle.

As mentioned, because of the position of its elec-
trode potential, the excess of Cd(OH): is in principle
capable of preventing the evolution of hydrogen gas
(both upon overcharging at the cadmium electrode
and overdischarging at the nickel electrode). This is
therefore important because the evolution of hydro-
gen is a much greater problem than that of oxygen,
since hydrogen gas once formed is not converted at
the nickel electrode owing to kinetic impediments,
and consequently a channelling comparable with the
oxygen cycle is not possible.

Even though Cd(OH); can be introduced into the
battery as explained, the evolution of hydrogen can
never be'completely eliminated. Some hydrogen may
form because of the ageing of Cd(OH)g, particularly
during charging at high currents and on overdis-
charging. Hermetically sealed NiCd cells are therefore
always provided with a safety valve that opens if too
much hydrogen gas accumulates.

For some time now a similar expedient has been
used in thelead-acid accumulator so that it can also be
produced as a hermetically sealed battery. The greater
reactivity of the acid electrolyte makes it even more
difficult in this case to prevent the accumulation of gas,
which requires at the very least a specially adapted cell
construction, at the expense of durability.

The investigations at Philips Research Laboratories
that will now be described should be viewed against
this background of efforts to achieve a hermetically
sealed rechargeable battery that can be used in all
positions, has a very long service life, can be charged
and discharged at a very high rate and can withstand
considerable overcharging and overdischarging.

Imitial study of LaNis and LaNisCu as electrode
material

In this section we shall be considering the use of
hydrogen as ‘fuel’ for a rechargeable battery, and not
as the product of an unwanted side reaction, as it so
often was in the previous section. This implies that it
must be possible to oxidize hydrogen at the surface of
an electrode while the battery is being discharged, and
that hydrogen can be stored in this electrode while the
battery is being charged. Our investigations at Philips
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Research Laboratories of materials for such an elec-
trode were mainly made with LaNis and related com-
pounds. Water from an aqueous electrolyte can be
reduced electrochemically at these materials, the
hydrogen evolved can be stored as a hydride and the
stored hydrogen can then be reoxidized to form water:
charge
LaNis + 6H,0 + 6e~ =< LaNizHg + 60H". (4)
. discharge
The formation of hydrogen in this case is therefore,
once again, not an unwanted side reaction but part of
the chemical system responsible for the storage of
energy. LaNigHg can be used here as the active mat-
erial of the negative electrode, which is converted into
LaNis during the discharge; the LaNisHg is then re-
formed by the charging. The metal hydride may be
compared in this respect with the cadmium at the
negative pole of the NiCd cell:
charge
Cd(OH); + 2e~ =< Cd + 20H". 5)
discharge
If we compare the electrode reactions of LaNi; with
those in Volta’s cell — since water is converted in
both — we see, however, that the reactions in the
voltaic pile have exactly the opposite function. In the
voltaic pile water is converted into hydrogen, and elec-
trons are taken up, during discharge at the positive
pole, whereas with LaNijs this occurs during charging
at the negative pole (and then the conversion in the
opposite direction on discharge results in the produc-
tion of electrons). :
Reactions of this kind are also used with the familiar
reversible hydrogen electrode, with platinum as the
electrode material. The difference compared with
LaNig in this case is that the hydrogen gas has to be
supplied, since hydrogen is not absorbed by platinum.
An electrode of this type cannot therefore be used for
the storage of electrical energy.

About fifteen years ago it was discovered that inter-
metallic compounds such as LaNi; and TiFe are cap-
able of absorbing large amounts of hydrogen gas and
of desorbing it at pressures of the order of 1 atmos-
phere and at room temperature [2!, Fig. 5 shows the
absorption and desorption isotherms of the LaNig-H,

(21 Publications on hydrogen-absorbing compounds discovered in
the past 15 years include:
H. Zijlstra and F. F. Westendorp, Solid State Commun. 7,
857-859, 1969;
J. H. N. van Vucht, F. A. Kuijpers and H. C. A. M. Bruning,
Philips Res. Rep. 25, 133-140, 1970;
J. J. Reilly and R. H. Wiswall Jr., Inorg. Chem. 13, 218-222,
1974;
F. A. Kuijpers, Philips Res. Rep. Suppl. 1973, No. 2;
H. H. van Mal, Philips Res. Rep. Suppl. 1976, No. 1;
K. H. J. Buschow, P. C. P. Bouten and A. R. Miedema, Rep.
Prog. Phys. 45, 937-1039, 1982,
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trode as an alternative to the cadmium electrode in a
nickel-cadmium battery, for reasons that will appear
shortly.

F{
AE
WE

Fig. 7. Diagram of the experimental arrangement used for many of
the ‘half-cell’ electrochemical measurements. WE working elec-
trode; a porous pellet P of the active material being investigated,
e.g. LaNig, is attached to its tip. RE reference electrode, usually an
Hg/HgO/6 M KOH electrode. CE platinum counter-electrode. The
electrolyte is kept free from oxygen by purging with nitrogen. The
half-cells have a water-jacket and are kept at a temperature of
25 °C by a thermostat TC.
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Fig. 8. Charge and discharge curve for an LaNis electrode, with
respect to the reversible hydrogen electrode, as a function of the
charge Q, measured in 6 M KOH at 16 °C.
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Fig.9. Storage capacity C of an LaNis electrode as a function of the
number of charge/discharge cycles (n).
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Although LaNi; has these desirable properties, it
has one major disadvantage. The electrochemical
experiments discussed soon revealed that the storage
capacity of LaNis electrodes decreases drastically
after repeated charging and discharging. As can be
seen in fig. 9, the storage capacity then decreases expo-
nentially — by as much as 40% after only 100 cycles.
This rules out LaNiy as an electrode material for re-
chargeable batteries — at least if it is to meet the strict
requirements formulated in the previous section.

In our investigation we therefore set ourselves the
primary goal of establishing the cause of this drastic
decrease in storage capacity. We included in our in-
vestigations the compound LaNisCu, which had been
investigated previously at our Laboratories. This mat-
erial also absorbs large amounts of hydrogen, but it
does so at a lower plateau pressure more suitable for
practical purposes, and gives the same exponential
decrease in storage capacity on repeated charging and
discharging.

This experimental investigation relied mainly on
X-ray diffraction analyses and electron microscopy [3],
in addition to the electrochemical methods described.
Fig. 10 shows X-ray diffraction diagrams of powdered
specimens of LaNis, LaNiyCu and their hydrides,
obtained after exposing the specimens to hydrogen
gas at 150 atm for 24 hours. Diagrams a and d give
the pattern of a phase consisting of hexagonal crystals
(space group P6/mmm). Diagrams c¢ and e show the
same pattern as a and d, with the difference that all
peaks have clearly been shifted to smaller diffraction
angles, indicating the same hexagonal structure but
with larger lattice spacings, resulting in a volume
increase of 20% or more, due to the absorption of
hydrogen.

We studied the effect of the periodic absorption and .
desorption of hydrogen by repeatedly charging and
discharging electrodes of LaNiz and LaNi4 Cu in a
solution of 6 M KOH, and then making diffraction
diagrams of powders of the electrode material thus
treated (fig. 11). After a number of charge/discharge
cycles a number of small peaks and ‘shoulders’ start
to appear in the diagrams — in addition to the diffrac-
tion pattern of the original material and large peaks at
21.7° and 25.3°, which are attributable to the copper
powder. The small peaks are due to La(OH); and the

(81 A more extensive and detailed description of these investiga-
tions will be found in the thesis by J. J. G. Willems, Metal
hydride electrodes; stability of LaNis-related compounds,
Philips J. Res. 39, Suppl. No. 1, 1984.

Major contributions to this research were made by J. R. van
Beek and H. C. Donkersloot; see for example:

J. R. van Beek, H. C. Donkersloot and .J. J. G. Willems, in
B. W. Baxter (ed.), Power Sources, Vol. 10 (Proc. 14th Int.
Power Sources Symp., Brighton 1984), Academic Press,
London 1985, pp. 317-338.
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‘shoulders’ to free Ni (or to Nig.sCug.2). These dif-
fraction peaks become distinctly larger as the number
of cycles increases.

The conclusion is that the periodic charging and dis-
charging of the electrode in 6 M KOH assists the con-
version of LaNis (or LaNisCu) in the presence of
water into La(OH)s and Ni (or Nig,gCuo.2):

LaNis + 3 H,0— La(OH)s + 5Ni + § Ha, (6)
or
LaNisCu + 3 H;0 - La(OH)3 + 5 Nig.sCuo.2 +
+ & H,. 0

Scanning electron microscopy (SEM) gave the
following supplementary picture of the degradation
process in LaNi; on periodic electrochemical charging
and discharging.

Fig. 12a shows the state of the material in an unused
electrode. The cracks that can be seen were produced
when the electrode was made, during the pulveriza-

I

? D
w

o>

L

:rr—;ﬁ—:‘h—"

(9]

Q

[}

—

Philips Tech. Rev. 43, No. 1/2

tion in an Hy atmosphere (fig. 6). After 12 charge/dis-
charge cycles (fig. 125) the first needles of La(OH)s
appear at the surface, and the number of cracks and
tears has been increased. In fig. 12¢, after 25 cycles,
the number of needles is considerably larger, and the
grain size has fallen on average by a factor of three. In
fig. 12e the specimen is completely overgrown with
La(OH)s, and in fig. 121 (after 359 cycles) the conver-
sion of LaNi into La(OH)s is practically complete.

The ‘driving force’ for the decomposition of LaNis
in 6 M KOH is the strong affinity of LaNi for water.
The gain in Gibbs free energy for this oxidation reac-
tion is 472 kJ/mol of LaNis — nearly four times the
heat of formation of LaNis.

The actual oxidation reaction will occur at theinter-
face between the metal and the electrolyte. As we have
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Fig. 10. X-ray diffraction diagrams of powdered specimens of
LaNis and LaNisCu before and after hydrogen absorption (expos-
ure to hydrogen gas at 150 atm for 24 hours). a) Ground LaNis.
b) LaNis pulverized by 100 cycles of absorption and desorption of
hydrogen. ¢) LaNisHg, formed by causing the material of (@) to
take up hydrogen. d) Ground LaNi4Cu. ¢) The same material as
(d) after absorption of hydrogen.
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Fig. 11. X-ray diffraction diagrams of dismantled LaNi4Cu elec-
trodes that have been charged and discharged a number of times in
6 M KOH. The photographs show the effect of zero (a), 23 (b),
65 (c), 87 (d), 148 (e) and 188 (f) charge/discharge cycles. The posi-
tions of the reflection peaks due to La(OH)s are shown in black,
and those due to Nig.gCug.2 are shown in grey. The large peaks at
21.7 and 25.3° can be attributed to the copper powder added to the
electrode material. The other peaks are due to LaNisCu.
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No comparisons will be given of all the substitutions
that we investigated or their effects. We found that the
compound Lag gNdg.2Niz.5C02.4Sip.1 answered our
purpose extremely well. This electrode material has an
initial capacity of 290 mAh/g and the capacity re-
maining after a thousand charge/discharge cycles is
still 70% (fig. 15). The excellent properties of this
compound are also illustrated by the SEM micro-
graphs in fig. 16. These show that after 666 cycles
there are only relatively few La(OH)s needles present
and that the fragments formed still have the jagged
character of uncorroded crystals (see fig. 12).

The question remained as to whether the stability
improvement achieved really was connected with a
diminished expansion in volume on hydriding. To
start with, we established that the decrease in the cap-
acity of the electrodes only occurs during repeated
charging and discharging and is not the consequence
of mere contact with 6 M KOH over a long period.
We also measured the volume increment AV due to Hp
absorption by X-ray diffraction methods and plotted
the results against the fraction S400 of the capacity
remaining after 400 cycles (fig. 17). The measured
points are grouped along two straight lines in the
figure, showing that a decreasing volume increment
does in fact result in improved stability, and that this
is most pronounced in compounds that contain small
amounts of Al or Si.

We thus arrived at the following picture for explain-
ing the corrosion of LaNis-type compounds. The rate-
determining step in the corrosion process is the trans-
port of lanthanum to the interface between the elec-
trode and the electrolyte. Under normal conditions
the mobility of lanthanum in the metallic ABj5 lattice
is virtually zero at room temperature. This is not the
case at the phase boundary. As indicated in fig. 18, a
phase boundary is always present during charging and
discharging in the grains of the intermetallic com-
pound. During charging and discharging continuous
‘recrystallization’ takes place from a hydrogen-poor
phase to a hydrogen-rich phase, and vice versa. Since
the hydrogen-rich phase has a larger unit cell (figs 10
and 17) than the hydrogen-poor phase, the lattice at
the phase boundary is deformed, so that the mobility
of the lanthanum in this zone can assume high values.
During charging and discharging this phase boundary,
and hence the zone of enhanced mobility, migrates
through the grains, and therefore the lanthanum can
be transported from the bulk of the grains towards
the surface, even at room temperature. The lowest
mobility is found when the volume expansion due to
hydriding is smallest, of course.

Small amounts of aluminium or silicon lead to the
formation of a closed skin at the surface of the grains,
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Fig. 13. The effect of substituting cobalt for nickel in LaNis on the
curve for the storage capacity C as a function of the number of
charge/discharge tycles (n). The number of nickel atoms replaced
by cobalt atoms is shown beside each curve. The optimum effect is
found when 3.3 nickel atoms are replaced by cobalt.
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Fig. 14. As in fig. 13, but after the addition of 0.1 atomic fraction of
Al. The addition of small amounts of Si has the same effect.
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Fig. 15. The storage capacity C of an electrode of

Lag.gNdo.2Niz.5C02.4Sio.1 as a function of the number of charge/
discharge cycles n. The improvement in stability with respect to
LaNi; is clear from a comparison with fig. 9.
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tions of these ionic intermediates, large surface areas
and short diffusion paths are required to obtain accep-
table rates of charge and discharge. This makes it
necessary to use electrodes with an appropriate porous
structure. An undesirable feature of this charging and
discharging mechanism is therefore that changes in
shape occur during charging and discharging because
of the redistribution of the active material within the
porous electrode. The main processes are:

« nucleation and growth of the new solid phase at the
surface of the active material still present;

e passivation, which consists of shielding the active
material by a thin layer of non-active material formed
around it, e.g. the sulphation of both electrodes of the
lead-acid cell;

o recrystallization, leading to the formation of larger
grains or more stable modifications, as found for
instance during the ageing of the cadmium electrode
in the NiCd battery, and finally

e dendrite formation, which may cause failure by
internal short-circuiting.

The worst effects of these processes are that they
diminish the size of the active area and reduce its
accessibility. These effects increase strongly with the
rates of charge and discharge and with the ‘depth of
discharge’. Consequently, during average charge and
discharge periods of 5 to 20 hours the percentage of
optimally used active material is only between 25 and
45% . (This is why, for example, the capacity of the
cadmium electrode in the nickel-cadmium cell has to
be much larger than the nominal capacity of the nickel
electrode.) On repeated discharging in less than an
hour, which may be required in some applications,
the percentage of active material optimally utilized is
much lower than the stated percentage of 25%.

Electrodes without soluble intermediates, such as
the nickel electrode, do not suffer from such limita-
tions. Here charge and discharge take place via a
solid-state transition, which may be written as:

charge

Ni(OH); + OH~ == NiOOH + H;0 + e~. (12)
discharge
Owing to the absence of the degradation effects des-
cribed, which are connected with the dissolution-pre-
cipitation mechanism, the nickel electrode has devel-
oped into one of the most valued products of present-
day battery technology — it can be charged and dis-
charged thousands of times at high current without
noticeable deterioration.
As we have seen above, the hydride electrode is
charged and discharged via a solid-state transition:

charge

M + xH;0 + xe~ < MH, + xOH~

discharge

(13)
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(where M could for example represent the compound
Lag.gNdo.2Niz 5Co02.4Si0.1)-

When both types of electrode are combined as the
positive and negative poles of a rechargeable nickel-
hydride battery, the overall cell reaction for charging

- and discharging is:

charge

M + xNi(OH); == MH, + xNiOOH,

discharge

(14)

so that during operation of the cell there is no net con-
sumption of electrolyte. This permits a simple and
compact construction with little electrolyte (81,

The resultant new type of rechargeable battery
should have the following four desirable features:
« No cadmium or other toxic heavy metals.
¢ A high energy density, especially when used at high
discharge rates. Both the NiCd cell and the nickel-
hydride cell have a theoretical energy density of about
200 Wh/kg, but at the discharge rates in common use
the actual energy density of the NiCd cell will not be
more than 40 to 50 Wh/kg, partly because of the low
degree of utilization of active material. In view of this
considerable reduction in the theoretical energy den-
sity, the nickel-hydride cell, which has no dissolution-
precipitation mechanism and consumes no electrolyte,
seems to offer much better prospects.
o A high power density. Equation (14) shows that
charging and discharging a nickel-hydride battery is
rather like pumping hydrogen atoms, or protons,
from one electrode to the other. Owing to the high
mobility of the hydrogen atom and of the proton, the
system should be capable of handling high current
densities with low internal resistance, so that this elec-
trode combination should result in a battery that can
be charged and discharged at high rates.
o The possibility of effective protection from over-
charging and overdischarging. In overcharging, the
chemical bypass mechanism operates in the same way
as in the NiCd cell, via an oxygen cycle. In overdis-
charging, however, the situation is different from that
in a nickel-cadmium cell: the hydrogen gas evolved in
the nickel-hydride cell is turned to good use, since it
introduces a chemical bypass in the form of a hydro-
gen cycle:

overcharge

Og
l chargt:l
M + xNi(OH); <= MH, + xNiOOH.

discharge

H,

(15)

overdischarge
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Dielectric resonators for microwave integrated oscillators

G. Liitteke and D. Hennings

Microwave oscillators used in radar and telecommunications must operate at constant fre-
quency and generate little noise. Until recently this meant that oscillator circuits had to
include a cavity resonator that functioned as a selective filter. The dimensions of the cavity
resonator, however, were not compatible with the miniaturization of microwave integrated
circuits in which waveguides and coaxial lines have been replaced by microstrip. Dielectric
resonators are much more suitable for microwave integrated circuits, because they are small.
Careful consideration must be given to the choice of the ceramic material for these resonators,
to ensure high frequency stability and good noise characteristics.

Introduction

Now that direct television broadcasts via geo-
stationary satellites have become a reality, there is a
need for inexpensive circuits for microwave reception.
Microwave integrated circuits (MICs) combine small
dimensions and low weight with low cost. Modern
MIC technology uses bipolar transistors and field-
effect transistors with ever higher cut-off frequencies,
and special active devices for the microwave region
such as Gunn diodes and IMPATT diodes (IMPATT
stands for ‘IMPact Avalanche and Transit Time’). In
MIC technology these components are interconnected
by microstrip lines, which consist of a thin metal con-
ductor (the strip) separated from a metal ground layer
by a dielectric [1).

For telecommunication microwave links and for
satellite television the frequency of the microwave
carrier is required to be highly constant. A high sig-
nal-to-noise ratio is also essential. These requirements
can only be met by the use of frequency-stabilizing
selective band filters in the oscillator circuits. Until
recently this meant using relatively large cavity reso-
nators, which had to be made of Invar to ensure low
temperature sensitivity. With these resonators a
relative frequency stability of 107® °C™! and Q-fac-
tors (quality factors) of more than 10000 have been
achieved.

Because of their size, cavity resonators are not very
compatible with the structure of microwave inte-
grated circuits. Efforts have therefore long been made
to replace these resonators by ceramic types, which
can be smaller because the permittivity of ceramic is
higher than that of air. Many attempts to produce
such resonators foundered because no ceramic mat-
erials could be found that combined a high permit-
tivity and Q-factor with a low temperature depen-
dence. It was not until the seventies that it was dis-
covered that barium nonatitanate (BazTigOzo) was a
suitable material for microwave dielectric resonators.
This material was also found to be suitable for selec-
tive filters consisting of a number of coupled dielectric
resonators. The dimensions of these filters can be kept
within reasonable limits even at the lower frequencies.
Its high permittivity also makes the material an excel-
lent substrate material for microwave integrated cir-
cuits operated at relatively low frequencies. In addi-
tion, with specific microstrip dimensions low charac-
teristic impedances can be achieved. (The character-
istic impedance of a microstrip line is approximately
inversely proportional to the square root of the per-
mittivity of the dielectric.)

The temperature dependence of the frequency fz,
of electromagnetic standing waves in a dielectric reso-

Dr G. Liitteke is with Philips GmbH Apparatefabrik Krefeld, and
was formerly with Philips GmbH Forschungslaboratorium Aachen
(PFA), Aachen, West Germany. Dr D. Hennings is with PFA.

[ 3, H. C. van Heuven and A. G. van Nie, Microwave integrated
circuits, Philips Tech. Rev. 32, 292-304, 1971.
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nator is expressed by the temperature coefficient 75,
which is defined as:
. 1 dfr

Ty = AT 1)
where ¢ is the temperature. This temperature coeffi-
cient is a function of the thermal expansion coefficient
and of a similarly defined temperature coefficient for
the permittivity. In oscillator circuits it is not desir-
able to make 75, for the resonator exactly zero. This
is because the overall temperature coefficient for the
resonant frequency of the complete oscillator includes
a small negative contribution from the other compo-
nents in the circuit, and this has to be compensated by
a positive contribution from the resonator.

To keep the dimensions of the resonator within
reasonable limits the relative permittivity e, of the
material must be high. (If we compare the dimensions
of a cavity resonator and a dielectric resonator, we see
that the cavity resonator at the same frequency and
height/diameter ratio is about V&‘r times as large as the
dielectric resonator [21.) In addition it must be pos-
sible to control the temperature coefficient of the reso-
nant frequency in a small range by varying the com-
position of the material. The region of miscibility
ratios of the two compounds BaTiy;Og and BazTigO29
in the phase diagram of the BaO-TiOg system is par-
ticularly suitable for controlling the temperature
coefficient. With resonators of BagTigOgz¢ containing
about 30% of BaTisOg, oscillator circuits for 10 GHz
have been made whose frequency stability is compar-
able with that of oscillators that have Invar cavity
resonators. The dimensions of the dielectric resona-
tors are very much smaller, however.

In this article we shall first look at the theoretical
background of dielectric resonators in connection
with measurements of material properties. We shall
then deal with the composition of the ceramic mat-
erials for these resonators. After discussing various
kinds of oscillator circuits, we shall conclude with a
number of applications of stable oscillator circuits for
microwave frequencies.

The dielectric resonator and the measurement of
material properties

" A dielectric resonator is usually a cylindrical body
made of a material that has a high permittivity. Elec-
tromagnetic standing waves are set up in the resona-
tor, and their wavelength is determined by the dimen-
sions and the permittivity. Part of the high-frequency
electromagnetic field extends beyond the resonator.
This stray field can be used for coupling the resonator
to the microwave circuit. '
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Ceramic materials with a high permittivity have
been known for a long time. Barium titanate (BaTiOg)
can have g&;-values as high as 10000. Most ceramic
materials, however, are unsuitable for use in resona-
tors because their dielectric losses are excessively high
at microwave frequencies. In ferroelectric materials
like barium titanate these losses are due to the dielec-
tric relaxation of the domain walls. The magnitude of
the dielectric losses is determined by the loss factor
tandy, where o is the loss angle of the material. The
magnitude of the loss factor follows from the equa-
tion giving the complex permittivity &:

€ = & &o(l — jtandm), (2

where ¢¢ is the permittivity of free space. In resona-
tors the dielectric losses must be kept as small as pos-
sible. This is expressed in the Q-factor Om, which is
defined as the reciprocal of the loss factor.

1t is also important that the relative permittivity
should not vary much as a function of temperature
and that the thermal expansion coefficient of the mat-
erial should be small. This can be seen from the
expression for the temperature coefficient 75 for the
resonant frequency of dielectric resonators (81,

Ty = — 3 (T + 270), 3)

where T, is the temperature coefficient of the permit-
tivity and 1, is the thermal expansion coefficient. A
low value of 75 can thus be obtained by using a mat-
erial in which the quantities 7, and 7o largely com-
pensate one another. A problem is that for some mat-
erials there are no published values for these quanti-
ties, so that they have to be measured.

For these measurements we used the arrangement
shown schematically in fig. la¥). In a cylindrical
sample microwave resonances are generated whose
geometry is comparable with the geometry of reso-
nances in a dielectric resonator. The sample is
mounted between two metal plates. A variable-fre-
quency signal from a network analyser is applied to the
sample via a coaxial line and excites a field in it. The
signal is returned to the analyser by a second coaxial
line. The metal plates act as a waveguide operating
below its cut-off frequency. This means that the high-
frequency field emerging from the sample decreases
rapidly with increasing radial distance. To reduce the
effects of eddy-current losses in the metal plates, the
sample is given a high length/diameter ratio.

The resonant modes in a cylindrical dielectric reso-
nator are related to the modes in a cavity resonator.
In a cavity resonator only transverse modes, desig-
nated TE,,,,, and TMp,p, can occur. The subscripts
m, n and p are integers relating to the number of
periods of the electric or magnetic field in the circum-
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ferential, radial and axial directions respectively.
Either the electric field (the TEnnp, mode, the sub-
scripts relating to the magnetic field) or the magnetic
field (the TM,»,,, mode, the subscripts relating to the
electric field) is a purely transverse field, that is to say
with no axial component. The non-transverse magnetic
or electric field associated with a transverse electric or
magnetic field does therefore have an axial compo-
nent. In a cylindrical, non-metallized dielectric resona-
for only transverse modes with rotational symmetry
(m = 0) can be excited. In dielectric resonators, how-
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Fig. 1. Measurement of materials for dielectric resonators. a) Ex-
perimental arrangement. A cylindrical ceramic sample P is placed
between two metal plates M. Microwave resonances are excited in
the sample by a signal from a network analyser NA (Hewlett
Packard 8410). The signal is supplied to the sample from port I of
the analyser via a coaxial cable C,, and is returned via a second
cable Cz to port 2 of the analyser. Both coaxial cables are ter-
minated in a loop in a plane perpendicular to the axis of the reso-
nator. b) Diagram illustrating the TE¢1: mode in the sample. E elec-
tric line of force. H magnetic line of force. ¢) Example of a fre-
quency spectrum measured with the network analyser. The modulus
of the ratio Sz2; of the voltages at terminals 2 and / is plotted in dB
as a function of frequency f. The spectrum is a combination of two
measurements with different linear frequency scales. The modes
corresponding to some of the peaks are indicated. The peak for the
TEo11 mode has been magnified in the horizontal direction: the
dotted line. The Q-factor of the material can be determined from
the width 4 f of the peak at 3 dB below the peak.
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ever, there may also be non-transverse modes, which
do not have rotational symmetry. In these modes,
called HE,,,, or ‘hybrid’ modes, both the magnetic
and electric fields have an axial component.

Of the many modes that can occur in a cylindrical
resonator, only the transverse mode TEg;; is of prac-
tical significance. In fig. 15 the electric and magnetic
lines of force of the TEg;; mode in the sample under
test are shown schematically. The (transverse) electric
lines of force are circles whose centres lie on the axis
of the sample. The magnetic lines of force are ap-
proximately in the axial direction in the material and
are rather like those of a magnetic dipole. Since each
magnetic line of force lies in a plane through the axis
and also extends beyond the material, the TEq;; mode
can easily be coupled to the network analyser by
coaxial cables.

Fig. 1c shows a frequency spectrum measured with
the arrangement of fig. 1a. Such a spectrum will only
contain peaks due to the transverse modes TEy,, and
TMonp and the hybrid modes HE,,,. It can be seen
that the mode with the lowest frequency is the HE;
mode. Around the peak due to the TEg;; mode in the
figure an indication is given of how the Q of the mat-
erial Oy can be determined from the shape of the
peak. Qn is approximately equal to the ratio of the
resonant frequency to the width Af of the resonance
peak, measured 3 dB below the peak. (A value of 3 dB
corresponds to a power ratio of 0.5.) The permittivity
can be calculated from the resonant frequency and the
dimensions of the sample.

A dielectric resonator used in oscillator circuits has
the shape of a flat cylinder. It is not clamped between
metal plates, but is mounted with some axial and radial
play in a metal case. The magnetic field can therefore
extend outside the resonator in the axial direction; see
fig. 2a. The mode indicated here is therefore called the
TE¢1s mode. The coupling to the rest of the circuit is
made with a microstrip line; see fig. 2b. To limit the
losses in the ground plane of the microwave circuit the
resonator is mounted at the bottom of the housing on
a quartz-glass ring; see fig. 2c. The resonator has a
height/diameter ratio of about 0.4, so that the differ-
ences in frequency between the TEg;s mode and the
neighbouring modes are relatively large. The side walls
of the case are far enough away from the resonator to

21 M. W. Pospieszalski, On the theory and application of the di-
electric post resonator, IEEE Trans. MTT-25, 228-231, 1977.

3] D. Hennings and P. Schnabel, Dielectric characterization of
BazTigO2¢ type ceramics at microwave frequencies, Philips J.
Res. 38, 295-311, 1983.

41 B, W. Hakki and P. D. Coleman, A dielectric resonator
method of measuring inductive capacities in the millimeter
range, IRE Trans. MTT-8, 402-410, 1960;

W. E. Courtney, Analysis and evaluation of a method of meas-
uring the complex permittivity and permeability of microwave
insulators, IEEE Trans. MTT-18, 476-485, 1970.
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minimize the excitation of eddy currents in them by
the r.f. field. The case is nevertheless small, because
the field decreases rapidly in the radial direction, since
the upper and the lower plate also function here as a
radial waveguide operating below its cut-off frequency.

TEp1s
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Fig. 2. a) Diagram of the TE¢15 mode in a dielectric resonator for
oscillator circuits. (This mode should strictly be classified as TEgys,
since the magnetic field also extends from the resonator in the radial
direction.) b) Coupling the resonator to a microstrip line in a micro-
wave integrated circuit. Q quartz-glass ring. S strip of the micro-
strip line. D dielectric substrate. MB metal base. ¢) The dielectric
resonator in its metal case, which contains the rest of the oscillator
circuit (not shown). AS adjusting screw for fine tuning of the reso-
nant frequency.

The resonant frequency is difficult to predict exactly
from the dimensions of the resonator and the case.
The frequency setting is therefore made with a tuning
screw, which varies the distance over which the mag-
netic field of the TEq:s mode extends in the axial
direction. The resonant frequency can be set very ac-
curately in this way.

Choice of material

It was discovered in the fifties that barium nona-
titanate (BapTigOszo), because of its relatively high
permittivity ¢, and very small temperature coefficient
Te,, Was a suitable material for stable ceramic capac-
itors [8J, Much later it turned out that the properties
of this material also make it suitable for use in dielec-
_ tric resonators for frequencies up to 10 GHz [¢,
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In the phase diagram of the quasi-binary system
BaO-TiOg, see fig. 3a, lines for the compound BaTi,Oq
(80 mol.% TiOg2) and for pure TiOg lie on opposite
sides of the line for the compound BasTigOgzo (81.818
mol.% TiOgz). These three materials all have a high
permittivity (that of TiO; is very high) and a low loss
factor; see Table I. The temperature coefficient 5, of
resonators made with TiOy and BaTi Oy is relatively
large, whereas it is almost zero for BazTigOgzo. The
compounds BaTiyOg, BazTigOz¢ and TiOz are not
miscible with one another, but they can be combined
by sintering to form a dense type of ceramic with a
porosity of less than 0.5%. It therefore seems sensible
to obtain the small — but not zero — temperature
coefficient required by making the two-phase ceramics
BaTi409-Ba2Ti9020 or BazTigozo-Ti02.

1500°C}
Lia Lia + Tio,
t 1400} ////’/”7 '
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Fig. 3. Part of the phase diagram of the quasi-binary system
BaO-TiOz 8], ¢ temperature. x molar quantity of TiO;. b) Relative
permittivity &; and Q-factor Om as a function of x, as the result of
a number of measurements with the arrangement of fig. la. The
regions for the two-phase ceramics BaTi4Og-BazTigOg¢ and
Ba;TigO90-TiO2 are separated by a dashed line.
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Table 1. Permittivity &r, temperature coefficient 7z and loss fac-
tor tandm, measured at 4 GHz for BaTi4Og, BazTigOz and TiO;
samples.

Er T tandm
[°C™
BaTisO9 37.5 20 10-© 1.6x 10~
BayTigO20 39.3 =0 1.1x 1074
TiOg 100 1550 10-° 2 x10™4

Fig. 30 shows that samples made from such two-
phase ceramics have a permittivity that is a monoton-
ically increasing function of the molecular content x
of TiOz. The Q-factor Qm = 1/tandn, is seen to be
high and to change relatively little as a function of x.
Fig. 4 shows the temperature coefficient 77 as a func-
tion of temperature for samples of the two-phase
ceramic (BazTigOz0)1-y-(BaTisOy), with differing
mixture ratios y. For pure Ba;TigOg the value of 77,
at 0 °C happens to be exactly equal to zero. This mat-
erial might therefore be used for making resonators
that have a broad minimum at 0°C in the curve for
the resonant frequency as a function of temperature,
which approximates to a parabola. However, we want

20x10°°C”

_2 /? ! ! ' Il
40 20 0 20 4LO 60

80 ; 100°C

—

Fig. 4. Temperature coefficient 7z, for the resonant frequency fr of
ceramic samples as a function of temperature ¢. Each curve corres-
ponds to a different value of the molar content y of BaTisOg in the
two-phase ceramic (BazTigOz0)1-y - (BaTisOg)y.
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the temperature coefficient of the resonant frequency
to be independent of temperature and to have a small
positive value. In this way we can compensate for
negative temperature coefficients of other elements in
the oscillator circuit.

Fig. 4 shows that this condition is satisfied by cer-
amic samples of BayTigO2¢ containing about 30% of
BaTi;sOg. Resonators made of this material have been
used in oscillator circuits that gave a frequency drift
of only 150 kHz at 10 GHz in a temperature range
from —20 to 100°C "), The product of Q and the
resonant frequency fr (in GHz) of ceramic resonator
materials is generally found to be practically constant
in the range from 2 to 15 GHz, and is therefore used
as a figure of merit. With the new materials described
here we have reached values of about 45000 for this
product.

The oscillator circuit
Coupling to the resonator

There are various types of microwave oscillator cir-
cuit. If a dielectric resonator is used to stabilize the
resonant frequency, it is always connected to the
active element in the circuit by a microstrip line, the
‘coupling line’. The coupling line is terminated by a
load impedance, usually a matched load — a resis-
tance equal to the characteristic impedance Z, of the
line, so that there is no reflection at the termination.
The terminating impedance is connected between the
strip of the coupling line and the ground plane of the
microwave integrated circuit; see fig. Sa.

The resonator may be regarded as a tuned circuit
consisting of a resistance, an inductance and a capac-
itance connected in parallel, as in fig. 5b. Unloaded,
the circuit has a Q-factor Qr and an angular resonant
frequency wg, and is considered to be coupled to the
rest of the circuit by an ideal transformer with a turns
ratio of n. If the tuned circuit plus transformer is
replaced by another equivalent tuned circuit con-
nected directly into the circuit, the values R, L and C
change to R;, L; and C; (see fig. 5¢), and we can
write:

R, = n’R.

The coupling factor § is defined as the ratio of this

(61 G. H. Jonker and W. Kwestroo, The ternary systems BaO-
TiO2-SnO2 and BaO-Ti02-ZrOg2, J. Am. Ceram. Soc. 41,
390-394, 1958.

(81 Y, M. O’Bryan, J. Thomson and J. K. Plourde, A new BaO-
TiOz2 compound with temperature-stable high permittivity and
low microwave loss, J. Am. Ceram. Soc. 57, 450-453, 1974.

(71 C. Tsironis and D. Hennings, Highly stable FET DROs using
new linear dielectric resonator material, Electron. Lett. 19,
741-743, 1983.
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resistance to the characteristic impedance of the coup-
ling line:

R, n°R
—_— = —— > 4
A Zo R, “)

where R, is the load impedance. The magnitude of the
coupling factor is largely determined by the distance
between resonator and strip.

The impedance Z; is defined as the impedance be-
tween the strip and the ground plane at the position of
the resonator and looking towards the load. This
impedance is a function of the angular frequency w of
the microwave signals and can be expressed in terms
of the quantities defined above:

B

Zy() = Zo {1 + } )

1 + jOr(w/wr — wr/w)

a
R
é. wr.Qr
r

Zp
b
AE —
¢ 22 (UJ)

Fig. 5. Coupling of the dielectric resonator DR to the active ele-
ment AE. a) Diagram showing the coupling line, a microstrip line
of characteristic impedance Zg. The coupling line is terminated by
a resistance Ry, equal to Z¢. wr, Qr angular resonant frequency
and Q-factor of the resonator. b) Circuit with the resonator re-
placed by a parallel tuned circuit of R, L and C. The tuned circuit is
connected to the coupling line by a transformer T with turns ratio n.
¢) Circuit with the tuned circuit and transformer replaced by a
tuned circuit of R;, L1 and Ci. m length of the coupling line.
Z1(w) the impedance between strip and ground plane near the reso-
nator, looking towards Ro; w angular frequency. Za(w) as Z1(w),
but at the input to the coupling line. Za(A4) input impedance of the
active element; 4 amplitude of the oscillation.
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Any non-variable impedance can be represented as a
point on a Smith chart 181; Z;(w) represents a circle
on the chart (see fig. 6).

A Smith chart can be used to represent both the vector reflection
coefficient, i.e. the voltage ratio of the incident and reflected micro-
wave signals, and the real and imaginary components of the impe-
dance normalized to the characteristic impedance. The voltage
standing-wave ratio or VSWR can be read from these quantities in
the diagram. This is the ratio of the voltages at the nodes and anti-
nodes in the standing wave resulting from the incident and reflected
signals. )

The circle Z;(w) goes through M, the centre of the
Smith chart, when @ = 0 and w = ~, because Z; is
equal to the characteristic impedance Z, at these
values of w. The point for @ = wg, i.e. for resonance
of the tuned circuit in fig. 5¢, corresponds to the
right point of intersection of the circle Z,(w) with the
line 4 in the chart, since then Z; = Zy + R, from
eq. (5). (Line h corresponds to impedances that are
purely resistive.) The diameter of the circle is equal to
R, = BZy; this diameter therefore increases as the
resonator is more closely coupled to the microstrip
line.

It is a property of the Smith chart that a point on
the chart moves along a circle of centre M when the
position where the impedance is being considered
moves along a transmission line (in our case the
microstrip line). If we want the impedance Z;(w) that
the active element ‘sees’ at the input to the coupling
line — the impedance at that point due to the coupling
line, resonator and load — we find it by rotating the
circle Z1(w) clockwise through an angle 8 with respect
to M. This angle is given by

2 3600
= ,
where m is the length of the coupling line and A is the
wavelength. The locus for the load of the active ele-
ment corresponds almost exactly to the circle Za(w)
thus obtained.

The oscillation condition for the complete circuit

can be expressed as

Z4(A) + Za(w) = 0, ©)

where the input impedance Z4 of the active element is
a function of the amplitude A of the oscillation.
Oscillation can only occur if the complex input im-
pedance of the active element contains a negative real
component. (This is the case in Gunn and IMPATT
diodes when the supply voltage satisfies certain condi-
tions; in transistors the oscillation condition can only
be satisfied by using negative feedback.) Within the
limited frequency range determined by the TEqis
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mode of the resonator, only the real component of Z4
changes with varying amplitude; the reactance is vir-
tually constant. On the Smith chart — Z4(A4) therefore
corresponds well to a line of constant reactance: an
arc of a circle with its centre-point on the line v. The
operating point of the circuit is the point of intersec-
tion of the lines for Zy(w) and — Z4(A).

The frequency and amplitude of the oscillation can
be adjusted by moving the operating point. The loca-
tion of the line — Z4(A) depends on the supply voltage
of the active element and — in the case of transis-
tors — on the coupling between the three terminals.
The location of the locus Zz(w) depends on the length
of the microstrip line between the active element and
the resonator. The diameter of Zz(w) is determined by
the coupling factor. The resonant frequency wg of the
actual resonator depends on its dimensions and the
setting of the tuning screw. An appropriate choice for
the characteristic impedance — which determines the

R|Zy=1

Fig. 6. Smith chart [8] for the coupling of the resonator to the active
element. Every point inside the large circle represents an impedance
Z =R+ jX, normalized to the characteristic impedance Z,. Circles
through O with their centres on line v correspond to a constant
ratio X/Zo. X is positive above line &, and negative below it. Circles
through O with their centres on line 4 correspond to a constant
ratio R/Zy. For O: R = o, X = . For M: R = Zy, X = 0. For Q:
R =0, X = 0. The thicker circles represent the impedances Z;(w)
and Zz(w); see fig. 5. The circle Zy(w) intersects 4 at M for w = 0
and w = co. The second intersection of the circle with # corres-
ponds to Zi(wr) = Zo + R1. & angle through which the circle for
Zy(w) has to be rotated around M to obtain Z(w); for § = 360°,
m is equal to a half-wavelength. The line — Z4(4), see also fig. 5, is
seen to correspond to a line of constant reactance. The point B cor-
responds to — Za(A = 0) and lies within Zz(w). P, the intersection
point of the lines — Z4(A) and Z3(w), is the operating point, which
in this case has a stable position.
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scale of the Smith chart — will ensure that point B,
which represents the point — Z4(4 = 0), lies inside the
circular locus. It is easy to see that the operating point
will then always be in a stable situation.
Terminating the coupling line with a pure resistance
equal to the characteristic impedance of the line has
the advantage that components in the signal whose
frequency differs from wy are attenuated. The resona-
tor is then ‘electrically inoperative’ for components at
such frequencies. It can be shown that terminating the
coupling line with a reactance does not give one single
stable operating point, but three different operating
points. However, one of these is in an unstable situa-
tion. The other two, although stable, correspond to
frequencies that are very close together, so that the
ultimate frequency of the oscillation is not predictable.
Terminating the microstrip line with a reactance does
not therefore produce a circuit of any practical use.

The various types of oscillator circuit

Fig. 7 shows five oscillator circuits, each containing
a three-terminal active element [°!. The active element
can be a bipolar transistor or a field-effect transistor.
The microstrip lines in the various circuits are ter-
minated by their characteristic impedance Z;. The
resistance that acts as a load in the circuits shown
should be considered as equivalent to the actual trans-
mitting or receiving circuits. The main difference be-
tween the microwave circuits is in the position of the
load resistance. All these oscillator circuits were ori-
ginally used with cavity resonators.

Fig. 7a shows the simplest type of oscillator circuit.
The terminating resistance of the microstrip line acts
not only as a damping resistance (Rp) but also as the
load (RL). The dielectric resonator is used as a ‘reac-
tion-type’ resonator.

Fig. 7b shows a circuit with a ‘transmission-type’
resonator. The load is connected to the resonator by a
second microstrip line. The resonator is not so tightly
coupled to this line as to the first line. The signal goes
from the active element via the resonator to the load,
so that components at frequencies outside the pass-
band of the resonator are strongly attenuated.

In the circuit of fig. 7c the damping resistance and
the load are connected to different terminals of the
transistor. There is a matching network for the load
resistance. The resonator is coupled to the microstrip
line in such a way that the maximum energy is reflected

81 P. H. Smith, Transmission line calculator, Electronics 12,
No. 1 (January), 29-31, 1939;
L. V. Blake, Transmission lines and waveguides, Wiley, New
York 1969.

191 1, M. Clarke and B. F. van der Heijden, Dielectric resonator
oscillators, Proc. Military Microwaves '84, London 1984, pp.
591-595.
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at the resonant frequency. A standing wave is then set
up in the microstrip line between the active element
and the resonator. This circuit is therefore referred to
as an oscillator with a ‘reflection-type’ resonator.

In the circuit of fig. 7d two of the terminals of the
active element are connected to a microstrip line
coupled to the resonator. These lines with the resona-

e

Fig. 7. The different oscillator circuits. @) Oscillator with reaction-
type resonator. I, 2, 3 terminals of the active element. Z12, Z31, Z23
Jmpedances between the terminals. Ry load. Rp damping resis-
tance. Ry and Rp are combined here to form a single resistance
equal to the characteristic impedance Zp of the coupling line.
b) Oscillator with transmission-type resonator. Zo,1, Zo,2 charac-
teristic impedances of the coupling lines. ¢) Oscillator with reflec-
tion-type resonator. AC matching network for the load. d) Oscilla-
tor with feedback resonator. Rp,1, Rp,z damping resistors in the
coupling lines. ¢) Oscillator with two resonators: DR; and DR3.
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tor form a feedback path, and the device is therefore
referred to as an oscillator with a ‘feedback-type’
resonator. The load forms part of the impedances Zg;
or Zss, which are connected to the third terminal of
the transistor.

All these circuits have one resonator. However, two
resonators can be used, which will give even better
frequency stability; see fig. 7e. This circuit may be
regarded as a combination of a reaction-type and a
reflection-type resonator. The line with the reaction
resonator is terminated by the load, the other by the
damping resistance. A problem with this oscillator
circuit is the mechanical tuning of the two resonators,
since it only oscillates when both resonators are accur-
ately tuned to the same frequency.

For completeness fig. 8 shows the ways in which the
base, collector and emitter of a bipolar transistor, or
the source, drain and gate of a field-effect transistor
can be connected to terminals Z, 2 and 3 of the circuits
in fig. 7. Fig. 8a relates to oscillators with the reaction-
type or transmission-type resonator, fig. 85 to the
oscillator with reflection-type resonator, and fig. 8¢ to
the oscillator with feedback-type resonator. The first
three circuits in fig. 7 also operate with Gunn or
IMPATT diodes. Terminal I and the impedances Z;2
and Zs; should then be omitted in fig. 72 and b. In
fig. 7c terminal I should be omitted and the impe-
dances Z;3 and Z3;, combined.

Frequency stability

The resonant frequency of the oscillator circuit
varies slightly in practice. The variations may be
divided into long-term and short-term variations. The
long-term variations are a consequence of tempera-
ture fluctuations; their magnitude depends on the
temperature coefficient Ty, for the oscillator resonant
frequency fo (defined in a similar way to Tz, see
eq. 1). The short-term variations are random and are
referred to as phase noise.

The temperature coefficient 5, depends on the
thermal behaviour of the active element, the dielectric
resonator, the microstrip line and the case in which
the microwave circuit is mounted. With a suitable
design, the effect of the microstrip line and the case on
77, can be made small compared with the effect of
other elements. 7y, then depends almost entirely on
the thermal characteristics of the active element and
the resonator.

The temperature coefficient of the oscillator circuit
can be expressed as [19;

F(B) d¢a
QOr dt

where F(f) is a function of the coupling factor and ¢q

Tfo = + Tfps )
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Fig. 8. The various ways in which a bipolar transistor or a field-
effect transistor can be incorporated in the circuits of fig. 7. The
numbering of the terminals corresponds to that in fig. 7. @) The
active elements for the oscillators of fig. 7a and b. b) The active
elements for the oscillator of fig. 7c. ¢) The active elements for the
oscillator of fig. 7d.
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Fig. 9. Power density of the phase noise of microwave oscillators
with dielectric resonators as a function of the oscillation frequency
Jo. The curve is the result of an extrapolation using eq. (9) and lite-
rature data [13! (4) together with results of our own measurements
(B). Plotted along the vertical axis is the ratio L in dB of the power
density in W/Hz of the (single-sideband) power density spectrum
of the phase noise at a distance of 10 kHz from the resonant fre-
quency, and the output power of the oscillator.
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is the argument associated with the input impedance
Z4 of the active element (see fig. 5¢). The first term in
(7) is negative for all active (semiconductor) elements
and has a value in the range from —2x107% to
—10x 1078 °C™. Since |1y,| should be as small as
possible, 77, should have a low positive value. The
correct value of 75, can be achieved, as we have seen,
by using a mixed ceramic with a particular ratio of
BayTigOg2¢ to BaTiyOg for the resonator material, or
by building a sandwich resonator of two different
materials [1],

The (single-sideband) power density of the phase
noise (i.e. the noise power per unit bandwidth) is gen-
erally related to the output power Py of the oscillator.
This relative power density L(f — fo) of the phase
noise at a ‘distance’ f — fo from the oscillator fre-
quency is proportional to fo? and the absolute tem-
perature, and inversely proportional to the square of
the Q-factor of the oscillator Qo [*?1. If we compare
two spectra of the phase noise at different frequencies
Jo and fo', different output powers Po and Po’ and
different Q-factors Qo and Qo' at the same tempera-
ture, we obtain the following equation for the ratio of
the relative power densities:

L(f=fo)  fo’Qo'*Po’

L'(f=fo)  fo*Qo’Po
If in addition the coupling factors of the resonators
are identical, the Q-factors of the oscillators in eq. (8)
can be replaced by those of the resonators. It is also
known that the maximum available output power of
microwave oscillators is inversely proportional to the
square of the oscillator frequency. Equation (8) can
therefore be written as:

L(f—fo)  fo'Qr*
L'(f-fo)  fo*Qe*
This equation gives an idea of the phase noise to be
expected at high frequencies. It has been used in fig. 9
together with data from the literature (13! (point A4)
and data from our own measurements of relative
power densities of the phase noise at 4 GHz (point B).
The Q-factors Qg are comparable, because resonators
of pure Ba;TigOg were used in both cases. Fig.9 and

®)

)
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M, B8P, Mit reference signals are generated by oscillators stabilized
Fs by cavity resonators tend o be rather large. Compact
circuits that give a stable output signal can be built
o, S\ using oscillators with dielectric resonators [18],

—o Si Fig. 13 shows a possible block diagram for such a
o, e circuit. There are four oscillators, and the output sig-
=, S, nal can have 64 different frequencies. The oscillators

fD . .
el — are connected to the oufput by switches, mixers,
f04 - s bandpass filters, dividers and a multiplier. The fre-

Fig. 13. Block diagram of the circuit of a direct microwave syn-
thesizer. fo, to fo, microwave oscillators with different frequencies
and stabilized by dielectric resonators. FS frequency selector. S; to
Ss four-position switches. fs, to fs, signals that can optionally have
the frequency of one of the oscillators fo, to fo,. M1, M2 mixers.
Dy, Ds frequency dividers, for making the signal frequency four
times smaller. BP;, BP; bandpass filters. M/t multiplier that multi-
plies the frequency of the signal by N. fs output signal.

perature coefficient would have been even smaller and
less than 10 °C~1. Fig. 12b shows the result of noise-
spectrum measurements on the circuit with the re-
action-type resonator. The spectrum contains some
amplitude noise as well as phase noise. The noise
from the oscillator is so low that the result of the
measurement almost corresponds to the noise spec-
trum of the highly sensitive spectrum analyser (Hew-
lett-Packard 8566 A).

The complete transponder, shown in fig. 10, con-
tains in addition to the oscillator circuit a number of
batteries and the transmitting and receiving circuit
with the accompanying antennas. The antennas are
located underneath the protective caps at top and bot-
tom. The transmission power is 200 mW, sufficient for
a range of 50 km. The transponder is manufactured
by the Philips GmbH supply centre Systeme und Son-
dertechnik, in Bremen.

Oscillators for direct frequency synthesis

Microwave synthesizers — circuits for synthesizing
signals at microwave frequencies — are usually
indirect synthesizers. This means that the frequency of
the output signal is stabilized by a phase-locked loop
(PLL) in the circuit. The operation of direct micro-
wave synthesizers is based on the direct mixing of
highly stable reference signals. Circuits in which the

quency fs of the output signal is given by

Jfs = N(f81 + fatJald fs3/4> ,
4

where fs,, fs, and fs; are each set equal to one of the
frequencies fo,, fo;, fos Or fo, of the oscillators. The
multiplication factor N of the multiplier can be small
when dielectric resonators are used. Large values of N
are necessary when crystal-stabilized oscillators are
used, since these oscillators operate at a frequency of
about 100 MHz. A high value of N increases the noise
component in the output signal. Circuits using micro-
wave oscillators stabilized by dielectric resonators can
therefore deliver an output signal that combines high
stability with very low noise.

[15) G. Liitteke, Dielectric resonator stabilised reference oscil-
lators, IEE Colloq. on Microwave programmable sources and
frequency synthesis, London 1981, pp. 3/1-3/4.

Summary. Dielectric resonators can be used to stabilize the fre-
quency of the output signal of microwave integrated oscillators.
Oscillators of this kind will be widely used in the near future in
microwave receivers for satellite-television broadcasts. The required
high Q-factor, low temperature-dependence and small dimensions
of dielectric resonators only became feasible with the availability of
mixed ceramics of BazTigOg2¢ and BaTi4Og or TiOz. These mat-
erials can be evaluated for their usefulness by generating microwave
resonances in cylindrical samples and measuring the frequency spec-
tra. In practice, dielectric resonators are discs. They are mounted in
a metal case and can be mechanically tuned to the required fre-
quency. The resonators have a small positive temperature coeffi-
cient to compensate for the negative temperature coefficients of
other elements in the oscillator circuit. A locus for the impedance
of coupling line, resonator and load of the active element in the
oscillator circuit as a function of oscillation frequency can be
drawn on the Smith chart. The intersection of this locus with the
line for the input impedance of the active element gives the opera-
ting point. The position of the operating point may be stable or un-
stable. The oscillator circuits are designed for operation with reac-
tion-type, transmission-type, reflection-type or feedback resona-
tors. Stable oscillator circuits have been designed for transponders
used in radiosondes. The use of dielectric resonators in oscillators
for direct frequency synthesizers has also been investigated.
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Silicon cold cathodes

G. G. P. van Gorkom and A. M. E. Hoeberechts

The release of electrons from the cathode of a cathode-ray tube is usually a thermal process
(thermionic emission). For some applications there are also cathodes that are not heated,
called cold cathodes. The energy that the electrons require to enable them to escape into the
vacuum is supplied in some other way, for example by photons (the photoelectric effect), by a
strong external electric field (field emission) or by a strong internal electric field in a semicon-
ductor with a reverse-biased p-n junction? This last case applies in the silicon cold cathodes
that are the subject of this article. At first such cathodes seemed to be of little practical use.
Further investigation, however, making use of modern semiconductor technology, has re-
sulted in improvements that now offer good prospects of practical applications.

Introduction

It has been known for nearly thirty years that elec-
tron emission into a vacuum can occur from a reverse-
biased p-n junction at or near the surface of a semi-
conductor [}, The electric field in the depletion layer
formed on both sides of the p-n junction by the re-
moval of electrons and holes may be so strong locally
that ‘avalanche breakdown’ occurs, in which elec-
trons and holes are created. The resultant acceleration
(‘heating’) of the electrons may be strong enough for
some of the electrons to be emitted from the semicon-
ductor surface.

This effect has attracted considerable interest for
some time, because it seemed to offer the possibility of
making a cold cathode. Compared with the more con-
ventional thermionic cathodes, a cold cathode would
have certain advantages, e.g. it could carry a higher
current density and it could be switched more easily.
Most of the early experiments were on p-n junctions
in silicon 2!, but other semiconductors such as silicon
carbide (SiC) were investigated later 3], As far as we
know, however, these investigations did not lead to
practical applications, probably because the efficiency

DrlIrG. G. P. van Gorkom and Drs A. M. E. Hoeberechts are with
Philips Research Laboratories, Eindhoven.

of the emission process was insufficient and the cur-
rent density of the silicon cathodes was too low on
account of the large dimensions of the emissive area.
Problems encountered with SiC cathodes included
their poor reproducibility and their unusual geometry.

Inthetypical geometry the plane of the p-n junction
intersected the semiconductor surface, so that the elec-
trons were emitted from a very small region around
the line of intersection. It was also found possible to
produce electron emission from a p-n junction parallel
to the surface [4!. Since the early seventies another

(11 J, A. Burton, Electron emission from avalanche breakdown in
silicon, Phys. Rev. 108, 1342-1343, 1957.
This effect was discovered at about the same time by P. Zalm
and F. van der Maesen in an investigation initiated by H. B. G.
Casimir.

(21 R, J. Hodgkinson, Hot-electron emission from semiconduc-
tors, Solid-State Electron. 5, 269-272, 1962;
D. J. Bartelink, J. L. Moll and N. 1. Meyer, Phys. Rev. 130,
972-985, 1963; : ’
M. Waldner, Hot electron emission from silicon surfaces, J.
Appl. Phys. 36, 188-192, 1965.

181 See R. V. Bellau and A. E. Widdowson, Some properties
of reverse-biased silicon carbide p-n junction cold cathodes,
J. Phys. D 5, 656-666, 1972.

{41 See for example the article by Bartelink ef al., note [2]. A
modern version of this experiment has been described by
I. Shahriary, J. R. Schwank and F. G. Allen in J. Appl. Phys.
50, 1428-1438, 1979.
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effect that has been extensively studied, in addition to
electron emission in vacuum, is electron injection
from silicon in SiOg layers, partly because of the re-
sultant degradation of MOS transistor characteristics
and partly because of a possible practical application
as a non-volatile memory 81, These studies showed
that high current densities and high injection efficien-
cies can be achieved 8!,

These results prompted us to look once again at the
potential uses of cold silicon cathodes, but this time
making use of modern semiconductor technology. In
the investigations described in this article various Si
cathodes were designed and made, and properties
such as the energy distribution of the emitted elec-
trons, the emission efficiency, the current density and
the total current were examined. On the basis of the
results we attempted to improve the materials, the
doping and the geometry so as to satisfy the require-
ments for practical application.

Our experiments showed that cathodes with the p-n
junction parallel to the silicon surface gave the best
results ["1. High current densities can be obtained
when the p-n junction is only a little way (say 10 nm)
below the surface and the emitting region is very small,
e.g. 1 um in diameter for a region with rotational sym-
metry. To lower the work function of the electrons the
silicon surface is coated with a very thin layer of
caesium. In this way cathodes were made that gave a
current density of 1500 A/cm? at an efficiency of
1.5%. This current density is much higher than can be
achieved with more conventional cathodes.

In this article we shall first give a general description
of the electron emission from a p-n junction. We shall
then discuss some aspects of the manufacture of sili-
con cold cathodes, in particular the geometry adopted
and the doping required for the silicon. Next we shall
deal with some of the emission characteristics: effi-
ciency, energy distribution, current density, bright-
ness and maximum current. We conclude with a brief
consideration of the potential applications of these
cathodes.

Electron emission at a p-n junction

To obtain efficient electron emission from a p-n
junction in silicon a heavily doped p-type layer and an
even more heavily doped very thin n-type layer are
applied. Reverse biasing the junction then results in
an electron-energy diagram as shown in fig. /. As can
be seen in this figure, the presence of a very strong
electric field in the depletion layer has the effect of
accelerating or ‘heating’ the electrons (and the holes
too, but we do not need to consider these further
here). The hot electrons can generate new electron-
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hole pairs by collisions with valence electrons. In their
turn, these can excite other electrons from the valence
band, so that an avalanche of electrons is produced.
The collision processes and the interaction with op-
tical phonons have the effect of reducing the energy of
the electrons (‘cooling’ them). The balance between
heating and cooling gives an energy distribution with
a characteristic electron temperature that is much
higher than the temperature of the silicon lattice.
Electrons that have a kinetic energy near the surface
higher than or equal to the work function have a
chance of escaping into the vacuum.

It follows from all this that a cold silicon cathode
emits ‘hot’ electrons. In this respect such a cathode
corresponds more to the thermionic cathodes than to
the other cold cathodes, e.g. those with a negative
electron affinity (NEA cathodes) [#1 and field emit-
ters (91, :

In an NEA cathode, e.g. p-type GaAs coated with caesium, the
bottom of the conduction band has a higher energy than the
vacuum level 8], Electrons in the conduction band do not then
require any kinetic energy to escape into the vacuum. Unlike the
silicon cathode, an NEA cathode therefore emits ‘cold’ electrons.
By the same token it could be said that a field-emission cathode
emits ‘lukewarm’ electrons. In a field emitter, either a metal or a
very heavily doped semiconductor, the electrons are subjected to a
strong external electric field and ‘tunnel’ through the potential bar-
rier at the surface [¥). Most of the emitted electrons then have an
energy not very different from the Fermi energy in the material.

To emit electrons at high efficiency a silicon cathode
must meet some special requirements. For example,
the doping and geometry have to be such that a very

Y Evac

h=3

p* D

Fig.1. Energy-level diagram for the electrons in a p-n junction close
to the surface, and with a reverse bias voltage V. E, top of the
valence band. Ey quasi-Fermi level. E. bottom of the conduction
band. Eyyc potential energy of an electron in vacuum. Electrons
coming from the p* region are accelerated by the strong electric
field in the depletion region .D. On the way to the very thin n**
channel they lose some of their energy by interaction, mostly with
optical phonons but possibly by collision with valence electrons, so
that more and more of the new electrons arrive in the conduction
band (avalanche breakdown). Electrons whose kinetic energy at the
surface is equal to or higher than the work function ¢ have a chance
to escape into the vacuum Vac.
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strong electric field can be generated in a thin deple-
tion layer. This field, however, must never become so
strong as to cause a tunnel breakdown (the Zener
effect) in the semiconductor material, since the energy
of tunnelling electrons is low compared with the work
function 1'%, In the n-type layer at the surface the
electrons will be cooled down by collisions, and this
layer must therefore be very thin, but without the
series resistance becoming too high. The best results
are achieved when the work function is low, of course.
The silicon surface is therefore coated with a mono-
atomic layer of caesium. The cathode must also have
reliable electric contacts and it must have high stabil-
ity. All these aspects play an important part in the
production of cold silicon cathodes.

Manufacture

Manufacturing a cold cathode based on the emis-
sion mechanism described above consists in-making
p-type and n-type regions in silicon that have been
doped and structured in such a way as to produce a
thin depletion layer and a very small active electron-
emitting area. Electrical connections are also required
for connecting the cathode into an electrical circuit. It
is essential to obtain the appropriate geometry and
doping, so that avalanche breakdown only occurs at
the places where it is required.

Experiments with different geometries showed that
cathodes with a p-n junction that intersects the sur-
face are not suitable for practical applications. This is
because the electron emission from such cathodes has
a very broad energy distribution ['!1, which is dis-
advantageous for application in devices such as
cathode-ray tubes. After being coated with a layer of
caesium, these cathodes also present stability prob-
lems because positively charged Cs atoms migrate over
the surface as a result of the strong electric field in the
depletion layer and just outside it. We shall therefore
confine ourselves here to cathodes with a p-n junction
parallel to the surface.

An example of a geometry that has given good
results [7] is shown schematically in fig. 2. The elec-
trical connections required are also indicated. The cir-
cuit on the silicon slice actually contains two parallel
diodes: a small electron-emitting diode and a contact
diode, which also provides protection from electrical
overload. .

The cathode contains p-type and n-type regions
with different structures and dopings. It was made by
photolithographic methods currently used in semicon-
ductor technology. To obtain a low series resistance
the process starts with an epitaxial p-type layer on a
heavily doped (p*) substrate. By means of a phos-
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phorus diffusion a heavily doped (n*) region about
3 um thick is made for the electrical contact with the
voltage source. The active area consists of a p* layer
produced by implantation of boron ions. Above this
layer is a very heavily doped (n**) channel, which is
produced by implantation of arsenic or antimony
ions. The dopant concentrations of the p* region
and the n** channel might typically be 5x 10'7 and
4x10' cm™, The implantation is carried out at very
low energy, so that the n** channel can be made very
thin (about 10 nm). The electron-emitting area has
rotational symmetry here, with a diameter of less than
10 pm, but it can also take the form of an ellipse or
other shape.

At the edge of the diode the depletion layer comes
to the surface. This edge is protected, e.g. by a 1-um
SiO; layer or, better still, by two SiOs layers with a
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Fig. 2. Schematic cross-section of a silicon cold cathode and the
electrical connections. A p* substrate about 400 um thick carries
p-type and n-type regions with different structures and dopings.
The electron-emitting p* region here has rotational symmetry with
a diameter << 10 pm. On top of it is a very thin n** channel about
10 nm thick. Electrical contact with the voltage source V4 is made
by means of a thicker n* region (3 pm). The p* substrate is con-
nected to this voltage source by a gold contact. A structured SiO;
layer about 1 pm thick provides protection for the emitting diode
and carries a conducting layer G (gate), which is connected to the
gate-voltage source V.

(8] A good general account of electron emission from silicon in
SiOz layers is given by T. H. Ning, Solid-State Electron. 21,
273-282, 1978.

(6] This has been described by J. F. Verwey and B. I. de Maagt in
Solid-State Electron. 17, 963-971, 1974 for a p-n junction that
intersects the Si/SiO; interface, and by T. H. Ning, C. M.
Osburn and H. N. Yu in J. Appl. Phys. 48, 286-293, 1977 for
a p-n junction parallel to the Si/SiO2 interface.

1 G. G. P. van Gorkom and A. M. E. Hoeberechts, An efficient
silicon cold cathode for high current densities, I: Experimental
data and main results, Philips J. Res. 39, 51-60, 1984.

[8] More information on NEA cathodes can be found in J. van
Laar and J. J. Scheer, Philips Tech. Rev. 29, 54-66, 1968, or in
six articles in Acta Electron. 16, 215-271, 1973.

[®1 See for example A. van Oostrom, Field emission of electrons
and ions, Philips Tech. Rev. 33, 277-292, 1973.

10l G, G. P. van Gorkom and A. M. E. Hoeberechts, Perfor-
mance of silicon cold cathodes, J. Vac. Sci. & Technol. B 4,
108-111, 1986.

11 G, G. P. van Gorkom and A. M. E. Hoeberechts, Electron
emission from depletion layers of silicon p-n junctions, J.
Appl. Phys. 51, 3780-3785, 1980.
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plies that the emission current iy, into the vacuum is
much smaller than the diode current iy of the non-
emitted electrons. The efficiency # is thus given by

lvac lvac

n= ———=——. )

fq + lyac lq

The highest values of 7 are obtained with cathodes
in which the active layer is doped in such a way that
the electric field-strength in the depletion layer has a
maximum value just below the threshold at which the
undesirable effect of tunnel breakdown sets in (about
10° V/cm). The effect of the reduction of the work
function on the efficiency is greatest when the surface
is covered with a monoatomic layer of caesium. The
coating lowers the work function by 2.5 to 3 eV, which
increases the efficiency by a factor of between 400 and
1000, depending on the purity of the surface. The op-
timum thickness of the n** channel (fig. 2) is found to
be about 10 nm. Although a thinner channel would
allow more electrons to escape, the series resistance to
the flow of non-emitted electrons to the contact diode
would become too large.

Efficiencies of between 1 and 2% have been meas-
ured for cathodes with the geometry, doping and
caesium layer mentioned above, in which modern sur-
face analysis revealed the presence of some residual
contaminations on the surface, mainly carbon and
oxygen. After in situ removal of this oxygen by elec-
tron bombardment an efficiency of about 5% can be
achieved ['3!, An even higher efficiency (7.25%) has
been measured after sputter-cleaning of the surface by
bombardment with positive argon ions [*4!, but this
made the n** channel too thin.

The results of the efficiency measurements can be qualitatively
interpreted in terms of a ‘lucky-electron’ model, as described for
electron injection from silicon in SiOy (1611181 To reach the vacuum
the electrons must possess an energy at least equal to the work func-
tion (fig. 1). However, the only ones of these electrons that will be
able to escape are those that are ‘lucky’ enough to lose no energy by
interaction with the crystal lattice on their way to the surface; inter-
actions with optical phonons are especially likely and collisions with
valence electrons can also occur. For an electron that has sufficient
potential energy at a distance x below the surface the probability P
of being emitted is given by:

P = A exp(—x/3), 2

where A4 is a normalization constant and A is an effective mean free
path [6], Characteristic values derived from experiments on Si/SiOs
areA = 2.9and A = 9 nm 18], To arrive at the efficiency we have to
multiply P by the fraction £ of the number of electrons whose
potential energy is equal to or greater than the work function:

n = e Aexp(—x/2). 3)

The reduction of the work function by 2.5 to 3 eV because of the
monolayer coating of caesium results in a marked increase in € and
a decrease in x, so that the efficiency rises considerably.
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Another theory that can be used for describing the emission char-
acteristics of cold silicon cathodes is based on Boltzmann’s trans-
port equation for charge carriers in an electric field [17], but this will
not be dealt with here. 4

Energy distribution

We have said that the electrons in a silicon cathode
are heated to a high temperature. The value of the
effective ‘thermal’ electron energy k7. can be deter-
mined by measuring -the energy distribution of the
emitted electrons ["11111, The distribution found for
an Si cathode with no caesium coating is usually in
good agreement with a distribution calculated for
thermal emission [*8). The distribution function N(Ey)
of the kinetic energy Ex of the emitted electrons is
then given by

N(Ek) o Ek exp(—Ek/kTe). (4)

The quantity k7. can be derived from the half-value
width AEy of the distribution curve:

kT. = AEy/2.45. 5)

A characteristic example of a measured energy dis-
tribution with the associated theoretical distribution
is given in fig. 5a. The half-value width in this case
is 0.92 eV. Eq. (5) shows that this corresponds to
kT, = 0.38 eV and T, = 4400 K.

The reduction in the work function by coating with
a monolayer of caesium is associated with a broaden-
ing of the energy distribution, with a clearly obser-
vable deviation from the theoretical energy distribu-
tion; see fig. 5b. We shall not consider the origin of
these effects further here. However, the deviation
from the theoretical distribution is not too large in
this case, so that eq. (5) is a reasonable approximation
for determining k7. A value of 1.20 eV is derived for
the half-value width. This means that kT, = 0.49 eV
and T, = 5700 K.

The measured energy distribution is much narrower
than that of a p-n junction that intersects the sur-
face 1Y), but it is nevertheless significantly broader

121 A, M. E. Hoeberechts and G. G. P. van Gorkom, Design,
technology and behaviour of a silicon avalanche cathode, J.
Vac. Sci. & Technol. B 4, 105-107, 1986.

18 This was found in experiments by J. Zwier and J. H. A.
Vasterink of these Laboratories.

[14) A, van Oostrom, L. J. M. Augustus, G. G. P. van Gorkom
and A. M. E. Hoeberechts, to be published.

D8] J F. Verwey, R. P. Kramer and B. J. de Maagt, Mean free
path of hot electrons at the surface of boron-doped silicon, J.
Appl. Phys. 46, 2612-2619, 1975.

[18] See the article by Ning ef al., note [6].

171 G, A. Baraff, Distribution functions and ionization rates for

“ hot electrons in semiconductors, Phys. Rev, 128, 2507-2517,
1962.

(181 R, D. Young, Theoretical total-energy distribution of field-

emitted electrons, Phys. Rev. 113, 110-114, 1959,
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than that of conventional cathodes. In some cases this
may be a disadvantage, as in television camera tubes,
which should really have a narrow energy distribution
to give a rapid response 1, At relatively low accele-
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Fig. 5. Characteristic energy distribution of the emitted electrons
for two silicon cold cathodes, one (a) coated (unintentionally) with
about 0.02 of a monolayer of caesium, and the other (b) coated
with a true monolayer of caesium. The distribution function N(E)
is given in relative units; E is the sum of the work function ¢ and
the kinetic energy Ex. The dashed lines give the theoretical distribu-
tions that gives the best fit with the measured curves. These theoret-
ical distributions were obtained by calculating N(Ex) from equation
(4), taking k7. as 0.38 €V (a) and 0.49 €V (). In b the theoretical
curve is shifted slightly towards the higher energy to obtain the best
fit. For the cathode with the high work function (with little caesium)
a reasonably good agreement is found between the measured and
calculated curves. The monolayer of caesium not only gives a low
work function but also gives a broader energy distribution, which
clearly departs from the best-fitting theoretical distribution.
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rating voltages there may be chromatic aberration.
For many applications, however, including television
picture tubes, the energy spread causes no problems.
The negative effect on the brightness is more than com-
pensated by the much higher current density obtain-
able with a silicon cathode.

Current density and brightness

The current density jyac for electron emission into
vacuum is given by

\ jvac = an_: (6)

where j, is the current density perpendicular to the
surface of the diode; see fig. 6. To achieve high current
densities it is therefore necessary not only to have a
high # but also the largest possible value of j,.
However, the limiting factor for jac is not j, but j,
the diode current density parallel to the surface. This
is because the diode current of the non-emitted elec-
trons has to be squeezed into the very thin n** chan-
nel. At an optimum channel thickness of about 10 nm
the emitting area must be very small to avoid ‘current
crowding’ of the electrons. It has been found empiric-
ally that, for stable emission, j; must be no larger
than about 2.5 x 10% A/cm? (711101,

The relation between j, and j, is determined by the
areas of the regions through which the diode current
flows, perpendicular and parallel to the surface. These
are easily derived with the aid of fig. 6: for j, it is the
area of a circle of radius r, for j it is the area of a
cylindrical shell of radius r and the channel thickness
d as the height. The ratio j /j is therefore given by:

27trd_2d -
2 [r. Q)

Juliy =

For the smallest emitters so far produced, r is only
0.5 um. With d = 10 nm and j, = 2.5% 10° A/cm?
(the maximum permissible value) a value of 10° A/cm?
has been reached for j, , so that from equation (6) jvac
is equal to #x10° A/cm®. This means that with
7 = 1.5% a current density of 1500 A/cm? into the
vacuum is obtained, which can be very stable under
adequate vacuum conditions (to be discussed later).

The brightness of the electron emission is defined as
the current density divided by the solid angle within
which the electrons are emitted. The brightness B is
proportional not only to the current density jvac but
also to the ratio of the potential electron energy at an
applied field ¥ and the effective (‘thermal’) electron
energy kT.:

ejvac vV

B= —. 8
n kT, ®

Eq. 18 shows that a brightness of 9x10° A/cm?sr
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n* ijac /j"

Fig. 6. Schematic geometry for the electron emission of a silicon
cold cathode. The arrows indicate the directions of the electron cur-
rents. The current density of the electron emission into the vacuum
(jvac) is equal to the product of the emission efficiency and the diode
current density perpendicular to the surface (j; ). The diode current
density parallel to the surface (/) is much larger than j, , because
the thickness d of the n** channel is much smaller than the radius r
of the emitting p* area.

Table I. Comparison of the characteristic values for the current
density jvac and intrinsic brightness B (at 10 kV) for some conven-
tional thermionic cathodes and a silicon cold cathode. The values
for the silicon cathode were obtained for an emitting area of diam-
eter 1 um.

Cathode Jvac (Afcm?) B (Afcm?sr)
oxide 0.5 2x10*

w 5 7% 104
LaBg 20-50 4% 105-1x 108
Si 1500 9x10°

can be obtained from cathodes with k7, = 0.5 eV and
Jvac = 1500 A/cm? at a voltage of 10 kV.

The current density and brightness values obtained
compare favourably with those of conventional ther-
mionic cathodes. This can be seen in Table I, which
gives the intrinsic value for the brightness of the
cathodes. When the cathodes are used in electron guns
with a triode structure, as oxide, tungsten and LaBg
cathodes usually are, the effective (useful) brightness
may be much lower owing to the additional energy
spread caused by the strong interaction between the
electrons %1, However, the silicon cathodes will usu-
ally be used in a diode structure, in which there is
much less electron interaction and the effective bright-
ness is roughly equal to the intrinsic value. The Table
does not include figures for field emitters. These can
give current densities of the order of 10* A/cm? and
correspondingly high intrinsic brightness values.
However, the diameter of the virtual source is ex-
tremely small in this case (about 5 nm), so that in
practice the effective brightness is often much lower,
e.g. because of vibration of the point source. The
values are therefore not readily comparable with the
values in Table I.

(191 See J. H. T. van Roosmalen, A new concept for television
camera tubes, Philips Tech. Rev. 39, 201-210, 1980.

(20] See H. Boersch, Experimentelle Bestimmung der Energiever-
teilung in thermisch ausgeldsten Elektronenstrahlen, Z. Phys.
139, 115-146, 1954 and K. H. Loeffler, Energy-spread gener-
ation in electron-optical instruments, Z. Angew. Phys. 27,
145-149, 1969.
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Total emission current

In conventional thermionic cathodes the total cur-
rent can be increased by enlarging the emitting area,
and keeping the current density constant. The situa-
tion is rather more complex for silicon cold cathodes.
As we saw earlier, to achieve high current densities we
need a very small emitting area. This means that a
compromise has to be found between the obtainable
current density and the total current. The final choice
will depend on the nature of the application.

From eq. (1) the total emission current iy is given
by:

ivac =n id. (9)

The value of ivac can be increased by increasing the
diode current at a given . Here again, however, the
limitation is the maximum value of j, since i4, and
hence iyqc, are proportional to Ju:

(10

For a cathode withn = 1.5%, r = 0.5 um, d = 10 nm
and j; = 2.5x10° A/em?® (the maximum permissible
value) a total current of about 10 pA is reached.

For some applications this kind of value will be
sufficient. If a higher value is required, it can be ob-
tained by increasing the emitting area, although with
some loss of current density and brightness. Increas-
ing r from 0.5 pm to say 3 pm, without changing 7, d
and j;, has the effect of increasing the total emission
current from about 10 pA to about 60 pA. This in-
crease reduces the current density and the brightness
by a factor of six, since, as equations (6), (7) and (8)
show, these quantities are inversely proportional to r.
If an even higher emission current is required, it is
better to use a different geometry for the emitting
area, such as a meander structure. In principle such a
structure will give a higher total emission for a given
(fixed) current density of about 100 A/cm?; The limit-
ations then are the heat generation in the chip and the
arrangements necessary for removal of that heat.

Ivac = Nig =21 rdj.

Potential applications

The silicon cold cathodes described in this article
have features that make them interesting for applica-
tions in devices such as cathode-ray tubes. The appli-
cations we have particularly in mind are those where
advantage can be taken of the high current density
and brightness. Another useful aspect is that the elec-
tron emission can be modulated easily and rapidly. A
voltage of only a few volts will vary the diode current
and hence the emission current through a large range
(fig. 4). Since the capacitance of the active area is
small, very high switching rates can be used. We
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the current density parallel to the surface (/) is not
allowed to exceed the value of about 2.5 x 10° A/cm?
mentioned earlier.

Another threat comes from the oxidizing residual
gases (Oz, H20, CO.) that are present in any vacuum
system. Adsorption of these gases on the caesium sur-
face increases the work function, so that fewer elec-
trons are emitted. The better the vacuum the less this
effect will affect the stability of the electron emission.
Fortunately, it so happens that oxygen can also de-
sorb from the caesium layer by interaction with the
escaping electrons. In certain conditions the caesium
layer may also be attacked by bombardment from
positive ions generated by the electron beam. To avoid
this an ion trap can be used, i.e. a device that stops
any positive ions while letting the electrons pass.

In experiments under good conditions very long
lives have been observed. We can therefore expect that
silicon cold cathodes will be applied in practice,
especially if their specific characteristics are fully
utilized. Further research will clarify the position here.

In the manufacture of the cathodes valuable contri-
butions were made by P. Drummen and members of
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the IC department of these laboratories. Technical
assistance was provided by P. J. M. Peters, P. A.
Dessens and B. P. Cadier. The cathodes were de-
mounted and incorporated in various tubes in the
tube technology department under the supervision of
J. van Esdonk.

Summary. A silicon cold cathode emits electrons from an area in
which an avalanche breakdown is created by the strong electric field
produced at a reverse-biased p-n junction. The emission character-
istics depend mainly on the geometry, the doping and the purity of
the surface. The best results are obtained with cathodes that have a
very shallow p-n junction (about 10 nm below the surface) and a
very small emitting area (e.g. a diameter less than 3 pm). Coating
the surface with a monolayer of caesium gives electron-emission
efficiencies up to 5%. The cold cathodes emit hot electrons; the
effective electron temperature may be as high as 5700 K. Current
densities and brightness values can be very high: 1500 A/cm? and
9x10% Afcm?sr at a voltage of 10 kV. The total emission current
can be increased by increasing the emitting area, but at the expense
of current density. Besides their very high current density and
brightness, silicon cathodes have other desirable features, e.g. for
application in cathode-ray tubes: they are easily and rapidly modul-
ated, they use little energy and are easy to manufacture. The pros-
pects for long useful life look promising.
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Applications of light guides in process control

The automation of an industrial process will often
improve the reproducibility of the end-product. If at
the same time the characteristics of the product can be
brought closer to the desired characteristics, then
automation has also improved the quality. The con-
trol unit must of course be provided with the appro-
priate process data.

Sometimes such data can be collected by using /ight,
especially if they relate to quantities such as pressure,
temperature, coating thickness or the velocity and
direction of a movement, which modify some param-
eter of the light such as the intensity. It is usually easy
to express pressure and temperature in terms of a
mechanical displacement. A temperature change, for
example, can be measured by determining the change
in the length of a glass or metal rod. (It may be that
light is emitted in the process. In pyrometry, for in-
stance — where the temperature of an incandescent
object is determined from its colour — an optical fibre
can be used to conduct the light to a more accessible
location for the pyrometer, and the measurement can
be made there.)

The measured data are then transferred from the
process to the process controller by optical fibres or
rods, or ‘light guides’. The use of light and light guides
has a number of advantages. Measurements can be
made at high temperatures, and since there are no elec-
trically conducting materials, measurements can be
made in environments such as a chemical reactor
heated by an r.f. generator, or in a location where
strong electromagnetic fields, e.g. from welding equip-
ment, could upset conventional measurements. Gener-
ally speaking, no problems will be encountered in
atmospheres containing highly flammable, explosive
or corrosive substances.

The term optical fibres usually refers to the thin
glass fibres of the type used in optical communica-
tions [1. Philips Research Laboratories, however, can
now make light guides with a much larger diameter,
ranging from 50 um to 10 mm. Some of the techniques
used for making them go back 20 or 30 years, but of
course in that time the tolerances have been reduced
from a few millimetres to a few microns.

In this article we shall look briefly at two applica-
tions of light guides in industrial process measure-
ments. The first is a displacement measurement in
which optical fibres are used. In the second, thick-
nesses of coatings are measured with the aid of much
thicker light guides.

Fig. 1a is a very schematic representation of a
Michelson interferometer in which the light paths are
not straight lines but are formed by highly flexible
single-mode optical fibres (21, In the present version
of the interferometer the beam is split by a beam-split-
ter that consists of a solid housing containing four
ball lenses and a partially transmitting mirror. The
ball lenses collimate the light emerging from an op-
tical fibre, or focus a collimated beam on to the end of
afibre. A beam-splitter of this type requires extremely
accurate alignment of the components.

The interferometer works as follows. The light
beam from the laser is divided into two separate
beams in the beam-splitter. One of the beams goes to
a fixed reference plane, and the other to the plane
whose position is to be measured. The beams reflected
from these two planes arrive, at least in part, at the
detector, where they interfere. For interference to
occur the light in the entire system must have a defined
phase. It is therefore necessary to use a single-mode
optical fibre, since all the modes in a multimode fibre
have a different phase velocity, and ‘the’ phase of the
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Fig. 1. Schematic diagram of a Michelson interferometer in which
the light path is determined by optical fibre. @) Version with a con-
ventional beam-splitter. La laser. D detector. Ref reference plane.
Ob object whose movement is measured (in the direction indicated).
F fibres. BS beam-splitter. b) Version with two fibre-splitters FSI
and FS2. Other symbols as under (a).
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light is not defined over the whole cross-section of the
fibre.

When the plane whose position is to be measured is
displaced, the detector ‘sees’ successive maxima and
minima in the intensity of the incident light. The dis-
placement A/ required for going from one maximum
to another is Al = mA/2; where A is the wavelength of
the light and m is an integer. The distance between a
maximum and an adjacent minimum is therefore 1/4.
By counting m it is thus possible with an interferom-
eter to measure very small displacements. The great
advantage of this interferometer is that the optical
fibres that guide the light beams are very flexible, and
their length can be chosen as required. (In our case the
distance between the measurement position and the
processing device was about 3 m.) The only limitation
applies to the difference in length of the two fibres be-
tween the beam-splitter, the reference plane and the
object. This difference must be smaller than the coher-
ence length of the laser light — or there will be no
interference. For this application we used a simple
HeNe laser with a coherence length of a few centi-
metres. The use of optical fibres enables us to choose
a light path such that measurements can be made on
moving parts at places that would be inaccessible to a
conventional interferometer. The interferometer des-
cribed here has been used, for example, for examining
ultrasonic welds of gold wires for IC manufacture.
The displacements are such that a large number of
maxima and minima (7 = 20) can be observed in an
ultrasonic period, which may moreover be fairly short
(15-20 ps). Processing the measurement data is there-
fore no easy matter.

As we noted earlier, the version of the beam-splitter
described above requires extremely accurate align-
ment of the components. A much simpler version can
be obtained by making use of ‘fibre splitters’. In these
components the beam is split by a special technique in
which the actual splitting takes place in the glass fibre.
When these components are more widely available, the
version in fig. 15 will be preferable. In the first fibre
splitter (FSI) the light is split into a reference beam
and a beam that goes to the object, where it is reflected.
In its turn the reflected light is split in FS2. Some of
this light is fed to the detector, where it interferes with
the reference beam. This version eliminates the tedi-
ous process of alignment. The various components
can easily be interconnected by optical fibres.

Another examiple of an unusual application of light
guides is the coating-thickness monitor, which is used
for measuring the thickness of an infrared-reflecting
coating while it is being applied to the inside of the
outer glass envelope of low-pressure sodium lamps.
This coating, typically of IngOgz:Sn, transmits the
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visible light but reflects the infrared. In this way the
temperature required for optimum sodium pressure in
the discharge tube is maintained [®!. This coating is
applied at a temperature of about 500 °C.

The monitor (fig. 2a) consists of two light guides
with an outer diameter of 2.5 mm and a core diameter
of 1.9 mm. They are about 1 m long, with a tempera-
ture difference of about 500 °C between the measure-
ment end and the other end, which is at room tempera-
ture. At one end of each light guide there is a connec-
tor that couples the light guide to a ‘bundle’ of optical
fibres. These bundled fibres provide the connections
to the light source and the processing equipment,
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Fig. 2. a) Diagram illustrating the measurement of the thickness
of an infrared-reflecting coating in a low-pressure sodium lamp.
Li light source. F optical fibres. Con demountable connectors.
Mo monochromator. D detector. LG light guides (diameter 2.5 mm)
with bevelled end faces. B glass envelope of the lamp. C infra-
red-reflecting coating. b) Detail of the path of rays (not to scale).
0a, v, 0. angle of light beam to the normal in air, glass and
coating. r1, rz beams reflected by the coating. d) thickness of the
coating. Other symbols as in (a).

. 11 K. Mouthaan, Optical communication systems with glass-fibre

cables, Philips Tech. Rev. 36, 178-181, 1976.

(21 Some differences between single-mode and multimode optical
fibres are mentioned in the article by A. J. A. Nicia, Philips
Tech. Rev. 42, 245-261, 1986.

18] See pages 226-231 of H. Kostlin and G. Frank, Thin-film
reflection filters, Philips Tech. Rev. 41, 225-238, 1983/84.
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which is located a few metres away. The light from a
light source is conducted to the measurement location
by one of the light guides. The emergent beam is re-
flected from the coating being measured, picked up by
the other light guide and conducted to the detector.
To ensure that the optical axes of the two parallel light
guides are directed towards the same point on the
coating, the end faces of the guides are bevelled, as
shown in fig. 2.

The principle of the measurement again depends on
interference. Since the light beam is reflected from
both sides of the selective reflecting coating, two re-
flected beams are obtained, which interfere because of
the difference in optical pathlength (fig. 25). If the
thickness of the coating increases, the detector will
again detect variations in the intensity of the incident
light. Snell’s law states that

sinf. = Nta sin B,
[+
where 6 is the angle between the light beam and the
normal, and » is the refractive index. The subscripts a
and c indicate that the quantity relates to air or the
infrared-reflecting coating. Since n, =1, then for
small values of 6:

sin? B,
2nt

cosf, =1 —

It can be seen from fig. 2b that the optical path differ-
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ence / between the two reflected beams is 2n.d/cos f..
Bearing in mind that maxima in the intensity will
occur at values of d at which /= mA, and using the
expression above for cosf., we find that the increase
Ad in the thickness of the coating for the detector sig-
nal to go from one maximum to the next (i.e. when m

increases by one), is given by
sin? 08)
2n2 /)’

<
1
znc

The distance between a maximum and an adjacent
minimum is half this value, of course. In practice it is
equal to about 1/6.

The method described here has already been used
successfully for a few weeks in the production of low-
pressure sodium lamps. The development of a new
version suitable for measuring temperatures up to
800 °C is now in an advanced stage. This version will
make it possible to measure the thickness of coatings
applied by certain CVD (chemical vapour deposition)
processes.

Ad =

P. J. W. Severin
A. P. Severijns

Dr P. J. W. Severin and A. P. Severijns are with Philips Research
Laboratories, Eindhoven.
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Laser diagnostics for low-pressure mercury discharges

P. van de Weijer and R. M. M. Cremers

In optical measurement systems the laser is perhaps the most convenient type of light source.
The special features of the laser that set it apart from other light sources are the high intensity
of laser light and the distance over which the light is coherent. There are many examples of
the utilization of these special features. The high value of the coherence length enables dis-
tances to be determined extremely accurately, as in the COLATH lathe and the Compact Disc
player *, The high intensity in a small wavelength range is very useful in spectroscopy. The
authors of the article below have used a laser for determining the lifetime and density of ex-
cited mercury atoms in a low-pressure mercury-vapour discharge — the origin of the light in

the well-known fluorescent lamp.

Introduction

The principal application of low-pressure mercury-
vapour discharge is in fluorescent lamps. The most
familiar example is probably the tubular fluorescent
lamp. Smaller types, such as the Philips SL* and PL*
lamps, have also been on the market for some time.
Although these lamps are relatively expensive, their
advantages compared with incandescent lamps are
their longer life and their higher light output per unit
of energy.

A fluorescent lamp consists of a glass tube filled
with a mixture of mercury vapour and an inert gas 1.
The mercury vapour pressure is determined by the
temperature of the tube wall and is about 1 Pa. The
inert-gas pressure is a few hundred Pa. When an elec-
tric current is passed through this gas mixture the mer-
cury atoms can be ionized by collisions with electrons
and thus maintain the discharge, or they can be raised
to an excited state and then decay to the ground state,
accompanied by the emission of radiation. In a low-
pressure mercury-vapour discharge lamp this process
produces ultraviolet radiation, which is converted
into visible light by a fluorescent powder on the tube
wall (hence the name fluorescent lamp). The inert gas
is not excited by collisions with electrons, or only
slightly so, since the primary excitation energy of the
inert gas is much higher than that of mercury. The
inert gas therefore makes no direct contribution to the
light output in fluorescent lamps; its function is to

reduce the mean free path of the electrons. If there
were no inert gas in the discharge, the mean free path
of the electrons would be very large, and most of the
electrons would lose their energy to the wall of the
tube before they could transfer it to the mercury
atoms.

The radiation output of the discharge depends
mainly on the number of mercury atoms that can be
excited by collisions with electrons. The conditions in
the discharge must be such that these excited atoms
can lose their energy as radiation and not via mechan-
isms such as collision with other particles. Important
parameters in these processes are the radius of the dis-
charge tube, the densities of the mercury vapour and
the inert gas, and the magnitude of the current through
the discharge. Models based on fundamental pro-
cesses in these gas discharges have been developed for
calculating the effect of the parameters on the radia-
tion output of the discharge [2). The excitation and
decay mechanisms of the mercury atoms play an im-
portant part in these models. Methods of determining
the density and lifetime of excited mercury atoms
have been studied at Philips Research Laboratories.
The object of these measurements is to test the models
and to improve them. ’

A mercury atom in the ground state (6*Sg) has two
electrons with opposite spins in the outer shell, the 6s
shell. As a result of collisions with electrons in the dis-

Dr P. van de Weijer is with Philips Research Laboratories, Eind-
hoven; Ing. R. M. M. Cremers, formerly with these Laboratories,
is with the Glass Main Supply Group, Philips NPB, Eindhoven.

[*1 T, G. Gijsbers, COLATH, a numerically controlled lathe for
very high precision, Philips Tech. Rev. 39, 229-244, 1980;
special issue ‘Compact Disc Digital Audio’, Philips Tech. Rev.
40, 149-180, 1982.
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charge one of the 6s electrons may be excited to a
higher energy level. After the ground state, the lowest
excited states, the 6P energy levels, have the highest
population in the discharge. The radiative transitions
from the 6'P, and the 6°P; levels to the ground state,
at wavelengths of 185 nm and 254 nm respectively,
form the main contributions to the radiation output
of the mercury discharge. Fig. I shows the energy-level
diagram with the energy levels and radiative transi-
tions that are significant in our investigation. The tran-
sitions from the 6°Py and 6°P; levels to the ground
state are optically forbidden. These levels are called
metastable levels. Although these metastable levels
make no direct contribution to the radiation output,
they do play an important part in the experiments
described in this article.

The photons generated in the permitted transitions
to the ground state may be absorbed again by a mer-
cury atom in the ground state and will thus not con-
tribute immediately to the radiation output. This pro-
cess is known as radiation trapping or imprisonment
of radiation. The lifetime of an excited state that is of
importance for the radiation output is therefore not
the natural lifetime. The important parameter is the
time that elapses between the moment when the ex-
cited state is reached and — after repeated absorption
and emission of the UV photon — the moment at
which the UV photon reaches the wall. At this moment
the fluorescent powder on the wall emits a visual
photon. This time is called the effective radiation life-
time (7). As this effective lifetime increases, the pro-
bability that the atom in the excited state will lose its
energy through collisions with other particles also in-
creases. This is why the effective lifetime of the excited
state — as well as the density of the excited mercury
atoms — has an important bearing on the radiation
output of the lamp. To measure these two quantities,
lifetime and density, we have made use of a laser.

The energy level whose lifetime we want to measure
is populated by means of a laser pulse via a higher
level. The time-dependent fluorescence signal, which is
aresult of the transition from the level of interest to the
ground state, then gives the effective lifetime we wish
to know. Compared with the usual method, which
consists in directly populating the level of interest
from the ground state, this method has the advantage
that the measurement of the fluorescence signal is not
perturbed by scattered laser light, since the wave-
length of the radiation used for populating the level is
different from that of the fluorescence radiation.

The density of the atoms in an excited state can be
determined by using the ‘hook’ method. Interference
patterns in the neighbourhood of an absorption line
are measured, giving the refractive index as a function
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of wavelength. This can be used to determine the den-
sity of the atoms at the lower energy level of the tran-
sition. ’

This method has certain advantages compared with
the more conventional absorption method. The shape
and width of the line do not have to be known, and the
dynamic range is greater than that of the absorption
method. On the other hand, the absorption method is
somewhat more sensitive, which implies that absorp-
tion measurements give more accurate results than the
hook method at low densities.

If the density at a particular energy level and the
effective lifetime of that level are known, the radia-
tion output of that level — the ratio of the two quan-
tities — can be calculated and compared with the
directly measured output. This comparison provides a
check on the reliability of the different experiments
involved in this procedure.
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Fig. 1. Energy-level diagram of a mercury atom; only the levels of
interest in the present study are shown. The transitions that make
the major contributions to the radiation output of the low-pressure
mercury-vapour discharge are those from the 63P; and the 6P,
levels to the ground state 61Sp. This is ultraviolet radiation with
wavelengths of 254 nm and 185 nm respectively. The other transi-
tions play a part in the determination of the lifetime and density of
mercury atoms at the 6°P and 6'P, levels. The wavelengths are
indicated in nm.

(11 Inthe TL lamp type this is a straight cylinder, in an SL* lamp it
is a doubly folded cylinder, while a P1* lamp consists of two
parallel cylinders connected at one end.

(21 The model we used is based on the work of M. A. Cayless (Br.
J. Appl. Phys. 14, 863-869, 1963). The present version of the
model was developed by F. A. S. Ligthart and D. B. de Mooij
(Bull. Am. Phys. Soc. 24, 126, 1979).
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We shall first discuss the determination of the effec-
tive lifetime of the two principal excited mercury levels
(6°P; and 6'P;), and then we shall consider the hook
method for determining the excited-state density and
our proposed improvements. Finally, the radiation
output of the discharge calculated from our measured
quantities will be compared with the experimental
data.

Lifetime measurements
The lifetime of mercury atoms at the 6°P; level

The radiative transition from the 63P; level to the
ground state (A = 254 nm) makes the most important
contribution to the radiation output of the low-pres-
sure mercury/inert-gas discharge. For the effective
lifetime of this level to be determined it must first be
populated. Normally this is done by irradiating the
mercury atoms in a vapour cell with periodically inter-
rupted 254-nm radiation from a low-pressure mercury
discharge. The intensity of the fluorescent radiation,
which also has a wavelength of 254 nm, is recorded as
a function of time, and this gives the required life-
time [31-171 This procedure has some disadvantages,
however. The absorption of the 254-nm radiation in
the mercury-vapour cell is so high that this radiation
can only excite atoms in a small part of the cell. The
excitation profile therefore differs from the 6°P; den-
sity profile in a discharge lamp. This need not be such
a difficulty, however, because the theory indicates that
the variation of the fluorescence signal can be des-
cribed after some time by a time constant that cor-
responds to the lifetime of the level 18], One of the
reasons for making a further study of the lifetime of
this level was that we wanted to see whether the shape
of the excitation profile really does not affect the value
of the lifetime. An advantage of our method of meas-
urement is that excitation and fluorescence radiation
have different wavelengths, so that it is relatively easy
to prevent scattered excitation radiation from affect-
ing the fluorescence signal.

Another reason for our study was that earlier meas-
urements had been carried out on mercury vapour ina
cell, whereas we are also interested in mixtures of
mercury vapour and inert gases, because of their
application in fluorescent lamps.

The principle of our method is as follows. A low-
pressure mercury/inert-gas mixture is irradiated for
10 ns with a laser pulse of 405 nm wavelength. This
has the effect of exciting mercury atoms from the
metastable 63Py level to the 73S; level (fig. 1). The
atoms decay from this level to the 6°P levels with a
known time constant of 8 ns. The result is that the
6°P; level becomes temporarily overpopulated. The
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time-variation of the decay of atoms from this level to
the ground state can be determined from the variation
of the fluorescence signal. This signal is recorded with
a photomultiplier and an integrator. Since excitation
and fluorescence radiation have different wavelengths,
the scattered laser light can be separated by a filter
from the fluorescence radiation to be detected. To
obtain the most uniform irradiation of the discharge,
we made the diameter of the laser beam larger than
the diameter of the discharge tube. There is very little
decrease in the intensity of the laser beam after it has
passed through the discharge tube. This is due not
only to the greater intensity of the laser compared
with the excitation radiation of a discharge lamp, but
is also a consequence of the fact that the atoms are
now not excited from the ground state but from the
less densely populated 63Py level. There is much less
absorption at 405 nm than at 254 nm. In this way the
discharge is irradiated as uniformly as possible and as
a result the excitation profile in the 6°P; level is an
exact copy of the radially symmetrical density profile
at the 6°Py level.

This method does have a disadvantage, however,
compared with the method mentioned earlier. For
atoms to be available at the 6P, level the measure-
ments have to be made in a discharge. But the dis-
charge current has to be very low, to prevent atoms at
the 63P; level from losing their energy except through
non-radiative transitions (e.g. by collisions with elec-
trons). An incidental advantage of this low discharge
current is that the laser-induced fluorescence signal
from the 6P, level is many times larger than the
emission signal caused by the discharge itself.

This effect follows from the fact that the density in the 6°P, level
and in the metastable levels [?1 depends in a different way on the
discharge current. At high currents the densities of the atoms at the
63P levels are comparable because they are coupled by exciting and
de-exciting collisions with electrons. At low currents, i.e. at low
electron densities, this coupling is absent. At this low electron den-
sity the metastable levels are more densely populated than the 6°P;
level, because atoms at these levels can only lose their energy by
diffusion to the wall, which is a much slower process than a radia-
tive transition — the way in which atoms at the 6°P; level lose their
energy. The result is that the number of mercury atoms transferred
from the metastable 63Pg level via the 7°S level to the 63P level is
large compared with the number of mercury atoms already present
at the 6°P; level in the steady-state discharge.

To test our method of measurement we first of all
determined the natural lifetime of the 6°P; level in a
pure mercury discharge. When the vapour density of
the mercury is made low, by keeping the wall tempera-
ture low, no radiation trapping occurs and the time
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constant of the fluorescent radiation is the natural
lifetime of that level. The result of our measurements,
120 + 2 ns, is in agreement with the results of others
(values reported in the literature show a spread from
114 to 122 ns 11-1"))_ If we increase the wall tempera-
ture of the discharge tube, thus increasing the mercury
vapour pressure, radiation trapping occurs and we
measure the effective lifetime of the level. This effec-
tive lifetime is determined not only by the mercury
pressure but also by the dimensions of the tube. If we
take the discharge tube to be an infinitely long cylin-
der, then the effective lifetime of the atoms in an
excited state is a function of the tube radius. In fig. 2
the effective lifetime that we measured is plotted as a
function of koR, where R is the radius of the dis-
charge tube and ko the absorption coefficient for the
254 nm radiation, a measure of the mercury vapour
pressure. This figure also shows the effective lifetimes
measured (31717 and calculated (191111 by others. The
agreement between the results of the different experi-
ments is good. In the older experiments an asym-
metric excitation profile was used, whereas we took
particular care to ensure that the excitation profile
corresponded as closely as possible to the symmetrical
6°P; density profile in a fluorescent lamp. The good
agreement achieved in spite of this difference seems to
confirm the correctness of the theory that predicts
that the measured effective lifetime will be indepen-
dent of the excitation profile.

Seeking further support for this conclusion we car-
ried out a number of experiments with local excitation
profiles (e.g. using narrower laser beams), but none of
these changes produced any essential change in the
results. Differences between the results were no more
than 10%, which is within the experimental error. It

81 D, Alpert, A. O. McCoubrey and T. Holstein, Imprisonment
of resonance radiation in mercury vapor, Phys. Rev. 76,
1257-1259, 1949,

(41 A, V. Phelps and A. O. McCoubrey, Experimental verification
of the ‘incoherent scattering’ theory for the transport of reso-
nance radiation, Phys. Rev. 118, 1561-1565, 1960.

[8]  G. H. Nussbaum and F. M. Pipkin, Correlation of photons in
cascade and the coherence time of the 63P; state of mercury,
Phys. Rev. Lett. 19, 1089-1092, 1967.

6] J. V. Michael and C. Yeh, Absolute cross section for
Hg(®P1) + He and the imprisonment lifetimes for Hg(®P1) at
low opacity, J. Chem. Phys. 53, 59-65, 1970.

(71 J, A. Halstead and R. R. Reeves, Determination of the lifetime

of the mercury 6°P; state, J. Quant. Spectrosc..& Radiat.

Transfer 28, 289-296, 1982.
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was the first time that this theoretical prediction had
been supported by experimental data.

The next step was to measure the effective lifetime
of the 6°P; level in mercury/argon and mercury/kryp-
ton discharges. The presence of the inert gas shortens
the effective lifetime; the wings of the 254-nm absorp-
tion line are broadened by collisions between mercury
and inert-gas atoms, enabling the radiation to escape
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Fig. 2. The effective radiation lifetime () of the 63P; level of mer-
cury atoms in a mercury discharge (tube diameter 13 nm, length
500 mm, wall temperature varying from —15°C to +84°C)as a
function of koR (R is the radius of the discharge tube and kg the
absorption coefficient [19], which at low pressure is proportional to
the mercury vapour pressure). The symbols indicate the measured
results, the continuous curves represent the calculated values.
Curve ] was calculated from a theory that is only valid for large
values of koR (19, curve 2 from a theory that is valid for all optical
depths (111,
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Fig. 3. The effective radiation lifetime (7) of the 63P; level of mer-
cury atoms in a mercury discharge, a mercury/argon discharge and
a mercury/krypton discharge as a function of koR. The pressure of
the inert gas is 400 Pa in both cases and the diameter of the tube is
36 mm. The continuous lines relate to the lifetime calculated from
the theory due to P. J. Walsh 1%, for a mercury discharge (/) and
for a mercury/argon discharge (2). .
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more easily from the discharge. At low mercury pres-
sures, when little radiation trapping occurs, the pre-
sence of the inert-gas atoms has little if any effect, be-
cause the radiation output is determined mainly by
the centre of the line. At high mercury vapour pres-
sures the radiation does not escape so easily from the
centre of the line, and the wings of the line also make
an increasing contribution to the radiation output.
For this reason the effect of the inert gas will become
greater with rising mercury vapour pressure. Fig. 3
shows the effective lifetime for both discharges as a
function of koR. The data for the mercury/argon and
the mercury/krypton discharges differ from each
other by no more than the experimental error of 10%,
which means that the line broadening caused by colli-
sions with krypton atoms is the same as that caused by
collisions with argon atoms. This was not previously
known. Comparison of the results with the theoretical
curves does not come out so favourably as it does in
the case of a pure mercury discharge, but the differ-
ence is nowhere greater than 30%. In the range of
direct relevance to fluorescent lamps — effective life-
time 1 to 3 pus — the difference between theory and
experiment is much less than 30%. Here, therefore,
the theory gives a reasonable description of the effec-
tive lifetime of atoms at the 6°P; level.

The lifetime of atoms at the 6'P; level

Until recently no experimental or theoretical data
about the effective lifetime of the 6' P; level were avail-
able. Model calculations used the theory on which the
calculation of the lifetime of the 6°P; level is based. It
is assumed in that theory, however, that in a transi-
tion of atoms from the ground state to an excited state
and the subsequent decay to the ground state after the
natural lifetime, the photons have wavelengths cover-
ing the whole width of the absorption profile (com-
plete spectral redistribution [*21). This assumption is
satisfied for the 6°P; level (natural lifetime 120 ns) but
not for the 6'P; level (natural lifetime 1.3 ns). As a
result of this assumption, which is incorrect for the
6'P; level, the calculated lifetime is too short. This
can be explained in the following way. The probability
that a photon will be absorbed is highest at the centre
of an absorption line. If the emitted photon has a
wavelength close to the centre of the line — within the
Doppler width — there is a high probability that this
photon will also be absorbed. If complete spectral
redistribution occurs, a photon that is absorbed at the
centre of the line can be emitted in the wings, where
the probability of escape is greater.

Until recently only one experiment for measuring
the effective lifetime of atoms at the 6'P; level was
known [13], A dye laser tuned to a wavelength of
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577 nm was used to measure absorption at the 6'P;-
63D, transition in a low-pressure mercury discharge
(fig. 1). The density at the 6" P; level can be determined
from the absorption. The lifetime of the 6'P; level
can be found from the variation of the density as a
function of time in the afterglow of the discharge [*4].
This is only possible when the discharge current is so
low that only radiative decay takes place from the
6P, level to the ground state. An additional problem
arises here, however. The effective lifetime can only
be determined from these absorption measurements
when the 6'P; level in the steady-state discharge is
populated largely by collisions between mercury atoms
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Fig. 4. The effective radiation lifetime (7) of the 6'P; level of mer-
cury atoms in a mercury discharge as a function of the mercury
vapour density Nug. The diameter of the discharge tube is 25 mm.
The mercury vapour densities correspond to wall temperatures of
0°C to 80°C. In this figure the results of the afterglow experi-
ments (18] are compared with those of our measurements. Curves /
and 2 are calculated lifetimes. Complete spectral redistribution is
assumed for curve 2, but not for curve I.
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Fig. 5. The effective radiation lifetime (7) of the 6P, level of mer-
cury atoms in a mercury/argon discharge with a diameter of
36.5 mm, as a function of the mercury vapour density Nug. The
circles indicate our experimental results, the continuous lines I and
2 are calculated lifetimes [13], For the calculation of curve 2 com-
plete spectral redistribution was assumed, but not for curve /.
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is a maximum in the light intensity when ¢y = kA,
where y is the position on the screen, k is an integer
and A is the wavelength of the laser light. This inter-
ference pattern is focused in one direction such that a
line appears on the screen with a (cosine)? intensity
distribution (fig. 6¢). The monochromatic light source
is now replaced by a broadband source and a grating
is placed between the interferometer and the screen
for spectral analysis of the light. An interference pat-
tern now appears on the screen (fig. 6d) with lines
(fringes) whose slope (dy/dA) is given by

&k )

A ¢
The lines have different slopes, but if k is large
(k > 1000) the difference between the slopes of neigh-
bouring lines is so small that they seem to be parallel.
Next, we put the discharge under investigation, with
refractive index n and length /, into one arm of the
interferometer. In the other arm we put a vacuum
tube of the same length /. This gives an additional op-
tical path difference of (n — 1)I. The slope (dy/dA) of
the lines in the interference pattern is now given by

dy k ! dn
v ear

The determination of the slope will give us informa-
tion about the wavelength-dependence of the refrac-
tive index. A change in the refractive index will occur
in the neighbourhood of an absorption line. The inter-
action between the radiation and the medium in the
discharge tube is dependent on the wavelength of the
radiation. If this is a long way from the wavelength at
which absorption occurs (1), particles in the medium
will absorb little energy and there will be vibrations of
almost imperceptible amplitude. As the wavelength
approaches the absorption wavelength, the amplitude
of these vibrations will increase. It reaches a maxi-
mum when A = A¢, where all the radiation energy is
absorbed by the particles. The vibrating particles
affect the propagation velocity of the wave, and this
effect can be observed as a change in the refractive
index of the medium. The refractive index changes
not only when A = A, but also in the neighbourhood
of the absorption line. A mathematical description
of this mechanism is given by Sellmeier’s equation.
Under certain conditions the relation between the
wavelength and the refractive index in the neighbour-
hood of an absorption line is [16]

_ roNfi}
T 4m@d — o)

2

n—1

©))

where ry is the classical radius of the electron, N the
density at the lower level of the transition and f the
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oscillator strength of the transition. Combining (2)
and (3) gives

_ roNfAg 1 "
di ¢  4ng(d — Ao)? @
for the slope of the lines.

This slope becomes zero at two values of the wave-
length. The position at which this happens is called a
‘hook’. The distance between two of these points on
opposite sides of an absorption line is called 4. The
density NV at the lower level of the transition is then

_ n kA?
T froAsl

and can be calculated if £ and 4 can be measured in
the interference pattern and fis known. The value of
k can be determined from the undisturbed part of the
interference pattern a long way from the absorption
line '), An example of an interference pattern ob-
tained with the hook method is given in fig. 7.

A diagram of the arrangement used in our experi-
ments is shown in fig. 8. The light source was a dye
laser, pumped by a pulsed nitrogen laser. The spectral
bandwidth of the dye laser was 0.01 nm, narrow
enough for adjusting the interferometer (see fig. 60
and ¢). To record the interference spectrum (see fig. 6d
and €) we need a broadband light source. We there-
fore remove the grating of the dye laser, which is res-
ponsible for wavelength selection when the laser is
used at narrow bandwidths, and substitute a mirror
for it. The bandwidth is then determined by the band-
width of the dye (10-20 nm).

)

The light source formerly used in the hook-method experiment
was a lamp in combination with an interference filter. The band-
width of this light source is of the order of 10 nm. Since the coher-
ence length of such light sources is small, both arms of the inter-
ferometer must be made equal to an accuracy of a few tens of
microns when the interferometer is set up (fig. 65). This obviously
made setting up a tedious process.

With the narrow-band dye-laser the two arms of the interferom-
eter only have to be equal to an accuracy of a few centimetres to
give the interference pattern of fig. 6b. The introduction of the laser
has obviously greatly simplified the hook-method experiment. In
recent years there has consequently been a marked increase in the
use of this method.

After the broad-band laser beam has passed through
the interferometer, a spectral analysis of the light is
necessary. In this respect our arrangement differs from
that used by other experimenters. Formerly a com-
mercial spectrometer was used for this. We only used
a grating, however. The advantage of using a grating
is that the optical components can be adjusted in such
a way for each range of wavelengths that the angle be-
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Fig. 9. The density of mercury atoms at the three 6P levels in a mer-
cury/argon discharge as a function of the wall temperature (diam-
eter of the discharge tube 36 mm, discharge current 400 mA, argon
pressure 400 Pa). I Absorption measurements by M. Koedam and
A. A. Kruithof 211, 2 Measurements by F. A. Uvarov and V. A.
Fabrikant, made by the hook method 112!, 3 Our measurements,
also made by the hook method.
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others 910191 The results for the density in the 6°P;
level are in good agreement with each other. Strangely,
our results for the density in the two metastable levels
show more agreement with the absorption measure-
ments than with the measurements made with the
hook method. This agreement is in reality not so good
as suggested in fig. 9. In both methods, absorption
measurements and hook method, the product of the
oscillator strength of the transition and the density at
the lower level of the transition are determined. The
oscillator strengths of the transitions required for cal-
culating the density at the 63P levels were not so well
known in 1962 as they are now. With the current
known-values for the oscillator strengths the absorp-
tion measurements for the 6Py and the 6%P; levels
come out 15% lower.

The reason for the difference between the results
from the two hook-method experiments is not clear.
Different values for the oscillator strengths and a
greater experimental error of 20% are probably not
sufficient to explain the difference of a factor of two
in density.

The results for the density at the 6'P; level, given
in fig. 10, show an experimental error of 20%. No
other measurements of the density at this level are
known to us for the discharge conditions for our
measurements, so that a comparison of experimental
results is not possible. The experimental results can
however be compared with densities at that level cal-
culated with the aid of models. This comparison
showed a difference that we at first misinterpreted. It
turned out later that in calculating the density at the
6'P; level incorrect assumptions had been made
about the way in which the effective lifetime of this
level had been determined (complete spectral redistri-
bution, see page 66). When the correct effective life-
time of the 6'P; level is used, the calculated densities
are in good agreement with the measured densities, as
can be seen in fig. 10.

The radiation output of low-pressure mercury-vapour
discharges

Now that we know the lifetime and the density of
atoms in the two principal excited states, we can cal-
culate the radiation output of the low-pressure mer-
cury discharge. The radiation output of a gas dis-
charge at a particular wavelength can be expressed in
terms of the number of photons emitted per unit time
and per unit volume by the gas discharge, and is thus
equal to the ratio of the mean density — across the
diameter of the discharge tube — at the upper level of
the transition to its effective lifetime (V/7). We cal-
culated the output at'a wavelength of 254 nm as a
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function of the wall temperature for two discharges
for which directly measured values were also avail-
able.

One was a pure mercury-vapour discharge [20],
These measurements and the values that we calculated
from the lifetime and density measurements are given
in fig. 11a. The agreement between experiment and
calculation can be said to be good. Within the experi-
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Fig. 10. The density No at the 6!P; level as a function of the
mercury vapour pressure in a mercury/argon discharge. The diam-
eter of the discharge tube was 15 mm, the discharge current was
500 mA and the argon pressure was 400 Pa. o Calculated densities,
x experimental data. The vertical line indicates the experimental
error.
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Fig. 11. @) The measured radiation outputs [20] at a wavelength of
254 nm as a function of the wall temperature T of the tube of a mer-
cury discharge (diameter 38 mm, discharge current 450 m), and the
values that we calculated from the density N and the lifetime 7.
b) The measured radiation output [2!] at a wavelength of 254 nm
of a mercury/argon discharge (diameter 36 mm, argon pressure
400 Pa, discharge current 400 mA) and our calculated values.
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mental error of 15% — there were three different
experiments — the results are the same.

The other discharge for which a comparison can be
made between measured and calculated radiation out-
put values is a mercury/argon discharge [2!), The
agreement between measured and calculated results is
not so good as for the pure mercury discharge. For
wall temperatures higher than 50 °C the calculated
values are 25% above the measured values. We believe
that the agreement between measured and calculated
values is sufficient to permit the conclusion that the
quantities we measured are relevant parameters for
the radiation output.

The radiation output at a wavelength of 185 nm was
also measured for the mercury/argon discharges men-
tioned above. However, the density at the 6'P; level
in these discharges is so small that the hook method is
not sensitive enough for a density measurement with
an acceptable error. In discharge conditions where the
6'P; density is high enough to permit measurements
by the hook method (smaller diameter and hence
greater current density, see fig. 10) the 185-nm radia-
tion output was not measured. Because of this it is not
possible at present to compare the 185-nm radiation
output calculated from the density and lifetime of the
6'P; level with a measured output as was done for the
254-nm line.

The main result of our measurements of the lifetime
and density of atoms at the 6'P; level is the improved
understanding of the radiation-trapping mechanisms
that play a part in this transition.

181 F, A. Uvarov and V. A. Fabrikant, The absolute concentra-
tions of excited atoms in the positive column of a mercury dis-
charge, Opt. & Spectrosc. 18, 433-437, 1965.

1201 F, A, Uvarov and V. A. Fabrikant, Experimental determina-
tion of the effective probability of photon emission by plasma
atoms, Opt. & Spectrosc. 18, 323-327, 1965.

211 M, Koedam, A. A. Kruithof and J. Riemens, Energy balance
of the low-pressure mercury-argon positive column, Physica
29, 565-584, 1963.

Summary. A laser is used for measuring the lifetime and density of
mercury atoms at the 6%P, and 6'P; levels in a low-pressure mer-
cury/inert-gas discharge. The lifetime measurements are made by
irradiating mercury atoms with laser light whose wavelength is such
that the mercury atoms decay to the 63P; and the 6!P; energy levels
from a higher excited state. The lifetimes can be determined from
the fluorescence signal of the subsequent transition to the ground
state. The measured lifetimes agree reasonably well with values
reported in the literature and have provided a better understanding
of the excitation and decay mechanisms in a low-pressure mercury/
inert-gas discharge. The density of the atoms at these levels was
determined by the ‘hook’ method, in which the wavelength-depen-
dent refractive index of the discharge in the neighbourhood of an
absorption line depends on the number of atoms at the lower level
of the transition. The densities at these levels and their lifetimes
were used for determining the radiation output of low-pressure
mercury/inert-gas discharges. Comparison of these calculated
radiation outputs with outputs measured directly show fairly good
agreement.
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Bright spots and bottlenecks
in Europe’s future industrial development

W. Dekker

It has long been our editorial policy to include occasional articles of a more general nature
as well as the articles directly concerned with research and the results it provides. We are trying
in this way to bring the development of science into a broader perspective and to paint in the
backcloth against which our research is enacted.

In recent years economic developments have imposed much stricter boundary conditions
Sfor our research activities than ever before. One result of these economic circumstances has
been that the management of our company has become more ‘visible’. The problems that our
company has to contend with have been brought to the notice of various kinds of public
Sforum, especially since Dr W. Dekker became President.

We hope the publication of the speech ‘Bright spots and bottlenecks in Europe’s future
industrial development’ will make the reader more familiar with the outlook of the manage-
ment on certain socio-economic and political problems. It gives, we think, an impression of
the way in which the progress of technology and science are affected by external factors as well
as internal ones.

The speech printed below was given by Dr Dekker at the conference ‘A competitive future
Jor Europe’, organized by the Erasmus University of Rotterdam on the 12th and 13th Decem-
ber 1985, and has been made available to us by the Corporate External Relations Department.

The text of the speech is given verbatim; the editors have only added the figures.

Anyone who has regularly taken part in conferences
such as this over the last few years will have noticed
that ‘the future’ is a subject which crops up again and
again. For some of you ‘the future’ will stand for un-
certainty and threats, while for others it will above all
represent a challenge and new promises.

In my view, the future encompasses both these as-
pects. Its possibilities include positive as well as less
desirable developments. The direction in which the
future develops partly depends on our own efforts,
our will and our understanding of events. The object

Dr W. Dekker, formerly President of N.V. Philips’ Gloeilampen-
Sfabrieken, is now Chairman of the Supervisory Board. This speech
is published with the permission of Philips International B.V., Cor-
porate External Relations.

of a conference such as this is to establish what fac-
tors are important, what options we have and what
strategies should be pursued.

‘Forecasting is a difficult business, especially where
the future is concerned’, people can often be heard
to sigh. And I heaved the same sigh when preparing
this introduction on ‘Bright spots and bottlenecks in
Europe’s future industrial development’.

It is not difficult to obtain a clear picture of which
industries in Europe are performing well or badly at
this moment. When it comes to finding the explana-
tions for this, however, we are groping more in the
dark. And in order to know which companies will
have disappeared by the year 2000 and which ones will
be flourishing, one would almost have to be a clair-
voyant.
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dustries (in electronics, biotechnology, new materials)
and of as yet unknown applications.

5. Significant socio-cultural and socio-political shifts
resulting in new forms of organization (with the
emphasis on autonomous groups, business units,
holdings) and new political conditions with deregula-
tion and a rethinking of the role of the state.

In describing the first trend as the emergence of a
multipolar world system I placed Europe alongside
the United States of America and Japan. Many people
will regard this as wishful thinking, and they are right.
I certainly wish Europe a place in the sun alongside
the USA and Japan. But I also believe that this is pos-
sible. I am not one of those pessimists who now des-
cribe the situation of European industry in the same
way as historians characterized the situation of the
Netherlands in the year of calamity 1672: ‘The rulers
are helpless, the people senseless and the nation hope-
less’.

If European industry shows common sense and
goodwill its situation will by no means be hopeless.
Allow me to support my optimism by reference to a
number of indicators.

As far as technological innovation is concerned,
Europe is certainly not lagging behind. According to
the UN Statistical Year Book almost 96 000 patents
were granted in 1980 to the ten countries of the Euro-
pean Community, compared with almost 62000 to
the United States and 46 000 to Japan.

Expenditure on research and development in
Europe is roughly 20% less than in the USA, but
greater than the amount spent by Japan.

In a number of sectors such as aviation, rail trans-
port technology, nuclear energy, new materials and
the chemicals industry, Europe still leads the way.
And Europe’s position in important growth areas like
biotechnology and the space industry is far from
weak.

According to figures published by the OECD, the
increase in high-tech industry’s share of total indus-
trial production in the European Community does not
lag behind that of the other major economic blocs,
Japan and the USA. The share of the most advanced
high-tech sectors (i.e. industries in which R&D expen-
diture was higher than 4% of the value of production)
in total industrial production in the European Com-
munity rose between 1970 and 1980 from 11.4% to
11.7%. In the same period there was a fall from
14.6% to 10.8% in the United States and a fall from
14.1% to 13.4% in Japan.

Nor is the European Community lagging behind in
average high-tech industry, where R&D expenditure is
between 1 and 4% of the total value of production.
On the contrary, with average high-tech industry
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having a share of 32.2% of total industrial production
(in 1980), the European Community was in fact ahead
of Japan (30.1%) and the United States (31.6%).

However, Europe’s relative share of trade in high-
tech products is lower than that of the USA and
Japan. On the one hand, this may be due to prices
being too high or quality being too low (which might
be the result of the fact that these industries emeréed
in Europe under protective conditions). On the other
hand, trade barriers (often of a non-tariff nature, par-
ticularly in Japan) are also a factor. Over the last 20
years the export specialization coefficient — an indica-
tor expressing the share of technically advanced pro-
ducts in total exports or total industrial exports — has
shown that Europe’s position has deteriorated in rela-
tion to the USA and Japan. Although this indicator is
open to considerable criticism, because it does not
take account, for instance, of such an important sec-
tor for Europe as chemicals and because intra-Euro-
pean trade has the effect of lowering this coefficient,
the trend, namely the gap between Europe on the one
hand and the USA and Japan on the other, should
give us cause for concern.

Looking at all the indicators which I have men-
tioned, I come to the conclusion that European in-

. dustry still has good prospects. There are, however,

certain areas where Europe seems to be losing ground,
and it is here that a specific policy on the part of
government and joint efforts by European industry
are necessary to prevent a further deterioration of
Europe’s position.

A European innovation policy will have to be sup-
ported both by individual governments and by the
supranational organizations.

High-tech industry assumes an important place in
the discussion about the kind of industrialization
policy to be pursued and the need for industrial inno-
vation. Although I in no way underestimate the im-
portance of high tech — and you would not have
expected anything else from someone representing the
electronics industry, a high-tech industry par excel-
lence — 1 would nevertheless like to put its impor-
tance in perspective,

« First of all, innovation not only has to be stimulated
in the high-tech industries but should take place over
a much broader field. New production technologies
should also be introduced in the more traditional sec-

(11 A, Toffler, The third wave, PAN books, London 1981;
J. Naisbitt, Megatrends, Macdonald, London 1984.

(21 The term ‘Eurocentric system of thought’ and the figures con-
cerning the Pacific Basin are taken from the report ‘Nederland
in de wereldeconomie — perspektieven en mogelijkheden’
(‘The Netherlands in the world economy — perspectives and
possibilities’) by the Dutch Social and Economic Council
(SER) committee for development problems of companies,
1985. "
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by the United States and Japan. To quote Mr Ponia-
towski of the European Commission [3], we should
prevent Europe from becoming the first ‘colony of the
third industrial revolution’. If we do ‘too little, too
late’, Europe will become ‘the continent of lost op-
portunities’.

But however energetically this industrial policy is
pursued, no industrial policy, either at a Community
or a national level, will be successful in the long term
if it is not embedded in or supported by the further
implementation and extension of the ideals of the
European Community.

Iregard as a central task facing the European Com-
munity — the member states and both sides of in-
dustry in the member states:

1. The creation of a truly common market in which
European goods can move freely from one country to
another, without papers, documents.or other non-
tariff trade barriers and with a uniform system of
VAT.

2. The achievement of a convergent industrial policy
through, for instarice, the liberalization of the present
nationalistic procurement policy; through the stan-
dardization of infrastructure facilities; through the
stimulation of a number of major European projects;
through acting as a single trading power in interna-
tional trade.

3. The creation of a European capital market and the
strengthening of the European monetary system.

4. Real European cooperation — through cooperative
competition; through cooperation between European
companies and through a broad interpretation of the
much-quoted principle of a ‘fair return’.

The importance of all these elements of European
integration has been repeatedly emphasized by others
and by myself over the past few years. It isremarkable
how much consensus there is regarding what needs to
be done. It is likewise remarkable how much consen-
sus there is with regard to the urgency with which
these things need to be done. We really are running
out of time. Yet it is amazing how, despite this
unanimity, we are often unable to achieve our objec-
tives. In my opinion this can mainly be attributed to
an incorrect conception of how cooperation between
the parties involved should be organized.

Having discussed the changing face of the future,
the significance of high-tech industry, the conditions
for success and the industrial policy that should be
pursued, permit me to conclude this introduction by
saying a few words about the principle of a ‘fair
return’, about which so much has been said recently
in European circles. For the ancient Romans this was
the quid pro quo principle, in other words the idea
that if I do something for you, I can expect you to do
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something for me in return — preferably directly and
preferably a bit more.

This principle may work in bilateral relations, but
not in more complex relations. It stands in the way of
cooperation in a wider framework.

The Nobel Prize winner Prigogine provides an inte-
resting theoretical illustration of the problem which I
have referred to here. He uses the analogy of a game
of billiards to illustrate how the principle of reci-
procity fails. A good billiards player can work out
precisely where a ball which is struck at a certain place
with a certain force will hit the third cushion. And,
conversely, another good billiards player can return
the ball to its original position. In billiards it is pos-
sible to speak of perfect reciprocity — at least, the
difference from the original position is so slight that
we scarcely notice it. It is an ‘exchange situation’ in
which what we give and what we get back are not
exactly the same but so close to one another that it
makes no difference. In an everyday bilateral exchange
situation this is quite normal. But you know that
things are much more complicated in a trilateral ex-
change relationship.

But let us return to Prigogine’s example. He shows
that in a game played with seven cushions, or a bil-
liards table with seven sides, the principle of reci-
procity no longer works. If, before hitting the ball,
I arrange with someone behind the seventh cushion
that he will hit the ball back with the same force as
I hit the ball, so that I get back what I have given,
1 shall be cheated. Prigogine demonstrates that we
cannot predict where the ball will come back. Making
‘exchange agreements’ thus becomes impossible.

Our example assumes an ideal billiards table with
seven cushions. In the European Community, however
— and I am now moving from physics to socio-poli-
tical reality — we work with twelve partners (fig. 6)
and the situation is far from ideal. The amounts con-
tributed and received are difficult to measure; it is
often a comparison of apples and pears and for some-
one who is thirsty (or for a poor country or region) an
apple means more than for someone who has apples
in abundance (a rich country). Nor will the priorities
always be the same in the different countries.

Cooperation in Europe therefore calls for more
than a narrow conception of a ‘fair return’ or the guid
pro quo principle. If we restrict ourselves to direct
bilateral or trilateral relations on the grounds that
with multilateral relations it is not clear what we get
back in return for what we put in, then a truly inte-
grated Europe will never come about and we shall
always fall short of our potential.

A rigidly conceived principle of a ‘fair return’ is
based on a failure to recognize the principles of reci-
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A ceramic differential-pressure transducer

V. Graeger, R. Kobs and M. Liehr

. In process control the accurate megsurement of pressure differences is of great importance,
~ since both volume flows and manometric heads can be derived from differential-pressure
measurements. The differential-pressure transducers now widely used have metal diaphragms,
but most metals eventually become corroded by aggressive process fluids. The Philips Ham-
burg research laboratories, Philips Forschungslaboratorium Hamburg, have developed a
transducer with a ceramic aluminium-oxide diaphragm. The transducer is now in production
at Process Control Instrumentation in Kassel, a German Philips company. The ceramic mat-
erial is resistant to virtually all corrosive fluids. In the production of the new transducers good
use is made of thick-film technology, originally developed for the manufacture of ‘hybrid’

electronic circuits.

Introduction

The volume flow in a pipeline can be measured with
an orifice gauge, a plate containing an orifice of accur-
ately defined dimensions. The difference A p between
the static pressure in front of the orifice plate and
behind it is a measure of the volume flow Qv, given by

Qv =uA V 2p ,
[
where u is the flow coefficient, A4 the area of the orifice
and o the density of the liquid. This expression is
based on the well-known Bernoulli equation 11,

The head of liquid can be determined by measuring
the difference between the pressure at the top of the
liquid and at the bottom. The head H is proportional
to the measured pressure difference:

Ap

Q8

where g is the acceleration due to gravity. In this way
the volume of liquid in a reservoir can be determined,
provided the dimensions of the reservoir are known.
Both types of measurement, of the volume flow in a
pipeline and of the volume of liquid in a reservoir, are
important in process control. It is essential in both

Dr V. Graeger, Dipl.-Ing. R. Kobs and M. Liehr are with Philips
GmbH Forschungslaboratorium Hamburg, Hamburg, West Ger-
many.

cases that the measurements remain accurate, that the
measuring instrument can withstand the temperature,
pressure and chemical aggressivity of the process
fluid, and that the instrument cannot cause explosions
by spark discharges.

Transducers for measuring pressure differences
usually have a measuring element in the form of a
stainless-steel diaphragm. The pressures are applied
to both sides of the diaphragm, which is deflected by
the difference in pressure. Small deflections are pro-
portional to the difference in pressure. In general it is
undesirable to expose such a diaphragm directly to
liquids or gases, which are frequently corrosive. The
differential-pressure transducers now in common use
are therefore of the dual-chamber type [21. The two
chambers are filled with an inert fluid, such as silicone
oil, and the chambers are separated from the actual
process fluid by auxiliary diaphragms. Dual-chamber
transducers therefore have three diaphragms, the
outer one of stainless steel, tantalum, titanium or
monel (a nickel-copper alloy). Transducers of this
type tend to be expensive because of the difficulties in
welding or soldering different metals.

The single-chamber differential-pressure transducer,
which is the subject of this article, is simpler in de-
sign and consists of one kind of material: ceramic, see
fig. 1. There are only two diaphragms, which are cir-
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The permissible bending stress and the modulus of
elasticity of this material are high. (Its Young’s
modulus is about 1.6 times that of steel.) The dia-
phragms do not therefore need reinforcing ribs. The
central plate contains two holes, one axial and the
other radial, both with a diameter of only 0.8 mm.
The transducer is filled with silicone oil through
the radial hole, which is then closed with a ball
stopper.

The use of a ceramic makes it possible to use the
thick-film technology [3]. Coatings with an accurately
determined thickness between 3 and 15 pm are de-
posited on a substrate by screen printing, and these
coatings are then bonded to the substrate by sintering
in a furnace. The experience gained in the electronics
industry with the thick-film technology in the manu-
facture of hybrid circuits has been most useful in the
design of our differential-pressure transducer. The

. process is inexpensive and there are many pastes avail-
able for making coatings with completely different
physical properties. Specialities of the thick-film tech-
nology include:

o The metallization of ceramic with a minimum line-
width of 100 pm.

« The insulation of surfaces by the application of a
coating of glass ceramic.

¢ The coating and bonding of ceramic components
with ‘glass solder’ (or ‘melt glass’), which will give a
glassy joint at 400 °C.

These features are turned to advantage-in the fol-
lowing procedure. First the diaphragms are metallized
locally. Next, glass-solder rings (G, and Ggz) are ap-
plied to the central plate. The internal diameter of
these rings determines the stiffness of the diaphragms,
which means that these rings have to be very accur-
ately made. Coatings of glass ceramic (S; and Sz) are
then applied, which are only a little thinner than the
glass-solder rings. The layers S; and Sz limit the
movement of the diaphragms and act as substrate for
the inner electrodes that are now applied. At the same
time electrical connections to the outside of the trans-
ducer are made for connecting the capacitors. Finally,
the complete assembly is heated in a furnace; the glass
solder melts to produce a hermetic and geometrically
accurate seal.

Before the oil is introduced into a transducer the
electrodes remain in contact, in pairs. The pressure of
the silicone oil filling the transducer at the end of the
manufacturing process determines the pre-stress of
the diaphragms, and hence the electrode spacing at
zero external pressure. In practice the oil pressure is
set so that the electrodes of one of the capacitors just
touch at an external differential pressure ps —p; of
1.3 times the range. As we noted earlier, the ampli-
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tude of the diaphragm excursion is 3.5 to 10 pm. The
outer diameter of the diaphragms is 60 mm and the oil
volume is 60 mm?®. The capacitance of each capacitor
at zero external pressure is about 400 pF.

Temperature compensation and results of measure-
ments

Fig. 5a shows the results of measurements on a
differential-pressure transducer with a range of 500
mbar, in the positive and the negative directions. The
output quantity 1/C; — 1/C; is plotted as a function
of the differential pressure Ap =pz —p1, with the
temperature as parameter. There is a zero error for the
linear relation between 1/C; — 1/C2 and Ap corres-
ponding to equation (5) and the sensitivity is tempera-
ture-dependent. For a temperature of 20 °C fig. 5b
shows the relative deviation f of the measured points
from the straight line of best fit; these results were ob-

3x107pF '}
2-
J1_1
Cr C qL
I
-1-
_2_
-500 -250 O 250  500mbar
a — Ap
1x107 }
f 05" ) ° . .
T 0 * hd 1 a 4 A :
05F 4+ . *
-1
-500 -250 O 250 500mbar
b — 4p

Fig. 5. a) Results of measurements on a transducer with a measuring
range of 500 mbar in the positive and negative directions. The out-
put quantity 1/C; — 1/C is plotted as a function of the differential
pressure Ap, with the temperature ¢ as parameter. b) The relative
deviation f as a function of Ap at 20 °C. f is related to the meas-
uring range and is the deviation of the measured points with respect
to the straight line of best fit. The measured points are the results of
a measurement cycle 0 — 500 — 0 — — 500 — 0 mbar.
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tained on going through the measurement range in the
sequence 0 — 500 — 0 — — 500 — 0 mbar. The relative
deviation fis related to the range, and the result of the
measurements gives some idea of the hysteresis of the
transducer. On varying the temperature the relative
change in the zero error in fig. 5a (1/C; — 1/Cy for
Ap=0) is 0.4% for every 10°C and the relative
change in the sensitivity is 1% for every 10 °C. The
effect of increasing the mean pressure p = (p; + p2)/2
by 100 bars corresponds to reducing the temp'erature
by about 9 °C. The errors are too large for a differen-
tial-pressure transducer for industrial application, so
that it is necessary to compensate for the effects of
temperature and pressure.

When the temperature of the process fluid rises or
the mean pressure drops the deflection of the dia-
phragms increases, so that the quantity d; + dz as-
sumes a higher value. This quantity is proportional to
1/C1 + 1/Cy, and by combining equations (2) and (4)
we see that

1 1° do, + do, + 2cFpi(t,p)
P . NG
G, G ErEQTrs
T fsmoc
11x10°pF "}
_ 60°C
1 i 10 T
C; G,
T 9l 20°C
8t -20°C
1

-2;50 0 250 500mbar

-50
a — 4p
11x107pF
1,1 107}
G e

Py
8| /
0 50 100°C

b — t

Fig. 6. a) The quantity 1/C;, + 1/C3 as a function of the differential
pressure Ap, again with the temperature ¢ as parameter. b) The
quantity 1/C1 + 1/Cg as a function of the temperature £ at A p=0.
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Fig. 7. Block diagram of a circuit for compensating linear tempera-
ture effects. ¥} direct voltage at the input. C controller. O oscilla-
tor with stable angular frequency. ¥ amplitude of the alternating
voltage at the oscillator output. [, I3 and Ir.¢ integrators (see inset)
with alternating output voltages that have amplitudes V3, V2 and
Vrer Tespectively. a, b, ¢, —d and e voltage gains. V, amplitude of
the alternating output voltage. ¥, is proportional to the differential
pressure Ap and is to a first order independent of temperature.

It is assumed here that the transducer is perfectly
symmetrical, so that F;=F;=F. The quantity
1/C; + 1/C; can thus be used for measuring the tem-
perature ¢ and the mean pressure p. Fig. 6a shows that
this quantity is in fact closely dependent on tempera-
ture and hardly affected at all by the differential pres-
sure A p. The temperature dependence can be approxi-
mated by a linear function:
1 1

C_1 C—z = ap + ait, ®)
where ag and a; are constants that can be determined
by calibration; see fig. 6b. Similarly, in the relation be-
tween the output quantity 1/C; — 1/Cz and the dif-
ferential pressure Ap to be measured the effect of the
temperature ¢ on the zero error and the sensitivity can
be approximated by linear functions:

1 1

— — - =02+ ast + (as + ast)(p2 — p1), (9)

Cy C,
where a3, a3, a4 and ap are constants.

Fig. 7 shows a circuit that we have designed to com-
pensate for linear temperature effects. I;, I and I.s
are integrators, which each consist of a resistor, a
capacitor and an operational amplifier (see inset). I;
contains the capacitance C; of the differential-pres-
sure transducer and [ contains Cy. If V denotes the
amplitude of the output voltage of the oscillator O
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with stable angular frequency w, the amplitudes of
the alternating voltages after the integrators are

v = Vv
' wRC’
v, — vV
L CORC2 ’
vV
Vit = ’
WTref

where R is the — variable — resistance in /; and I,
and 7. is the time constant of Irs. The three alter-
nating voltages after the integrators are multiplied by
the factors a, a and b respectively, summed and then
rectified. The result is fed back and compared with a
direct voltage V; at the input. The factors b and a are
chosen so as to satisfy the equation

ATres { Q144
— 4o},
R as

which contains constants from (8) and (9). Calcula-

b=

4x10°f T,
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Iz}
0 uD n o 8]
..7_I | a
-20 0 50 100°C
— ¢
a
10x10°
. gl I
P
o—4°o o
_4 1 |
-20 0 50 100°C
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Fig. 8. The improvement obtained with the circuit in fig. 7. @) The
relative change f; in the zero error (1/C1 — 1/C2 at Ap=0, see
fig. 5a) for a temperature variation of 10 °C, as a function of tem-
perature f. The upper and lower points are the results of meas-
urements without and with the compensation circuit respectively.
b) The relative change f2 in the sensitivity for a temperature varia-
tion of 10 °C, again with and without compensation circuit.
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tions show that the feedback signal before rectification
has an amplitude

Vaa,

wRa: (as + as?).

The feedback signal is thus proportional to the factor
in (9) that represents the sensitivity. The feedback and
the action of the controller C therefore keep the value
of a4 + ast constant, so that the linear temperature-
dependence of the sensitivity is eliminated.

The controller C affects the amplitude of the oscil-
lator O; we assume that the frequency of the oscillator
is sufficiently constant. The output signal of the circuit
is obtained by multiplying the signals after the inte-
grators, by ¢, —d and e respectively and then summing
them. Calculations in which equation (8) is used show
that the amplitude V, of the output signal follows
from the relation
Vo = ns {CL1 - CL2 - (a2 + ast)}, (10)
when the factors ¢, d and e are chosen so as to satisfy:

as

c=1-—,
a
a

d=1+—
a1

and

Tref [ QoA3
e = —Qaz].
R ai

Using eq. (9) we can write eq. (10) as

Vo= —— (@ +asD(ps —p). ()
wR

Since the sensitivity a4 + as? is kept constant by feed-

back and control, the amplitude of the output signal

is proportional to the differential pressure to be meas-

ured.

Fig. 8 shows the improvement achieved by intro-
ducing temperature compensation. For a temperature
change of 10 °C fig. 84 gives the relative change fi in
the zero error and fig. 8b the relative change f2 in the
sensitivity, both with and without temperature com-
pensation. A roughly tenfold improvement is ob-
tained.

Fig. 9 shows the Philips differential-pressure trans-
mitter type PD3, which incorporates the transducer
with the temperature-compensation circuit described
here. The measuring range can be adjusted, for
example from 20 to 100 mbar for the type with a °
maximum range of 100 mbar of differential pressure.
The maximum error for the measured Ap value with
this type is guaranteed to be less than 0.2% of the
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Interactive MR image synthesis

M. H. Kuhn and W. Menhardt

In proton magnetic-re.éonance tomography (MR) the images can be obtained by the inversion-
recovery method or by the spin-echo method. The contrast in these images is very dependent
on the time parameters of the pulse trains used for obtaining the signals that ultimately pro-
duce the MR images. The optimum image contrast to use depends on the pathological abnor-
malities the observer is looking for. The image contrast required, and hence the value of the
various parameters, is not always known beforehand, however. Researchers at Philips For-
schungslaboratorium Hamburg, the Philips Research Laboratories in Hamburg, have now
designed an image-processing procedure that permits the observer to synthesize, in real time,
an image for a different setting of these parameters, without any need for a new MR exposure.
The observer can thus experiment from the MR control console, to find the settings that give
the contrast ratios he requires. It is also possible to use colour in the image. A further valuable
aid is a facility for indicating two areas in the image that should give the maximum contrast.

Introduction

The most outstanding advantage of proton mag-
netic-resonance tomography (MR) is that it enables
images to be obtained of cross-sections of the human
body without causing any physiological damage. Fig. /
shows a Philips Gyroscan S5 installation that gives
such images. Other advantages of magnetic-resonance
tomography are that the difference between diseased
and healthy tissue can often be made more visible than
with other diagnostic methods, that in general no con-
trast agent is necessary and that the contrast in the
image can be manipulated fairly easily. A disadvantage
is that MR equipment is still expensive. This is mainly
because of the need for a highly uniform and power-
ful magnetic field, now more likely than not produced
by superconducting coils. This means that to reach
and maintain the very low temperature required (near
absolute zero) it is necessary to use liquid helium.

In proton MR tomography use is made of the pre-
cession of the spin axis of protons that form the
nucleus of hydrogen atoms in the tissue. The fre-

Dr M. H. Kuhn and W. Menhardt are with Philips GmbH For-
schungslaboratorium Hamburg, Hamburg, West Germany.

quency of this ‘Larmor precession’ is proportional to
the strength of the constant magnetic field. The pre-
cessing protons induce r.f. signals in a detector coil.
When a small gradient is introduced into the constant
field the location of the hydrogen atoms that are res-
ponsible for the detected signals can be determined
from the frequency. ’

From the detected signals various parameters can
be derived that when taken together are fairly charac-
teristic of the relevant tissue. These parameters are the
proton density o, the relaxation time 73 of the longi-
tudinal magnetization and the relaxation time T; of
the transverse magnetization. Other parameters that
can be derived relate to the rate of blood circulation
and the chemical composition, but these will not be
considered here. Later we shall return to the theore-
tical basis for the relaxation times 77 and T3. All we
need to say here is that it has been found that healthy
and diseased tissue often show a remarkable difference
in 77 and T3, even when the proton density o is about
the same for both kinds of tissue.

The magnitude of the detected r.f. signals is a func-
tion not only of the proton density ¢ and the relaxa-
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Fig. 3. The excitation of the Larmor precession. a) The brief appli-
cation of an r.f. magnetic field in the x-direction at a frequency
equal to that of the Larmor precession makes the magnetization M
of the material rotate through an angle & in the (y,z)-plane (« pulse).
The constant magnetic field of flux density B has the direction of
the z-axis. b) The vector M then precesses about the z-axis. The
longitudinal magnetization M. does not change direction but the
transverse magnetization My does. ¢) The transverse magnetization
M, decays exponentially with time constant Tz; ¢ time. d) Recovery
of the longitudinal magnetization. M increases until thermal equi-
librium is reached with magnetization Mp. The recovery follows an
exponential curve with time constant T3, which is always greater
than 7T3.

the new method of interactive MR image synthesis.
Finally, some examples of applications will be dis-
cussed and a synthesized image in colour will be
shown.

Theoretical principles of proton magnetic resonance

Proton magnetic resonance is based on the effect in
which the axis about which protons spin describes a
precessional motion about the direction of a constant
magnetic field of flux density B. The angular fre-
quency w of this ‘Larmor precession’ is proportional
to the flux density:

w =YyB. )

The quantity y is called the gyromagnetic ratio of the
proton. An r.f. magnetic field perpendicular to the
constant field excites the precession if its frequency is
equal to the precessional frequency w/2r, which fol-
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lows from eq. (1). This is the basis of proton magnetic
resonance (2],

An object in thermal equilibrium in the constant
magnetic field has a nuclear magnetization in the
direction of the field, since there are more spins
aligned with the field than spins aligned in the oppo-
site sense. The magnetization, which is the sum of the
magnetic moments per unit volume, is very small; at
B=0.3T it is only 10~® of the theoretical saturation
value with all the spins in the same direction. The ap-
plication of the r.f. field referred to above for a short
time (an ‘r.f. pulse’) makes the magnetization M
rotate through an angle «, see fig. 3a. Because of the
Larmor precession of the individual protons, the vec-
tor M starts to precess as well (fig. 35). After some
time this precession decays away as the system returns
to the state of thermal equilibrium. The longitudinal

‘magnetization M;, which does not change direction,

has a slower relaxation to thermal equilibrium than
the transverse relaxation My, which rotates in the
(x,y)-plane (fig. 3¢ and d). The more rapid return of

S
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Fig. 4. Determination of the relaxation time 77 by means of an
inversion-recovery sequence. a) The amplitude S of the r.f. signal as
a function of time f upon application of a 180° pulse at ¢ = 0 (the
pulse rotates the magnetization M through 180°, see fig. 3a) and a
90° pulse at ¢ = Tp. The pulses of the r.f. magnetic field are indi-
cated by the thin arrows. b) The magnetization vector (thick arrow)
at different times: / immediately before the application of the 180°
pulse, 2 immediately after this, 3 immediately before the applica-
tion of the 90° pulse, 4 immediately after this. (The coordinate sys-
tem should be considered as rotating at the frequency of the Larmor
precession about the z-axis.) ¢) The longitudinal magnetization M;
as a function of time. The times 1, 2, 3 and 4 are indicated. After 4
the transverse magnetization induces an r.f. signal in the detector
coil. The amplitude of this signal is a measure of the longitudinal
magnetization at time 3. This gives one point — M;(Tp) — on the
exponential curve.
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the transverse magnetization to the thermal-equili-
brium state is due to slight differences in the frequency
of the Larmor precessions, caused by interaction be-
tween the spins. The Larmor precessions thus fall out
of phase and eventually cancel one another out. The
time constant T3 associated with the relaxation of the
transverse magnetization is therefore always smaller
than the time constant 77 associated with the relaxa-
tion of the longitudinal magnetization.

The rotating transverse magnetization M1 induces
an r.f. signal that decreases in amplitude in the detec-
tor coil. Its frequency, as we have seen, is determined
by the magnitude of the constant magnetic field. It
was the discovery that spatial information could be
added to this signal by applying a small fixed gradient
to the constant magnetic field that made proton MR
tomography possible. This gradient has the direction
of one of the space coordinates. The frequency of the
detected signal is then a linear function of that space
coordinate, so that the detected signal is the Fourier
transform of a notional signal that is a linear function
of location. Image-reconstruction methods related to
those used in X-ray computer tomography can be
used to translate the detected signals into grey-level
values for pixels that together yield an (x,y) cross-sec-
tion or ‘slice’ of the object.

On reconstruction, the signals obtained as described
above give grey-level values that are approximately
proportional to the local proton concentration, i.e.
the local water content. Some identification of organs
or tissues is possible from the images. Intensive inves-
tigations of proton magnetic resonance for medical
applications have shown that local attribution of
values for the relaxation times 77 and T3 considerably
widens the useful range of application of MR tomo-
graphy, particularly since in many cases the compari-
son of T3- and T2-dependent images makes it possible
to distinguish between diseased and healthy tissue. It
is not easy to see how information about 77 can be
derived from the detected r.f. signal, since the longi-
tudinal magnetization M; is constant in direction and
does not induce any signal in the detector coil. M; con-
tinues to increase along an exponential curve with a
time constant T; (see fig. 3d) after the initiation of the
Larmor precession.

Fig. 4 illustrates the principle of determining the
relaxation time 77 using the ‘inversion-recovery
method’. First, the r.f. field is applied for a time
necessary to rotate the magnetization M through 180°
(o = 180° in fig. 3a). After this ‘180° pulse’ the spin
system starts to recover its thermal equilibrium (2 — 3
in fig. 4b) along the exponential curve shown in fig. 4c.
No r.f. signal has yet been induced in the detector
coil, however, since the mean transverse magnetiza-
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tion is zero. After a time Tp has elapsed, a 90° pulse is
applied, which rotates the magnetization through 90°
and does give transverse magnetization. The signal
induced immediately after application of the 90° pulse
is ameasure of the longitudinal magnetization M,(Tp),
as shown in fig. 4c. Repeating the experiment for other
values of Tp would give more points on the exponen-
tial curve, but the procedure we have adopted is
slightly different.

Fig. 5 shows the principle of determining the relaxa-
tion time 72 by means of the spin-echo method. After
a 90° pulse the longitudinal magnetization is zero and
the transverse magnetization has the same magnitude
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Fig. 5. Determination of the relaxation time 7, by means of a spin-
echo sequence. a) The amplitude S of the r.f. signal as a function of
time ¢, with a 90° pulse applied at =0 and a 180° pulse at times
t=Tg/2, t=3Tg/2 and t=5T%/2. b)-f) The magnetization vector
(thick arrow) at different times. (The coordinate system should be
considered as rotating about the z-axis at the mean frequency of the
Larmor precession.) Because of field inhomogeneities the magneti-
zations 7 and 2 of different domains start to go out of phase (c — d)
immediately after the 90° pulse (b — ¢). The 180° pulse (d—¢)
causes the y-component of the submagnetizations to change sign.
The submagnetizations I and 2 then converge again and, at a time
Tg after the 90° pulse, they come back into phase again (f); they
then give an echo signal. Owing to the decrease in the transverse
magnetization, the recovery is not complete. The relaxation time T3
can be determined from the decrease in the peak height of the dif-
ferent echoes.

21 P, R. Locher, Proton NMR tomography, Philips Tech. Rev.
41, 73-88, 1983/84;
L. Kaufman, L. E. Crooks and A. R. Margulis (ed.), Nuclear
magnetic resonance imaging in medicine, Igaku-Shoin, New
York 1981.
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as the longitudinal magnetization immediately before-
hand. The magnetiztion vectors of different domains
now precess about the z-axis with an angular fre-
quency approximately equal to w, from eq. (1). How-
ever, owing to local field inhomogeneities, the angular
velocities are slightly different, so that vector 1 of a
submagnetization is slightly out of phase and rotates
faster than the average angular velocity, while vector 2
rotates more slowly (see fig. 5d). To bring about con-
vergence a 180° pulse is then applied, causing the
y-component of the vectors of the submagnetizations
to change sign and gradually eliminating the de-
phasing. With a time of 0.5 Tg between the 90° and
180° pulses the vectors of the submagnetizations are
back in phase again a time Tg after the 90° pulse,
causing a signal known as a spin echo to be induced in
the detector coil. Periodic repetition of a 180° pulse
produces a sequence of spin echoes. The peak height
of the successive spin echoes decreases as an exponen-
tial curve with a time constant T3; see fig. 5a.

The images of interest in clinical diagnostics are
those that contain information about the relaxation
time 71, the relaxation time T2 or the proton density .
To obtain these images repeated pulse trains are ap-
plied, consisting of 180° and 90° pulses in a specific
sequence. In our investigations we have used a spin-
echo sequence SE consisting of one 90° pulse and four
180° pulses for measuring 77, and an inversion-
recovery sequence IR consisting of one 180° pulse,
one 90° pulse and four 180° pulses for measuring 71.
This is illustrated in fig. 6, which also shows the varia-
tion in amplitude of the detected r.f. signal.

As we noted, after the application of a 90° pulse the
longitudinal magnetization M, becomes zero and the
transverse magnetization becomes the same as the
longitudinal magnetization just beforehand. Imme-
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diately after the 90° pulse the longitudinal magnetiza-
tion starts to recover again exponentially:

M, = Mp(1 — /M),

where My is the magnetization in thermal equilibrium.
The transverse magnetization similarly decreases
exponentially:

"My = Myge/h,

where M| ¢ is the transverse magnetization immediate-
ly after the 90° pulse. From the exponential functions
given here for M, and M we can derive approximate
expressions (for TRSE>> Ty and TR'™® > Tk, and
apart from a constant factor) for the heights S, to
Sa, of the four echoes in the signal due to the spin-
echo sequence and the height Sg of the first echo in the
signal due to the inversion-recovery sequence [31; see
fig. 6:

Sa, « Moo(l — e &/ Th) g Ta/Te, j = | 10 4
Ss < Mog(l — 2e7™/T1 ¢/ Ti) e TR/ Ty,

@
€)

where o represents the proton concentration and T35E,
TR, Tp and Tg are parameters that determine the
time dependence of the patterns of pulse sequences.
(For simplicity we shall not go into the significance of
the second, third and fourth echoes in the signal pro-
duced by the inversion-recovery sequence.) The image-
reconstruction methods mentioned earlier can be used
to derive values for ¢, T1 and T for each pixel from
the measured peak heights S, to Sa, and Sg. For this
theratio of Sa, to Sg is calculated for each pixel. From
the result, which no longer depends on ¢ and T3, a
value for T; can be obtained from a look-up table in
the computer. A value for T can then be obtained by
using the method of least squares to calculate a line of
best fit for In Sy, as a function of iTk. Finally, with the

SE
Tr

78|0°

w T[T T ] e

180° 180° 180° 180° ‘

SE

IR

Fig. 6. The pulse sequence periodically applied to determine the proton density and the relaxation
times T3 and T3 from the detected signals with the aid of equations (2) and (3). The 90° and 180°
pulses are indicated by arrows and the amplitude S of the detected r.f. signal is shown diagram-
matically as a function of time . SE spin-echo sequence. IR inversion-recovery sequence. 4, to
A4 echo sggnals of the spin-echo sequence. B first echo signal of the inversion-recovery sequence.

TxR, T3S, Tg, Tp pulse parameters.
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aid of T1 and T3, Sa, gives a value .for the proton
density o.

Image-synthesis procedure

We have already described how the quantities Sa,
to Sa, from the spin-echo sequences and Sp from the
inversion-recovery sequences are obtained for each
pixel and how the relaxation times 77 and T3 and the
proton density ¢ are calculated from them. We shall
now see how the values of S5 and Sp are recalculated
into other values for another setting of the pulse
parameters Tg and TR5E, or Tg, Tp and Tx®. The use
made of a video look-up ‘table in this process will be
illustrated with reference to fig. 7.

The results of an MR exposure are stored in the
image memory IM. A distinction is to be made here
between an SE image, built up from the signals of the
spin-echo sequences, and an IR image, built up from
the signals of the inversion-recovery sequences. For
an SE image binary numbers are stored at each mem-
ory location for Sa, (4 bits), 71 and Tz (3 bits each);
for an IR image binary numbers are stored at each
location for Sg (4 bits), 71 and T3 (3 bits each). In the
periodic generation of an image on the monitor M
each pixel in the image memory is ‘translated’ by
means of the video look-up table in the memory LTM.
Here the binary value of the combination Sa,, 71, T2
or Sg, T1, Ty serves as the address ADR for LTM. The
address thus has a length of 10 bits and the look-up
table contains 2'® 8-bit numbers. The result of the
translation with the look-up table is an 8-bit sample
VS of the video signal. A sequence of 256 x 256 = 218
samples contains the information for a complete
image. A video signal is constructed from the samples,

. IM ADR LT™ Vs M
2%« 10bits |(10bits)| 2. gpits |(8bits)
i
.
4
CALC
A
.
MEM

Fig. 7. Block diagram illustrating the image-synthesis procedure.
IM image memory for 256 X 256 picture elements (pixels) with
10 bits per memory location. ADR address formed by a number in a
memorg location of IM. LTM look-up table in the form of a RAM
with 2!® memory locations with 8 bits per location. V'S video-signal
sample for the monitor M. CALC part of the MR software that
generates new contents for LTM when one of the pulse parameters
is modified. MEM memory for the pulse parameters. 7B track-ball,
an interactive device for altering the pulse parameters.
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and this is fed to the monitor. Arrangements are made
to ensure that the video signal always contains the
complete range of grey levels for the monitor, from
white to black. We shall now consider how the con-
tents of the look-up table (2!° x 8 bits) are altered.
When the observer changes one of the pulse param-
eters, a new content for LTM is generated by the part
of the MR software denoted by CALC in fig. 7. The
relevant pulse parameters are stored in the memory
MEM. The observer can change a pulse parameter in

- MEM by means of the interactive track-ball device TB.

As soon as a new pulse-parameter value is entered,
CALC generates new numbers for the look-up table.
For an SE image the observer can alter Tg or Tx°E and
for an IR image Tg, Tp or Tr'®. (Tt may be different
for SE and IR images.) v
The basis for the calculation of new numbers for
the look-up table is formed by egs. (2) and (3). From
these equations other equations can be formulated for
the new values Sa,” and Sg” as a function of the old
values Sa/ and Sg' respectively. For an SE image, on
changing the pulse parameter T&' to Tg": '
e~Te"/Ty

_TE’/T2 ’

Sal = SAII
€

1
and on changing the pulse parameter TR5E'to TRSE":
1 — TN

n o __ ’
SAI = IS'A1 1 _ e_TRSBI/Tl .

For an IR image on changing the pulse parameter Tg’
to Tg":

&~ Te"/Ty

"o__ '
SB = SB e_TEI/Tz ’

on changing the pulse parameter Tp’ to Tp":

1 —2eTo"/T 4 TR
SBII — SBI

1 —2e DT 4 TN

and on changing the pulse parameter TR™*'to Tx'R":

1 = 2¢7o/T 4 ¢ TR/Th

SB" = SB’ 1 — ze—TD/Tl n e_TR]RI/Tl .

The image-synthesis procedure described has been
implemented in our MR laboratory configuration. The
heart of the configuration is a superconducting mag-
net with a flux density of 2 T (Tesla). The configu-

81 F. W. Wehrli, J. R. McFall, G. H. Glover, N. Grigsby, V.
Haughton and J. Johanson, The dependence of nuclear mag-
netic resonance (NMR) image contrast on intrinsic and pulse
sequence timing parameters, Magn. Resonance Imaging 2,
3-16, 1984;

W. H. Perman, S. K. Hilal, H. E. Simon and A. A. Maudsley,
Contrast manipulation in NMR imaging, Magn. Resonance
Imaging 2, 23-32, 1984;

M. H. Kuhn, W. Menhardt and 1. C. Carlsen, Real-time inter-
active NMR image synthesis, IEEE Trans. MI-4, 160-164,
1985.
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Layered semiconductor structures

In research on materials for the electronics industry we have recently seen a growing
interest in layered epitaxial structures. If the layers are very thin, these structures often
have very different physical properties from the individual materials, and different
kinds of applications. Typical examples are the combinations of the III-V semicon-
ductors GaAs and AlxGa;-1As in field-effect transistors with a high electron mobility
and in semiconductor lasers with a short emission wavelength.

Although these new structures do not seem to be compatible with the laws of
ordinary chemical thermodynamics, they can be fabricated if careful attention is paid
to the facilities for preparation. The layers or films are deposited on a substrate by
evaporation in ultra-high vacuum (molecular beam epitaxy, or MBE) or by deposition
from a gas mixture containing metal-organic compounds (metal-organic vapour-
Dhase epitaxy, or MO-VPE). When these technologies are combined with sophis-
ticated methods of characterization and analysis, monolayers of atoms or molecules
can be applied, a layer at a time, and abrupt transitions can be introduced into the
composition.

The main centre for the Philips activities in the MBE of III-V semiconductors is the
Research Laboratories at Redhill, in Britain. The leading position of these Laborator-
ies can be judged by the record established there for electron mobility in semiconduc-
tor structures. Work on the MBE of II-VI semiconductors has recently been started at
the Research Laboratories at Briarcliff, in the U.S.A., while the MBE of silicon and
combinations of metals is being investigated at the Research Laboratories in Eind-
hoven.

The MO-VPE technology has perhaps won greater industrial acceptance than
MBE. Contributions from our Laboratories at Limeil-Brévannes (France) and
Eindhoven have helped to bring this technology to a high degree of perfection in
recent years.

Combinations of very different materials, such as silicon on GaAs (or GaP), GaAs
on silicon, semiconductors on oxide substrates or combinations of metals and semi-
conductors also receive attention. There are good prospects for the discovery of new
Dhysical effects and unusual properties of materials that can be used in new appli-
cations.

The time was clearly ripe for a special issue of Philips Technical Review on these
structures. We now present a general survey of the subject and four articles that de-
scribe some of the activities of Philips Research on layered semiconductor structures.
However, our special issue can really give no more than a glimpse of a field still
forging strongly ahead. .

A. R. Miedema
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Research on layered semiconductor structures

J. Wolter

Introduction

The special properties of semiconductor single crys-
tals have regularly led to the introduction of devices
based on new principles of application. This has resul-
ted for example in silicon integrated circuits with high
packing densities and complex functions, and in opto-
electronic devices based on III-V compounds such as
gallium arsenide (GaAs). Materials scientists have
contributed extensively to these developments by mak-
ing it possible to grow high-purity crystals free from
lattice defects. ‘ :

Most semiconductor devices manufactured today
contain only one basic material. We now see the emer-
gence of a completely new class of devices with
structures consisting of ‘stacked’ thin layers of dis-
similar semiconductors. In these ‘heterostructures’ the
electric potential in the direction perpendicular to the
layers can be modified to produce interesting physical
effects, sometimes with novel applications.

During the last ten years or so, research on these
structures has expanded rapidly. Their physical back-
ground is now much more clearly understood and var-
ious discoveries have been evaluated for practical
application. This has only been possible through the
interplay of ideas, potential device applications and
advanced growth techniques, with multi-disciplinary
contributions from large numbers of workers in in-
dustrial and university laboratories. Efforts in this
field are expected to intensify in the years ahead.

Among the structures investigated, probably the
most fascinating are the ‘superlattices’. These are built
up from alternate ultra-thin layers, typically’1 nm
thick, of two dissimilar semiconductor materials.
Then there is the ‘quantum-well structure’, consisting
of a semiconductor layer less than 30 nm thick be-
tween two layers of another semiconductor with a
larger band gap. This also has peculiarly interesting

Prof. Dr J. Wolter, Professor in Semiconductor Physics at Eindho-
ven University of Technology, was formerly with Philips Research
Laboratories, Eindhoven.

properties. And even a simple heterojunction between
two dissimilar semiconductors offers interesting
potential applications. :
This article gives a brief review of the research on
these multilayer structures. It includes a general dis-
cussion of some of the physical aspects and practical
implications. An indication is also_given of the
methods of preparation and the ':"s‘emiconductor
materials. Finally there is a summary of the Philips
activities in this field. g o

Superlattices !

The basic idea of the formation of superlattices was
put forward in about 1970 by L. Esaki and R. Tsu [1],
They considered an array of alternating ultra-thin lay-
ers of two dissimilar semiconductors with different
band gaps; see fig. 1. The alternation gives a periodic
modification of the electric potential perpendicular to
the interfaces. Extra potential wells are therefore
created for the electrons, in addition to the ‘ordinary’
potential wells around each atom in the crystal lattice.
When the periodicity of the superlattice becomes less
than about 10 nm, there is a marked change in the
energy-level diagram for the electrons: the valence
and conduction bands are split into ‘minibands’ and
new forbidden zones (‘minigaps’) are created. A simi-
lar modification applies to the energy of the quanti-
zed lattice vibrations (phonons) as a function of their
wave number; this has already been demonstrated ex-
perimentally by Raman spectroscopy [21, .

‘A curious effect can occur when an electric field is
applied to a superlattice (11, The presence of minigaps
gives rise to “Bloch oscillations’ and to a negative dif-

(11 1, Esaki and R. Tsu, Superlattice and negative differential con-
ductivity in semiconductors, IBM J. Res. & Dev. 14, 61-65,
1970.

{21 J L.Merz, A.S. Barker, Jr., and A. C. Gossard, Raman scat-
tering and zone-folding effects for alternating monolayers of
GaAs-AlAs, Appl. Phys. Lett. 31, 117-119, 1977.
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with nearly perfect lattice matching. The absence of
dislocations and asperities at the interface gives a
further reduction in electron scattering.

This type of field-effect transistor is commonly re-
ferred to as a HEMT (high-electron-mobility transis-
tor) 1), Nowadays many industrial laboratories are
fabricating and studying HEMTs. Integrated circuits
containing these transistors have already been made.
An important feature of HEMTs is the high speed at
which they can process signals. Considerable amounts
of charge are rapidly accepted and released, with rela-
tively little energy dissipation [18). Switching times of
the order of 107's have already been observed, which
makes them faster, for the same energy dissipation,
than any other semiconductor device. It seems highly
likely that they will be widely used in advanced

applications such as high-frequency amplifiers,
supercomputers and super-fast signal-processing
systems.

Modulation doping is also applicable to super-
lattices and quantum wells, of course. The combina-
tion with the minibands in superlattices offers much
scope for speculation, but we shall leave the matter
here.

Quantized Hall effect

In a measurement of the Hall effect the quantity de-
termined is the voltage induced in the y-direction (for
example) of a sample by the combination of a current
in the x-direction and a magnetic field in the z-direc-

77 3, C. J. Finck, H. J. M. van der Laak and J. T. Schrama,
A semiconductor laser for information read-out, Philips Tech.
Rev. 39, 37-47, 1980.

(81  Special issue ‘Compact Disc Digital Audio’, Philips Tech. Rev.
40, 149-180, 1982.

81 K. Bulthuis, M. G. Carasso, J. P. J. Heemskerk, P. I. Kivits,
W. J. Kleuters and P. Zalm, Ten billion bits on a disk, IEEE
Spectrum 16, No. 8 (August), 26-33, 1979.

01 N. Holonyak, Jr., R. M. Kolbas, R. D. Dupuis and P. D.
Dapkus, Quantum-well heterostructure lasers, IEEE J. QE-16,
170-186, 1980.

(111 W, T. Tsang, Extremely low threshold (AlGa)As modified

multiquantum well heterostructure lasers-grown by molecular--

beam epitaxy, Appl. Phys. Lett. 39, 786-788, 1981.

D121 R, Dingle, H. L. Stormer, A. C. Gossard and W. Wiegmann,

Electron mobilities in modulation-doped semiconductor hetero-

junction superlattices, Appl. Phys. Lett. 33, 665-667, 1978.

A concise survey of the electron mobilities in modulation-

doped heterostructures of GaAs and Al,Ga;_,As is given in:

H. L. Stérmer, Surf. Sci. 132, 519-526, 1983.

[14] Measurement by C.T. Foxon and J. J. Harris, to be published
shortly. .

(16} T, Mimura, S. Hiyamizu, T. Fujii and K. Nanbu, A new field-
effect transistor with selectively doped GaAs/n-Al,Ga;.rAs
heterojunctions, Jap. J. Appl. Phys. 19, 1225-L227, 1980.

(18] T, Mimura, Why HEMT are necessary and how they are made,
J. Electron. Eng. 20, No. 200, 60-62, 1983;

H. Morkoc and P. M. Solomon, The HEMT: a superfast tran-
sistor, IEEE Spectrum 21, No. 2 (February), 28-35, 1984.

(171 K, von Klitzing, G. Dorda and M. Pepper, New method for
high-accuracy determination of the fine-structure constant
based on quantized Hall resistance, Phys. Rev. Lett. 45,
494-497, 1980.

118}

LAYERED SEMICONDUCTOR STRUCTURES 115

tion: see fig. 6a. The ratio of this voltage to the cur-
rent is called the Hall coefficient (or Hall resistance).
The structures described here, with a two-dimensional
electron gas, can exhibit an intriguing effect, the
quantized Hall effect, which was first observed in a
silicon MOSFET ['7], At very low temperatures and
strong magnetic fields there are plateaus in the curve
of the Hall coefficient as a function of the magnetic
field. The conductivity at these plateaus is indepen-
dent of the experimental parameters and is given very
accurately by h/ne?, where h is Planck’s constant, » is
an integer and e is the electronic charge. Klaus von
Klitzing received the Nobel Prize for Physics in 1985
for his discovery of this effect.

There is as yet no full explanation of this effect. It is
however generally accepted that it is related to the
properties of the two-dimensional electron gas, whose
energy levels for the motion perpendicular to the

a
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Fig. 6. a) Arrangement for Hall-coefficient measurements. J current
in the x-direction. B magnetic flux density in the z-direction. Vy in-
duced Hall voltage in the y-direction. The Hall coefficient (or Hall
resistance) Ry is given by Vu/IL b) The fractional quantized Hall
effect measured for a heterojunction of GaAs and Al,Gaj_yAsata
very low temperature and a very strong magnetic field 291, The
Hall-coefficient curve has plateaus with a value of #/fe?, wheré h/e?
is equal to 25813 Q and fis a fraction of 1.
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interface are quantized. Because of the magnetic field,
quantization also occurs parallel to the interface, giv-
ing rise to the formation of ‘Landau levels’. These
levels are successively depleted as the magnetic field is
increased. Whenever a level becomes fully depleted,
there is a plateau in the curve of the Hall coefficient.
To explain this it is generally assumed that between
the Landau levels there are localized energy states in
which the electrons do not contribute to the conduc-
tivity. It may also be significant that the electrons
are not homogeneously distributed throughout the
sample 18],

Soon after the discovery of the quantized Hall effect,
it was also found in heterostructures of GaAs and
Al,Ga;_As 191, Further investigations of these struc-
tures revealed another unexpected effect, the fractio-
nal quantized Hall effect [20}, It was found that pla-
teaus also occur where the Hall coefficient is given by
hife?, withf=1,2 2 . ;seefig. 6b. This means that
plateaus must also occur when the Landau levels are
‘only partially occupied. This effect cannot be explai-
ned from the single-electron model. This provides fur-
ther motivation for much more theoretical and experi-
mental investigation of these structures.

The observation of the quantized Hall effect also
has practical consequences in view of the high accura-
cy with which the Hall coefficient at the plateaus can be
experimentally determined. Attempts are being made
in various standards institutions to use this effect for
creating a new reference resistance with an accuracy
better than 1 in 108,

Growth technblogies

The progress made in research on the structures de-
scribed here has only been possible because of the
development of advanced methods for the epitaxial
growth of thin-film semiconductor layers. The poten-
tial applications that have emerged have provided a
tremendous stimulus. At the same time the growth
technologies have greatly stimulated the development
of sophisticated semiconductor devices.

Two growth technologies are pre-eminent for the
ability to control compositions and layer thicknesses
and for obtaining virtually defect-free surfaces and
interfaces. One of them is metal-organic vapour-phase
epitaxy (MO-VPE). In this technology layers of a
material such as Al,Ga;_,As are deposited on a
heated GaAs substrate from a reactive gas mixture
containing AsHs and metal-organic compounds of
aluminium and gallium [211 [22], The other technology
is molecular beam epitaxy (MBE), which is essentially
a special form of évaporation in ultra-high vac-
uum [231124] Here the layers are deposited by the re-
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action of molecular (or atomic) beams incident on the
heated substrate.

. The success of these technologies is largely due to
the facilities available for controlling the growth and
analysing the structures. They include the use of
photoluminescence, transmission electron microscopy
and various methods of surface analysis [28]. With
these technologies structures can be made that are
virtually defect-free, with transitions that are abrupt
on an atomic scale. :

Materials

The materials that have received most attention are
GaAs and Al,Ga; .- As. They have very similar lattice
constants, which means that epitaxial structures on a
GaAs substrate are nearly free of stress. These struc-
tures have proved suitable for testing new ideas and
for practical evaluation. Some work has also been
done with other materials, mainly III-V semiconduc-
tors. However, the considerable scope offered by modi-
fication of the band structure discussed here will be a
considerable stimulus to the use of other materials.

Many materials cannot easily be combined because
their lattice constants are too different. This inhibits
perfect epitaxial growth and induces undesired
dislocations at the interface. Some lattice mismatch
can nevertheless be accommodated by an elastic strain
in the crystal lattice, without the generation of misfit
dislocations at the interface. Interesting combinations
of semiconductors that have very different properties
can be made in this way.

An example of such a combination is silicon on
GaAs (241 with a 4% difference between the lattice
constants. With such a sfructure integrated circuits in
silicon could be combined with optoelectronic

8l R, Woltjer, R. Eppenga, J. Mooren, C. E. Timmering and J.
P. André, A new approach to the quantum Hall effect, Euro-
phys. Lett. 2, 149-155, 1986.
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(241 p, C, Zalm, C. W. T. Bulle-Licuwma and P, M. J. Marée, this
issue, pp. 154-165.

126] See the other articles in this issue. A general description of var-
jous methods of surface analysis is given in: H. H. Bron-
gersma, F. Meijer and H. W. Werner, Philips Tech. Rev. 34,
357-369, 1974.

[26) J, C, Bean, J. C. Feldman, A. T. Fiory, S. Nakahara and I. K.
Robinson, Ge,Si;-x/Si strained-layer superlattice grown by
molecular beam epitaxy, J. Vac. Sci. & Technol. A 2, 436-440,
1984.
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components, such as lasers and photodiodes, in
GaAs, on the same wafer. Another example is a
strained-layer structure of silicon and SiGe. It has
been demonstrated that dislocation-free SiGe layers
as thick as 75 nm can be grown on silicon (28], The
ideas of modulation doping and band-structure modi-
fication can also be applied in this way for silicon. In
layer structures that have an elastic strain degeneracies
in the conduction band can also be eliminated, so that
higher electron mobilities are possible in principle.
Structures of materials with a moderate lattice mis-
match are now being widely studied by many materials
scientists. It is hard to say whether this will lead to
novel devices. The only certainty is that there will be
many problems to overcome in the fabrication.

Research at Philips

In recent years Philips have done a great deal of
work on thin-film epitaxial semiconductor structures.
The study of MO-VPE and MBE processes has resul-
ted in a continuous improvement in the control of the
growth of multilayer structures. A variety of
interesting structures have been fabricated and their
properties have been investigated, with particular at-
tention to the fundamental physics of the structures.
Potential device applications, such as the quantum-
well laser and the HEMT, are also topics of research.

There is work on MO-VPE growth at the research
laboratories in Limeil-Brévannes, in France, and in
Eindhoven. Structures of various III-V semiconduc
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tors are being investigated, but the emphasis is on
combinations of GaAs and Al,Ga;_,As. The same
applies to the work on MBE at the Redhill labora-
tories, in England. Another MBE activity has been
the growth of silicon layers on GaP and GaAs, a joint
project undertaken by the FOM Institute for Atomic
and Molecular Physics in Amsterdam and the Philips
Research Laboratories in Eindhoven. At the Briarcliff
laboratories, in the U.S.A., work has recently started
on MBE of II-VI semiconductors. MBE of silicon and
silicon-germanium structures is also being studied at
the Eindhoven laboratories.

Some of these activities are reviewed in the following
articles in this special issue. The first two deal with
various aspects of the growth of GaAs and
Al,Ga;_xAs structures by MO-VPE. The growth of
similar structures by MBE is then discussed. The final
article deals with MBE of silicon films on GaP and
GaAs.

Summary. Research on layered epitaxial structures of semiconduc-
tor materials is a field of rapidly growing significance. Structures of
special interest are the superlattice consisting of alternate ultra-thin
layers of two dissimilar semiconductors, the quantum well formed
by a thin semiconductor layer sandwiched between two semi-
conductor layers with a larger band gap, and the modulation-doped
heterojunction. The controlled modification (‘tailoring’) of the
energy-band structure gives some fascinating physical effects. There
are also potential new applications, such as quantum-well lasers
and high-electron-mobility transistors. Suitable growth tech-
nologies are metal-organic vapour-phase. epitaxy (MO-VPE) and
molecular beam epitaxy (MBE). Various aspects of fundamental
physics, growth procedures and device applications are topics of
research at several Philips laboratories.
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Metal-organic vapour-phase epitaxy of multilayer
structures with III-V semiconductors

P. M. Frijlink, J. P. André and M. Erman

Introduction

Thin single-crystal films of III-V semiconductor
materials such as GaAs and Al,Ga;_ As are now
widely used in devices such as solid-state lasers land
microwave field-effect transistors [21. The films are
obtained by epitaxial growth, in which they adopt the
crystal structure of the substrate (usually GaAs).
Conventionally, the films are grown by deposition
from a melt or a solution (liquid-phase epitaxy, LPE)
or from a reactive gas mixture (vapour-phase epitaxy,
VPE). In recent years the control over these growth
processes has been improved considerably to reduce
the dimensions of the semiconductor devices and cir-
cuits. There is however only a limited capability for
growing multilayer structures with very abrupt inter-
faces, required for particular applications as men-
tioned in the opening article %),

In the last ten years or so two growth techniques
have been developed which can meet the special
requirements for interface abruptness. One is a
modified version of VPE, in which the reactive gas
mixture contains metal-organic compounds (metal-
organic vapour-phase epitaxy, MO-VPE), the other is
molecular beam epitaxy (MBE), which will be dis-
cussed later in this issue [4]. An important feature of
these techniques is that the chemical composition near
the growing surface can be changed in a time interval
an order of magnitude smaller than the time necessary
for growing a single atomic layer. This has made it
possible to grow multilayer structures with sharp
interfaces on the scale of one atomic monolayer.
Consequently, new devices requiring such abrupt
interfaces can now be made. An example of such a
device is the Al,Ga;_,As/GaAs quantum-well laser: a

Ir P. M. Frijlink, Dr J. P. André and Dr M. Erman are with
Laboratoires d’Electronique et de Physique Appliquée (LEP),
Limeil-Brévannes, France. .

semiconductor laser with a very thin active GaAs layer
between Al,Ga;_,As barriers, which gives a narrow
emission peak at a relatively short wavelength with a
low threshold current [®]. Another example is the
high-electron-mobility transistor (HEMT): a micro-
wave field-effect transistor with an Al,Ga;_,As/GaAs
heterojunction, which has an excellent high-frequency
performance (61,

At LEP the MO-VPE growth of III-V layer struc-
tures has been extensively investigated ["], Several
aspects have been considered, such as the develop-
ment of a suitable growth-reactor system and the
assessment of the relevant growth parameters for
obtaining multilayer structures with the required
properties. The layers and their interfaces have
been characterized by spectroscopic ellipsometry and
photoluminescence measurements. In addition, the
applicability of various structures for practical devices
has been studied.

It has been found that MO-VPE is a reliable
and versatile method for growing a large variety
of device-quality III-V semiconductor materials and
multilayer structures. It has proved possible to grow
successive layers with precise control of composition
and lattice match to the substrate, giving high elec-
trical and optical quality. Precise compositional
control is possible not only with ternary materials
such as Al,Ga;-,As but also with quaternary mat-
erials such as In,Ga;..P,As;_,. Doping profiles are
controlled with a resolution of less than 10 nm. MO-
VPE growth is particularly successful for the prepara-
tion of quantum-well lasers and HEMT devices based
on GaAs and Al,Ga;-_,As.

A large number of resuits have shown that MO-
VPE and the characterization methods have great
potential, and that practical devices can be made.
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Some examples are:

o The photoluminescence of a quantum well in which
the active layer is only about 0.6 nm thick.

¢ A strong visible luminescence of a quantum well
with Alp.2Gag.gAs in the active layer.

¢ A quantum-well laser emitting at 775 nm with a
maximum power of 230 mW per facet in continuous-
wave (CW) operation at 300 K and a CW threshold
current density of 660 A/cm?.

s A two-dimensional electron gas at the interface of
a GaAs/Al,Ga;_,As heterojunction giving an elec-
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Finally, modulation-doped heterostructures will be
discussed, with emphasis on the special properties
related to the formation of a two-dimensional elec-
tron gas.

Preparation of multilayer structures with abrupt
interfaces

A suitable reactor system for the MO-VPE growth
of Al,Ga;_,As is shown in fig. I. A heated GaAs
substrate is exposed to a gaseous mixture containing

&

TMG

o

SiH, +H,

®

Fig. 1. Schematic diagram of the MO-VPE equipment used for growing Al,Ga;._,As multilayer
structures. In a quartz reactor layers are deposited from the gas phase on to a GaAs substrate
Sub. This is kept at a temperature of about 700 °C by inductive r.f. heating of the substrate
holder. The gas phase contains hydrogen (used as the carrier gas) and the reactive components
trimethyl aluminium (7MA), trimethyl gallium (TMG) and arsine (AsHg), supplemented by dop-
ing reactants, e.g. silane (SiHy) for n-doping. The hydrogen is purified by diffusion through a
membrane of palladium (Pd diff.). The supply of the several gases can be controlled and mixed in
such a way that any desired gas composition can be obtained very rapidly. S standard valve; R
pressure regulator; M flow meter with regulating valve; DM mass-flow meter; F filter for gas
purification; A non-return valve; V four-way valve.

tron Hall mobility of 7.5x 10% cm?V-1s7! at 300 K
and of 2.7 x 10° cm?V~1s7! at 4 K, yielding field-effect
transistors with a transconductance as high as
250 S/m for a gate length of 1 um. .

In this article, the discussion of our MO-VPE inves-
tigations will be restricted to multilayer structures of
GaAs and AlL:Ga;_As, the most widely investigated
of the III-V structures and the most promising for
immediate practical application. After a general de-
scription of the MO-VPE method, it will be shown
how structures with abrupt interfaces can be obtained.
It will be demonstrated that spectroscopic ellipsometry
can be a useful tool for depth profiling and interface
characterization. Next, the composition and lumines-
cence properties of quantum wells will be dealt with,
as well as the application in quantum-well lasers.

(11 See for example J. C. J. Finck, H. J. M. van der Laak and
J. T. Schrama, A semiconductor laser for information read-
out, Philips Tech. Rev. 39, 37-47, 1980.

121 See for example P. Baudet, M. Binet and D. Boccon-Gibod,
Low-noise microwave GaAs field-effect transistor, Philips
Tech. Rev. 39, 269-276, 1980.

I31 J, Wolter, Research on layered semiconductor structures, this
issue, pp. 111-117.

M1 B. A. Joyce and C. T. Foxon, Molecular beam epitaxy of
multilayer structures with GaAs and Al,Ga;_.As, this issue,
pp. 143-153.

(81 One of the first descriptions of a quantum-well laser, operating
at room temperature, has been given by R. D. Dupuis, P. D.
Dapkus, N. Holonyak, Jr., E. A. Rezek and R. Chin, Appl.
Phys. Lett. 31, 295-297, 1978.

[6]1  Successful fabrication of a HEMT device was reported for the
first time by T. Mimura, S. Hiyamizu, T. Fujii and K. Nanbu,
Jap. J. Appl. Phys. 19, L225-1227, 1980.

71 Many of our colleagues at LEP contributed to the investiga-
tions described here. The MO-VPE growth of Al,Ga;_,As
multilayer structures has also been investigated at the Philips
Research Laboratories in Eindhoven, see M. R. Leys, M. P. A.
Viegers and G. W. ’t Hooft, this issue, pp. 133-142.
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the metal-organic compounds trimethyl aluminium
(Alz(CHj)e) and trimethyl gallium (Ga(CHg)s) with
arsine (AsHg) and hydrogen (Hg), which is used as
carrier gas. The pyrolysis of the reactive compounds
at the substrate surface leads to the epitaxial deposi-
tion of a single-crystal Al,Ga; . As layer in the overall
reaction: :

3 x Al3(CHs)s(g) + (1 — x) Ga(CHs)s(g) + AsHs(g)

Hz(g)

ALGa;_A H .
W Gai-xAs(s) + 3 CHy(g)

The composition of the deposited layer depends on
the partial pressures of Aly(CHg)e and Ga(CHg)s in
the gas phase. Addition of substances such as silane
(SiH,) or diethyl zinc (Zn(CzHg)2) to the gas phase
leads to n- or p-doping of the layer.

Compared with the more conventional VPE and
LPE methods, the MO-VPE method has some advan-
tages for growing multilayer structures with abrupt
interfaces: it is essentially a ‘far-from-equilibrium’ or
‘one-way-deposition’ process. Since the growth rate is
essentially proportional to the supply of the reactants
that provide the group III elements, decreasing the
supply of these reactants will in principle make the
giowth rate arbitrarily small. By changing the gas
composition very thin layers with abrupt composi-
tional changes can be obtained. However, for high
electrical and optical quality, these layers must be
pure. If we assume a constant rate of contamination,
e.g. from outgassing of the reactor walls, it is clear
that an extremely small growth rate will result in a
high contamination level in the solid grown. This
means that there are essentially two ways of obtaining
very pure heterostructures with very abrupt inter-
faces: either we use a reactor system in which we make
sure that the overall contamination level is very low,
and reduce the growth rate sufficiently to avoid tran-
sient control problems on changing the gas composi-
tion to grow an interface, or we aim for effective
control of very rapid changes in the gas composition
and use a high growth rate, thus reducing the require-
ments for contamination control. In view of the
present ‘state of the art’ in MO-VPE reactors, we
chose the second option. '

In our investigations, the Al,Ga;.,As layers are
generally deposited on substrates consisting of chro-
mium-doped semi-insulating GaAs wafers. These
wafers are sawn from a single-crystal ingot, grown by
the Czochralski method. The mechanically polished
substrate surface is ‘disoriented with respect to the
(001) crystal plane by a few degrees. The substrate is
supported by a graphite susceptor. The appropriate
substrate temperature, between 600 and 750 °C, is
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obtained by inductive r.f. heating of the susceptor. A
thermocouple in the susceptor measures the substrate
temperature. The carrier gas is purified by diffusion
through a palladium membrane. The supply of the
various reactive compounds is controlled by mass-
flow meters.

As pointed out, the MO-VPE growth of multilayer
structures with abrupt interfaces requires an instan-
taneous and precise control of the partial pressures in
the reactor system. In the system of fig.1 the gas
transport is arranged so that the gas composition over
the wafer can be changed in a controlled way within
0.1 s, neglecting adsorption and desorption at the
reactor walls. At a total gas pressure of 10° Pa (1 atm)
and a suitably low growth temperature of 650 °C, the
growth rate of Al,Ga;_,As layers can be as low as 0.5
nm/s. This means that the time required for changing
the chemical composition at the crystal surface is
much less than the growth time of one monomolecu-
lar layer of Al,Ga;_,As. This permits the growth of
well-defined multilayer structures, with a reproducible
control over composition, thickness and doping
profile in the direction of growth on an atomic scale.

As will be discussed later, depth profiling and inter-
face quality can be demonstrated for quantum wells
by analysing their luminescence properties and for
modulation-doped heterostructures by considering
the increase in the electron mobility near the inter-
face. However, we shall first discuss a more general
characterization method: spectroscopic ellipsometry.
This method has been found to be very useful in inves-
tigating the chemical and structural quality of the
interfaces.

Depth profiling and interface characterization by
spectroscopic ellipsometry

Ellipsometry is an optical technique that makes use
of the change in polarization of light at the surface
to be investigated 8], The state of polarization of
polarized light can be characterized by the amplitude
A and the phase J of two perpendicular components
into which the total electric vector of the light can be
resolved. The component parallel to the plane of in-
cidence (Ep) and the component perpendicular to it
(E;) are given by:

E, = Apexpj(dp + w1),

1
Es; = Asexpj(ds + wi), o

where j is the imaginary unit and w is the angular fre-
quency of the light wave. At arbitrary values of the
amplitudes and phases, the tip of the total electric
vector will describe an ellipse; the light is then said to
be elliptically polarized. On reflection the change in
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Fig. 3. Real and imaginary parts £y and &2 of the dielectric functions
of GaAs (@) and Alg.54Gag.4sAs (b), plotted against the energy E of
the incident’light. The continuous curves were derived from the
measured complex ratio ¢ as given by eq. (6). The g2 curve for
GaAs has a characteristic double-peak structure at about 3 €V. The
dotted curves refer to simulations generated by using a set of seven
harmonic oscillators (see text). Above 2.5 eV good agreement with
the measurements is obtained.
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pure GaAs case, the spectrum shows no double-peak
structure in the neighbourhood of 3 eV, but otherwise
it has the same general features. It has been demon-
strated that the spectrum of an arbitrary Al,Ga;.,As
alloy can be derived by interpolation. This can be
done accurately by describing the variation of & with
the energy E as a sum of harmonic oscillators, each
characterized by its amplitude A;, its centre position
E; and its half-width I5:

e=Y AlE-E-iD)™ + E+E+iD™). ()
i

The GaAs dielectric function can be simulated by a set
of seven oscillators as shown in fig. 3a by the dotted
lines. The description is satisfactory above 2.5 €V.
The basic idea for simulating the dielectric function of
any Al,Ga;_,As alloy is to use the same set of seven
oscillators with a simple variation (quadratic in x) of
A;, E; and I;. The law of variation can be determined
from measurements at a few x-values. This simulation
method is illustrated by the dotted lines in fig. 3b
for Alp.54Gag.46As. Good agreement with the meas-
urements is again obtained above 2.5 eV.

The results for pure wafers can be used for simula-
tions on actual samples of Al,Ga;_,As layers de-
posited on a GaAs substrate. These simulations are
based on the ‘effective-medium approximation’ {11!
for thicknesses less than the wavelength of the inci-
dent light. This means that the dielectric function & of
a mixture of two materials A and B, with known
dielectric functions €4 and &g, can be evaluated from
the relation:

v(Eea — €)(Ea + 26)1 + (1 — v)(es — €)(en + 26)71 =0,
| @®

where v is the volume fraction of A.

In evaluating and understanding the specific pro-
perties of heterojunctions and multilayer structures,
an important aspect is the structure, on the atomic
scale, of the transition regions between the various
layers. In the ideal case of an abfupt heterojunction,
the top of the semiconductor substrate A has the same
composition and crystalline structure as the bulk of
A, while the bottom of the deposited layer of the
other semiconductor B has the same composition and
structure as the bulk of B. Two types of deviation can
occur from this ideal case:

o Interdiffusion of A and B and formation of an alloy
with a chemical nature distinct from both materials:
this will be referred to as a ‘chemical’ interface.

o Interpenetration of A and B, without changing their
chemical nature, so that their separation is not planar

(1] C. G. Grangvist and O. Hunderi, Optical properties of ultra-
fine gold particles, Phys. Rev. B 16, 3513-3554, 1977.
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10 0 but rough on the atomic scale; this will be referred to
‘ as a ‘physical’ interface.

Investigations of different types of structures by
tany ~"+| cosA spectroscopic ellipsometry have demonstrated the
sensitivity of this method to the presence and nature
of interface regions. As an example, fig. 4a gives the
simulated curves of tan i and cos4 plotted against E
for a structure with an ideal interface and for struc-
tures with chemical and physical interfaces. At the
critical energy of about 3 eV (fig. 3) the curves for the
ideal and physical interfaces are quite similar, while
the curves for the chemical interface differ markedly.
This is due to the presence of the intermediate com-
position at the chemical interface, giving rise to a
shifted double-peak structure. This indicates that
spectroscopic ellipsometry on Al,Ga;_,As structures
will be especially sensitive to the presence of a chem-
ical interface.

A more extensive comparison is obtained by con-
sidering the mean-square difference J; between the
cases [ and J, given by

1Q

Oy = (tany; — tany;)® + (cosd; — cos4;)2. (9)

In fig. 45 and 4c the calculated differences are given as
a function of the incident light energy E and the total
thickness d,. Because of the optical absorption of the
top layer, the interface region cannot be detected
when E > 3.5 eV and d, > 15 nm, The major contrast
at about 3 eV between chemical and ideal is a factor of
two greater than between physical and chemical. Even
at this energy the contrast is strongly reduced when d;
becomes larger than 30 nm. This means that d; should
be of the order of 10 nm to achieve a satisfactory
interface analysis. This limitation can be taken as an
advantage when successive heterojunctions on the
same substrate have to be investigated. An in situ
analysis will be possible for each individual hetero-
%, junction, provided that sufficient material is deposited
between two successive transitions.

The comparison between modelling and exper-
iment will be illustrated by the results obtained
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Fig. 4. Theoretical comparison between the ellipsometry properties
of three types of interface. a) Calculated curves of tan i and cos 4
as a function of the energy E. The continuous curves refer to an
ideal interface between GaAs and 10 nm Alg.54Gag.46AS, the dotted
curves to a chemical interface region of 5 nm with the intermediate
composition Alp.27Gag.7sAs and the dashed curve to a physical
interface region that is a mixture of GaAs and Alg 54 Gao.46As. For
clarity the curves have been shifted with respect to one another in
the vertical direction. At about 3 eV, the deviation from the ideal
interface is larger for the chemical interface than for the physical
one. b) Mean-square difference dy, given by eq. (9), between the
chemical and ideal interfaces as a function of the total thickness d;
and the energy E. The greatest contrast is obtained at d; = 10 nm
and E = 3 eV. ¢) Mean-square difference dy between the chemical
and physical interfaces plotted against 4; and E. The maximum
contrast is about half that in (b).
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cesses, and they will thermalize in the n =1 states,
with the particle distribution approaching a Fermi-
Dirac distribution around a quasi-Fermi level. After
this there is a much slower (e.g. 1000 times)
recombination process. At each recombination, a
photon will be emitted at the wavelength correspond-
ing to the energy difference between an electron and a
hole, both within a few times k7 from the band edges
of their respective n = 1 levels. With a thinner quan-
tum well these band edges are more widely separated
and the emitted photons will therefore have a shorter
wavelength. A theoretical relation between the
quantum-well thickness and the emission wavelength
is given in fig. 7. This relation now permits us to assess
the thickness of the GaAs quantum well directly by

800nm
A
T 7501

7001

2 4 6 8 10nm

_>d

Fig. 7. Calculated relation between well thickness d and emission
wavelength A corresponding to the recombination of electrons and
heavy holes in the n = 1 state, for a rectangular GaAs quantum well
between Alg.54Gag.48As barriers. For a decrease in thickness from
12 to 2.5 nm the calculated reduction in wavelength is from 800 to
680 nm.
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Fig. 8. Photoluminescence spectrum of a multiple-quantum-well
sample on excitation at 4 K with radiation at 514.5 nm from an
argon laser. The emission intensity 7 is plotted in arbitrary units as a
function of the emission wavelength A. The quantum wells have
various thicknesses d and are separated by 50 nm of Alg ;Gag.5As.
The thinner wells were grown last, to prevent re-absorption of
emitted radiation. Each well gives an emission peak due to the
recombination of electrons and heavy holes with n= 1. The peak
positions do not differ greatly from the theoretical values indicated
in fig. 7. Broader peaks are observed with the thinner wells.
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measuring the emission wavelength for small values
of kT, e.g. at 4 K. A small correction is necessary
because electrons and holes will first form excitons
(mobile electron-hole ‘pairs’) before recombining
completely. This effect reduces the photon energy by
about 5-10 meV, depending on the thickness of the
quantum well.

Fig. 8 shows the emitted spectrum of a sample con-
taining five quantum wells of different sizes, which
was excited by light from an argon laser at 514.5 nm.
For each quantum well we only see the emission from
the excitons associated with the n =1 states. The
polished surface of the substrates we used was at an
angle of 6 degrees to the (001) plane of the crystal.
The surface is ‘step-like’ during growth, with mono-
layer steps of ‘height’ 0.283 nm and about 2.8 nm
apart. Addition of one GaAs molecule at each step
site increases the mean grown thickness by 0.028 nm.
In the plane of the quantum well, the excitons extend
over about 30 nm, i.e. an order of magnitude larger
than the distance between the steps, and the excitons
will therefore not ‘see’ the steps but only the mean
thickness of the GaAs layer, which varies in units of
not more than 0.028 nm.

The width of the peaks is determined by the amount
of (unintentionally incorporated) impurities in the
epitaxial layer (5 x 10* to 10'® cm™®) and also by the
amount by which the thickness of the quantum well
varies over the light spot whose photoluminescence is
measured. The tail of each peak on the low-energy
side can be attributed to band-bending and to localized
states due to impurities and thickness variations with
a magnitude of a few tens of nm in the plane of the
quantum well [14],

The width of the peaks is not related to the actual
shape of the quantum wells, insofar as this is the same
everywhere in the light spot, and does not therefore
give information about the transition width of the
composition profile at the interfaces. This transition
will be fairly gradual because of the time necessary to
change the gas composition over the wafer, and pos-
sibly because of adsorption or desorption at the walls
of the reactor and tubing. Another possible source of
gradual transition at the interface could be inter-
diffusion during growth, which may be enhanced
when the interface is still close to the growing surface.

It has been shown {181 that the contribution of inter-
diffusion without surface-proximity enhancement is
less than 0.1 nm for normal growth conditions. Since
the time required for changing the gas concentration
without adsorption or desorption is of the order of
0.1s, its contribution will also be less than 0.1 nm.
The two remaining mechanisms, adsorption/desorp-
tion and surface-proximity enhanced diffusion, are
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Fig. 14. Power P emitted per facet as a function of current I for a
quantum-well laser of the type shown in fig. 115 with / = 500 pm,
operating at room temperature and emitting at 775 nm. The thresh-
old current is 0.50 A, corresponding to a current density of
660 A/cm?. A maximum power of 230 mW is obtained.

ably because carrier capture becomes too inefficient
for thinner wells.

The answer to this problem may be to use a large
number of quantum wells, or Al,Ga;_,As instead of
GaAs for the quantum well, which can then be thicker
for the same emission wavelength. For a given thick-
ness, the incorporation of Al in the active layer shor-
tens the emission wavelength. Fig. 13 shows the photo-
luminescence of 3-nm and 8-nm quantum wells with
20% of aluminium in the active layer. The emission
wavelengths are considerably shorter than for pure
GaAs wells of comparable thickness.

A laser structure that was more extensively studied,
with a single quantum well and an emission at
775 nm, had a threshold current density of 530 A/cm?
in the pulsed mode (2-us pulses with a repetition rate
of 500 Hz) and 660 A/cm? in CW operation. In fig. 14
the CW light output at room temperature is plotted
against the input current. The maximum available
light output power per facet was about 230 mW. The
cavity length was 500 pm. Still lower threshold cur-
rent-density values, down to 300 A/cm? for a cavity
length of 440 pm, were obtained using 15-nm quan-
tum wells, emitting at 860 nm.

Modulation-doped heterostructures

Modulation-doped Al,Ga;_,As/GaAs heterostruc-
tures have become a subject of intensive study in many
laboratories. In these structures, GaAs is undoped
whereas Al,Ga;_,As is n-doped with a typical donor
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concentration of between 10'7 and 5x10'® cm™3,
except for a thin undoped layer next to the hetero-
junction, called a spacer layer. Owing to the difference
in electron affinity and band gap between GaAs and
Al,Ga;_,As, there is a step in the conduction and
valence bands at the heterojunction; see fig. 15. In-
duced electron transfer creates an electron-accumula-
tion region on the GaAs side of the heterojunction
and an electron-depletion region on the Al,Ga;_,As
side. The potential well in the accumulation region
gives quantization of the electron states in the direc-
tion perpendicular to the heterojunction. Since move-
ment parallel to the interface remains free, a two-
dimensional electron gas is formed.

Ec
TDEG

|

—_———— EF
E,

Fig. 15. Schematic energy-band structure of a modulation-doped
heterostructure. Ey top of valence band; Er Fermi level; E. bottom
of conduction band. The structure consists of an n-doped
AleGa;_»As layer and an undoped GaAs layer, separated by a thin
undoped Al,Ga;_,As layer or spacer. In the potential well on the
GaAs side near the heterojunction, conduction electrons accum-
ulate, forming a two-dimensional electron gas (TDEG). These elec-
trons are spatially separated from the parent donor atoms in the n-
doped layer.

The spatial separation between the accumulated
electrons and the donor impurities greatly decreases
the rate of impurity scattering. This results in a high
electron mobility parallel to the heterojunction, which
is increased at low temperatures as there is less optical
phonon scattering. The combination of high electron
density with high electron mobility in the accumula-
tion region makes these structures very attractive for
application in high-frequency devices.

An example of the modulation-doped heterostruc-
tures we have investigated [*®) is shown in fig. I6.

(18] W, T. Tsang, Extremely low threshold (AlGa)As modified
. multiquantum well heterostructure lasers grown by molecular-

beam epitaxy, Appl. Phys. Lett. 39, 786-788, 1981;
D. R. Scifres, C. Lindstrom, R. D. Burnham, W. Streifer and
T. L. Paoli, Phase-locked (GaAl)As laser diode emitting
2.6 W CW from a single mirror, Electron. Lett. 19, 169-171,
1983.

(18] Tnvestigations on modulation-doped heterostructures have
also been described by J. Maluenda and P. M. Frijlink in Jap.
J. Appl. Phys. 22, L127-L129, 1983, and in J. Vac. Sci. &
Technol. B 1, 334-337, 1983.
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phonon scattering leads to markedly higher mobilities:
1.21x10°cm?V-1s71at77 K and 1.73 x 10° cm?V~1s™!
at 4 K. The highest mobility obtained for one of our
best samples was 2.7 X 10° cm?V~1s7! at 4 K.

Application in transistors

The idea of a modulation-doped heterostructure
has been used in the fabrication of a high-electron-
mobility transistor (HEMT), a special type of field-
effect transistor. Here the electrons are transferred be-
tween the source and drain electrodes via a very thin
channel near the substrate surface. The current con-
ductance between source and drain is modulated by
the transverse electric field between the gate and the
substrate. A characteristic feature of a HEMT device
is that the conductance takes place in the undoped
GaAs layer in the accumulation region near the
heterojunction.

The technology used in the fabrication of HEMT
devices is based on planar processes. Here again
MO-VPE has been found to be an appropriate method
for depositing the various layers. Device isolation is
obtained by boron implantation. The ohmic drain
and source contacts are formed by evaporated alloys
of gold and germanium. Several device geometries
have been considered, differing in the length and
width of the gate and in the source-gate and drain-
gate spacings.

The gain that can be obtained is proportional to the
transconductance, i.e. the change in the drain-source
current induced by a given change in the gate voltage.
The transconductance can be derived experimentally
by measuring the drain-source current as a function
of drain-source voltage at different values of the gate
voltage. In fig. 19 the curves measured at 300 and 77 K
are given for a non-optimized device in which the Al
gate had a length of 100 pm and a width of 1000 pm
and the source-gate and drain-gate spacings were
1 um [1®), This particular device was in fact the first
HEMT made with MO-VPE (instead of MBE), thus
demonstrating the feasibility of this technique. The
transconductance, determined by the distance between
the curves for different gate voltages, increases mark-
edly on going from 300 K to 77 K. This clearly demon-
strates the higher electron mobility at lower tempera-
tures.

The best values obtained so far for the transcon-
ductance are 250 S/m at 300 K and 450 S/m at 77 K.
These values were measured for a HEMT device with
a gate length of 1.1 pm, a gate width of 240 pum and a
source-drain spacing of 4 um. The test versions of the
HEMT devices were found to have a good high-fre-
quency performance, mainly because of the modu-
lated doping and the small gate length. Microwave
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Fig. 19. Characteristic curves of drain-source current Jps plotted
against drain-source voltage Vps for a HEMT device at 300 and
77 K, with the gate voltage varying in steps of 200 mV. The
transconductance, derived from the spacings between the curves,
increases threefold from 300 to 77 K.

measurements indicate a noise figure of 2.1 dB with
an associated gain of 5.1 dB at 12 GHz and a cut-off
frequency of 30 GHz.

Quantized Hall effect

An interesting effect associated with the presence of
a two-dimensional electron gas in modulation-doped
heterostructures is the ‘quantized Hall effect’. This
can be observed when the Hall voltage is measured at
very low temperatures (< 4 K) as a function of the
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Fig. 20. Quantized Hall effect for a modulation-doped heterostruc-
ture based on Alg,3Gag.7As and GaAs, with a two-dimensional
electron gas. The Hall resistance Ry (Vu/I) and magnetoresistance
R (Vx/I), measured at 4 K, are given as a function of the mag-
netic flux density B (in the z-direction). At certain values of the flux
density there is a plateau in the curve for Ry and there is a minimum
for Ry.

[201 3, P, André, A. Britre, M. Rocchi and M. Riet, Growth of
(Al,Ga)As/GaAs heterostructures for HEMT devices, J. Cryst.
Growth 68, 445-449, 1984. :



132 MO-VPE OF III-V SEMICONDUCTORS, 1

strong magnetic field. The Hall resistance Ry — the
ratio between the measured Hall voltage and the elec-
tric current — does not increase linearly with the mag-
netic field but has a number of plateaus ?}), The
resistance at these plateaus appears to be independent
of the electron mobility, sample geometry and impur-
ity concentration and is given to an accuracy of
1 in 10® by:

Ry = hlé*n, 10)

where % is Planck’s constant, e the electronic charge
and 7 an integer (221, A plateau in the Hall resistance
is associated with a minimum in the magnetoresist-
ance.

The quantized Hall effect has been observed for
several modulation-doped heterostructures grown
in our Laboratories [23], An example of the results
is given in fig. 20, where the Hall resistance and
magnetoresistance measured at 4 K are plotted against
the magnetic field. The sample had a 7-nm spacer of
undoped Alg.sGao.7As between 500-nm undoped
GaAs and 150-nm Si-doped Alg.sGag.7As. The value
derived for the sheet carrier density in the accumula-
tion region was 4 x 10*! cm™ and the electron mobil-
ity measured at 77 K was 6x10* cm?V~'s™'. The
plateaus in the Hall resistance and the close corre-
spondence with the variation in the magnetoresistance
are clearly visible.

“wavelengths down to 730 nm.

Philips Tech. Rev. 43, No. 5/6

{211 The quantized Hall effect was first observed in silicon-MOS

field-effect transistors, see K. von Klitzing, G. Dorda and

M. Pepper, Phys. Rev. Lett. 45, 494-497, 1980.

Shortly afterwards this effect was also observed in

Al,Ga;..As/GaAs heterostructures, see D. C. Tsui and A. C.

Gossard, Appl. Phys. Lett. 38, 550-552, 1981.

With strong pulsed magnetic fields plateaus also occur at

fractions of n, see D. C. Tsui, H. L. Stormer and A. C. Gos-

sard, Phys. Rev. lett. 48, 1559-1562, 1982, and J. Wolter, this

issue, pp. 111-117.

i23] The measurements of the quantized Hall effect were made by
colleagues at Philips Research Laboratories, Eindhoven, and
also at the Catholic University of Nijmegen. See for example
R. E. Horstman, E. J. van den Broek, J. Wolter, R. W. van
der Heijden, G. L. J. A. Rikken, H. Sigg, P. M. Frijlink,
J. Maluenda and J. Hallais, Solid State Commun. 50, 753-756,
1984,
R. Woltier, J. Mooren, J. Wolter and J. P. André, Solid State
Commim. 53, 331-333, 1985.

[22]

Summary. Vapour-phase epitaxy with metal-organic reactants (MO-
VPE) is a good method for growing multilayer structures of III-V
semiconductor materials such as GaAs and Al,Ga;-,As. Precise
control of the growth parameters can give interfaces that are abrupt
on an atomic scale. The quality of the interfaces and the depth
profiling have been assessed by spectroscopic ellipsometry and
confirmed by photoluminescence experiments on quantum wells
consisting of a thin GaAs layer between two Al,Gaj-xAs layers
with a larger band gap. The emission wavelength of these wells can
be varied in a controlled manner from 800 to 620 nm by decreasing
the well width or incorporating aluminium in the well, or both.
Laser operation has been obtained for quantum wells with emission
In modulation-doped hete-
rostructures with GaAs and Al,Ga;_xAs a two-dimensional elec-
tron gas is formed on the GaAs side near the heterojunction. The
spatial separation of carriers and donor impurities gives high elec-
tron mobilities, particularly at low temperatures. This favours the
application of such structures for obtaining transistors with a good
high-frequency performance. At low temperatures the presence of a
two-dimensional electron gas is responsible for the ‘quantized Hall
effect’.
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of only one type are present in the valence band. The
values of n, p and L are determined by the densities of
states ge and gy, and by their occupation probabilities
/. and fy in the conduction and valence bands 1%1;

n= E/ Qe f. dE., (10)
E, :
p= _f on(l — fi) dEn, (11)
L« Ef ol — fi) dBe— B,  (12)

where E. is the energy of an electron in the conduction
band with minimum energy E. and Ey, is the energy of
a hole in the valence band with maximum energy Ey;
see fig. 11. In eq. (12) E; is the band gap (E. — E,) and
©Orea is the reduced density of states for electron-hole
pairs:

(13)

The occupation probabilities f; and fn depend on
temperature in accordance with Fermi-Dirac statis-

Ored = %(Qe_l + Qh-l)—1°

—_—

— Kk

Fig. 11, Parabolic variation (schematic) of the energy E of the elec-
trons in GaAs, as a function of the wave number k& (momentum).
GaAs is a direct-gap semiconductor: the minimum E; of the con-
duction band and the maximum E of the valence band lie at about
the same value of k. The difference between E. and Ey is the band
gap E;. Ep. and Epy are the quasi-Fermi energies for electrons
and hdles, respectively. A photon is generated when an electron
(with energy E.) in the conduction band recombines with a hole
(energy En) in the valence band. This recombination must comply
with the selection rule that the electron and the hole should have the
same value of k (conservation of momentum).
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tics. At low concentrations of conduction electrons
and holes, approximate values of f; and f, are given
by Boltzmann’s formula:

Je = exp{(Er,. — Eo)/kT}, a4
Ju =1 — exp{(En — Epn)/kT}, 1s)

where Eg . and Er,, are the ‘quasi-Fermi energies’ for
electrons and holes. '

The difference in the temperature dependence of the
radiative recombination coefficient B for a quantum
well and for bulk material can be traced back to the
differences in g, and gn. In bulk GaAs the conduction
and valence bands are a parabolic function of the wave
number k (fig. 11). For a conduction electron this
means that the energy E. is given by:

R

E.=FE;.+
¢ 7 8nlm.

, (16)

where % is Planck’s constant and m. is the effective
electron mass. The number of energy levels at E. in an
interval dE. is equal to the number of k-states in the
corresponding interval dk. This number is
proportional to the contents of a spherical shell in the
k-space (hence proportional to k*dk), so that:

Qe « K*dk/dE.. (17

Since it follows from eq. (16) that k is proportional to
(E.— Ec)é it is clear that:

0c = (Ec — Eot. (18)
In the same way we find:
on < (Ev— En), (19)

and taking account of the k-selection rule (conserva-
tion of momentum) in the recombination:

Orea « (Ee — En — Ep)t. (20)

Substituting egs (14) and (18) in eq. (10) gives:

ne ] B - B} (exp(Ere — EQIKT) dEe. 21)
If we put &€ = (E. — Ec)/ kT, we obtain:
n « (kT)} exp{(Ex,e — Eo)/kT} of &t exp(—¢) de. (22)

The integral here is independent of temperature, so
that the temperature dependence of # is given by:

n « T%exp{(Eg,e — E)/KT}. (23)
In the same way we find:
p « T exp{(E. — Exn)/kT}, (24)

L « T} exp{(E, — Ec + Eg,e — Exn)/kT}. (25)
When eqs (23), (24) and (25) are substituted in eq. (9)
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transition regions of one or two monolayers. Fig. 13
shows a log-log plot of the measured values of 7
against temperature for three wells of different thick-
nesses. In all three cases a reasonably straight line is
found, sothat7 « T°. The value of a corresponding to
the slope is 1.07 for a thickness d of 6.5 nm, 1.22
for d = 13 nm and 1.41 for d = 30 nm. There is there-
fore good qualitative agreement with the predicted
temperature dependence as a function of the layer
thickness. A quantitative interpretation of the results
is difficult because the variation of the energy levels
with layer thickness is not accurately known.
Because of the smaller temperature dependence of 7
in a quantum well the threshold current I,y for laser
operation is also less dependent on temperature. In
the ideal case (to.! = 0, no non-radiative processes)
the value of I, is determined solely by 7, so that the

temperature dependence is given by:
Ly < T°, 31

Usually an empirical relation is used to represent the
temperature dependence of the threshold current:

Inm « exp(T/Ty), (32)

where the value of Ty characterizes the temperature

Philips Tech. Rev. 43, No. 5/6

behaviour. From equations (31) and (32) it can be
shown that: "

Ip (dIn/dT) ' = T/a = Ty. (33)

For a conventional semiconductor laser at room tem-
perature a is about 1.5, so that the maximum value of
To is about 200 K. In an ideal quantum well with high
luminescence efficiency the value of @ may approach
1, so that Ty is about 300 K. The smaller increase in
threshold current with temperature will lengthen the
life of quantum-well lasers.

In the work described here Ing. H. J. Talen-van der
Mheen took part in the growth experiments and
C. W. T. Bulle-Lieuwma and Drs A. F. de Jong con-
tributed to the TEM investigations.

Summary. A novel type of reactor has been developed for making
MO-VPE multilayer structures, in which very sharp transitions can
be obtained between layers of different composition. The perfection
of the structures produced is very well demonstrated by means of
transmission electron microscopy. It is demonstrated for instance
that the transition regions are no thicker than approximately one
monolayer. The optical quality of the quantum wells is determined
by measuring the decay time of the luminescence. It appears that
the decay time in quantum wells is less dependent on temperature
than in bulk material, so that the threshold current for laser opera-
tion is also less temperature-dependent.
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Molecular beam epitaxy of multilayer structures
with GaAs and Al,Ga;_,As

B. A. Joyce and C. T. Foxon

Introduction

As indicated in the opening article of this issue [11,
thin epitaxial films of some III-V semiconductors have
properties which are important in high-frequency and
optoelectronic applications. Such films can be pre-
pared by conventional growth techniques such as
liquid-phase epitaxy (LPE) or vapour-phase epitaxy
(VPE). For particular applications it may be advan-
tageous to use metal-organic vapour-phase epitaxy
(MO-VPE), discussed in the previous articles [21[8] or
molecular beam epitaxy (MBE) [4],

MBE is a refined form of ultra-high vacuum evap-
oration. In this technique thermally generated col-
lision-free molecular (or atomic) beams of the constit-
uent elements, formed in Knudsen sources, are de-
posited on a heated substrate where they react to form
an epitaxially related crystalline film. Growth tem-
“peratures are usually somewhat lower than those used
in the more conventional growth techniques, while
growth rates are in the range 0.01 to 1 nm/s. Because
the molecular beam fluxes can be started or stopped
rapidly using a simple mechanical shutter, atomically
abrupt interfaces can be obtained. Using in sifu anal-
ysis it is possible to measure directly the intensity of
the various molecular beams and as a result films of
high crystalline quality with precise control of the
thickness, composition and doping level can be ob-
tained. Changes in composition and doping level on
an atomic scale facilitate the formation of well-de-
fined multilayer structures with special properties [61.

The growth of III-V semiconductor films by MBE
has been studied extensively at Philips Research
Laboratories in Redhill, England. This study included
the preparation of various types of III-V compounds
and layered structures, investigation of the mech-
anisms controlling the growth and dopant incorpora-
tion, characterization of surfaces and interfaces,

Dr B. A. Joyce and Dr C. T. Foxon are with Philips Research Lab-
oratories, Redhill, Surrey, England.

measurements of film or layered-structure properties
and the improvement of the MBE equipment. The
film properties have been studied in situ using non-
destructive surface analysis. The III-V semiconduc-
tors grown by MBE have included mainly the binary
compound GaAs and the related ternary alloy
Al,Ga;_.As but some work has also been carried out
both on the fundamental properties controlling
growth and on measurements of film properties for
other alloys such as InGaAs, InGaP, GaAsP, InAsP
and InGaAsP. In all cases single-crystal films were
grown epitaxially on GaAs or for InGaAs on InP.
The progress of MBE technology has led to films
and multilayer structures having adequate quality for
device applications. Background donor and acceptor
levels can be as low as 2 x 10** cm™. In a hetero-struc-
ture of GaAs and Al.Ga;_yAs a two-dimensional
electron gas is formed in the GaAs material near the
interface, showing extremely high electron mobilities
at low temperatures: > 3x10® cm®V~!s™! at 4 K.
With structures of GaAs between Al.Ga;_,As bar-
riers multiple quantum-well lasers have been grown in
which the GaAs wells are as thin as 1.3 nm, corre-
sponding to about five monolayers of material. At

(11 3, Wolter, Research on layered semiconductor structures, this
issue, pp. 111-117.

(21 P, M. Frijlink, J. P. André and M. Erman, Metal-organic
vapour phase epitaxy of multilayer structures with III-V semi-
conductors, this issue, pp. 118-132.

[81 M. R. Leys, M. P. A. Viegers and G. W. ’t Hooft, Metal-
organic vapour phase epitaxy with a novel reactor and char-
acterization of multilayer structures, this issue, pp. 133-142.

41 See for example: L. L. Chang, L. Esaki, W. E. Howard, R.
Ludeke and G. Schul, Structures grown by molecular beam
epitaxy, J. Vac. Sci. & Technol. 10, 655-662, 1973;

A.Y. Cho and J. R. Arthur, Molecular beam epitaxy, Progr.
Solid State Chem. 10, 157-191, 1975.

81 A, C. Gossard, P. M, Petroff, W. Wiegmann, R. Dingle and
A. Savage, Epitaxial structures with alternate-atomic-layer
composition modulation, Appl. Phys. Lett. 29, 323-325, 1976.
See also: G. H. Déhler, Solid-State superlattices, Sci. Am. 249
(No. 5), 118-126, 1983;

D. W. Shaw, Advanced multilayer epitaxial structures, J.
Cryst. Growth 65, 444-453, 1983.
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the substrate surface. The diffracted electron beams
form a characteristic pattern on the fluorescent
screen, which provides information on the mor-
phology and the symmetry of the surface. Because of
the small incidence angle the information obtained in
RHEED is derived from the first few atomic layers.
Temporal variation in the intensity of diffraction fea-
tures during MBE growth can be related to growth
dynamics.

Since the atomic or molecular beams are neutral
and collimated they are necessarily divergent, and
usually non-axial with respect to the substrate. To
obtain uniform growth rate or composition (in the
case of alloy films) over a large substrate (diameter 5
to 8 cm ), the substrate stage is rotated at speeds be-
tween 0.03 and 2.0 Hz. It was shown that with this
technique a growth-rate variation of < 1% could be
obtained across a 5-cm substrate, with comparable
control of alloy composition [*1, For alloy growth,
however, the time taken for a complete revolution
must be shorter than the time to grow a monolayer, to
avoid a periodic modulation of alloy composition in
the direction of growth.

To provide the basis of high-quality films, a sub-
strate surface free of crystallographic and other
defects and clean on an atomic scale (<{0.01 monolayer
of impurities) must be prepared. This usually involves
free etching by an oxidative process which removes
any carbon and leaves the surface covered with a pro-
tective volatile oxide, which is subsequently removed
in the vacuum system by heating in a beam of arsenic.
The final quality of the substrate surface can be
checked by RHEED and Auger spectrometry, for
example.

Growth is initiated by bringing the substrate to
the appropriate temperature (typically in the range
500-700 °C) in a beam of arsenic and then opening
the shutter of the Group III element source. Growth
rates are in the range 0.03-3 nm/s (0.1-10.0 pm/h),
corresponding to beam fluxes from 5x10'% to
5x10'® at. cm™%s™!. The arsenic flux is typically 3-5
times greater than that of the Group III element, but
it is the latter which determines the growth rate.

Source materials are usually elemental, and all of
the Group III elements produce monoatomic beams.
The arsenic source is rather more complex, however,
both in terms of the species produced and the methods
used to produce them. When evaporation takes place
directly from the element, the flux consists entirely of
tetratomic molecules (Asg), but if GaAs is used as the
source, the arsenic flux is dimeric [*2). Alternatively,
" dimers can be produced from the element by using a

two-zone Knudsen cell in which a tetramer flux is for-

med conventionally and passed through an optically
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baffled high temperature stage, which can be designed
to produce a complete conversion to a dimeric
flux (131,

Dopant beams are also produced from Knudsen
effusion cells. The elements used for doping in MBE
are principally Be for the preparation of p-type films
and Si or Sn for the preparation of n-type films. All
these elements evaporate as monomers. Free-carrier
concentrations can be controlled over the range be-
tween 10'* and 10 carriers per cm®. The upper limit
is set by the limited solid solubility in the lattice, the
lower by the presence of background impurities.

Surface chemistry of growth

Surface kinetic data on growth and doping can be
obtained by using modulated molecular beam tech-
niques [1211141 The flux of an incident species can be
modulated by opening and closing the shutter of the
Knudsen cell periodically or by placing a beam chop-
per inside the vacuum system. The perturbation of the
incident flux gives rise to a time-varying concentration
of chemisorbed atoms and molecules on the substrate
surface. This leads to a time-dependent desorption
rate, which can be measured mass-spectrometrically.
Alternatively, by modulating the desorption flux with
a beam chopper, atomic and molecular species which
are leaving the surface directly can be identified and
distinguished from background vapour species.

The kinetic parameters to be extracted from modu-
lated molecular-beam experiments include the surface
residence time, desorption energy, sticking coefficient
and order of reaction in which the adsorbed and de-
sorbed species are involved. From these data detailed
interaction mechanisms have been deduced, especially
for the reaction of gallium and arsenic on (100)

111 A, Y, Cho and K. Y. Cheng, Growth of extremely uniform
layers by rotating substrate holder with molecular beam
epitaxy for applications to electro-optic and microwave
devices, Appl. Phys. Lett. 38, 360-362, 1981;

K. Y. Cheng, A. Y. Cho and W. R. Wagner, Molecular-beam
epitaxial growth of uniform Gao.47Ine.53As with a rotating
sample holder, Appl. Phys. Lett. 39, 607-609, 1981.

12] C, T. Foxon, J. A. Harvey and B. A. Joyce. The evaporation
of GaAs under equilibrium and non-equilibrium conditions
using a modulated beam technique, J. Phys. & Chem. Solids
34, 1693-1701, 1973.

(131 3, H. Neave, P. Blood and B. A. Joyce, A correlation between
electron traps and growth processes in n-GaAs prepared by
molecular beam epitaxy, Appl. Phys. Lett. 36, 311-312, 1980.

141 C, T. Foxon, M. R. Boudry and B. A. Joyce, Evaluation of
surface kinetic data by the transform analysis of modulated
molecular beam measurements, Surf. Sci. 44, 69-92, 1974.

(18] C, T. Foxon and B. A. Joyce, Interaction kinetics of As. and
Ga on {100} GaAs surfaces, Surf. Sci. 64, 293-304, 1977.

(18] C. T. Foxon and B. A. Joyce, Interaction kinetics of As, and
Ga on {100} GaAs surfaces using a modulated molecular beam
technique, Surf. Sci. 50, 434-450, 1975.

i17) ¢, T. Foxon and B. A. Joyce, Surface processes controlling the
growth of Ga,In;_yAs and Ga,In;_.P alloy films by MBE, J.
Cryst. Growth 44, 75-83, 1978.
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binary compounds of which the alloy may be consid-
ered to be composed. In the case of Al,Ga;_,As films
AlAs is more thermally stable than GaAs. Thus by
using growth parameters comparable to those for
GaAs, films of good compositional uniformity and
control can be prepared.

At comparatively low substrate temperatures
(<575°C) the sticking coefficients of Al and Ga are
both unity, so the alloy composition is determined
simply by the ratio of the two atomic fluxes. However,
to obtain adequate electrical and/or optical properties
it is frequently necessary to use significantly higher
substrate temperatures. In that case preferential de-
sorption of the more volatile Ga occurs, which means
that the sticking coefficient of Ga is less than unity.
The value for Al, on the other hand, does not change
significantly over the entire temperature range used
(= 650-750°C). The effective loss of Ga can be readily
calculated from its knoewn vapour pressure over GaAs.

Growth dynamics

It is possible to explore some features of the growth
dynamics of MBE by monitoring temporal variations
in the intensity of various features in the RHEED pat-
tern. It has been found that damped oscillations in the
intensity of both the specular and diffracted beam
occur immediately after initiation of growth ['8, A
typical example for the specular beam is shown in
fig. 6. The period of oscillation corresponds exactly to
the growth of a single monolayer, i.e. a complete
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Fig. 6. Oscillations of the intensity of the specular beam in“the
RHEED pattern from a (2 x 4) reconstructed surface in the [110]
azimuth, during the growth of a thin GaAs film on a (001) substrate
of GaAs[17), The notation (2 X 4) indicates an enlargement of the
surface unit cell by a factor of two and four in the {110] and [110]
directions respectively. The growth is initiated by an incident flux of
Ga atoms at the heated substrate which is maintained in a flux of
either Asz or Asq. The intensity 7 is given in arbitrary units as a
function of the growing time ¢. The oscillation period corresponds
to the growth of a monolayer of GaAs.

Philips Tech. Rev. 43, No. 5/6

layer of Ga and As atoms, which in the [001] direction
is equal to the thickness of half the lattice constant.
The period is independent of the azimuth of the
incident beam and of the particular diffraction feature
being measured 1?1, Theamplitude, however, is strong-
ly dependent on both of these parameters. For evalua-
tion of growth dynamics most of the information is
contained in the specular beam, so we shall limit the
discussion to this feature.

Similar oscillatory effects have been observed dur-
ing epitaxial growth of thin metal or silicon films,
when studied in situ, for example by Auger spectro-

" scopy or low-energy electron diffraction (LEED) [20],

The observation of these effects is usually associated
with a layer-by-layer growth process (i.e. two-dimen-
sional nucleation). Detailed analysis of the oscilla-
tions provides important information on growth dy-
namics.

If we equate changes in intensity of the specular
beam in the RHEED pattern with changes in surface
roughness, a smooth equilibrium surface corresponds
to high reflectivity. On commencement of growth,
clusters are formed at random positions on the crystal
surface, leading to a decrease in the reflectivity. This
decrease can be predicted for purely optical reasons,
since the de Broglie wavelength of the electrons is
about 0.012 nm while the bi-layer step height is about
0.28 nm; i.e. the wavelength is at least an order of
magnitude less than the size of the scatterer, so diffuse
scattering will result. Nucleation is not restricted to a
single layer, but can reoccur before the preceding
monolayer is complete. In the early stages, however,
one monolayer is likely to be almost complete before
the next monolayer starts, so the reflectivity will
increase as the surface again becomes smooth on the
atomic scale, but with subsequent roughening as the
next monolayer develops. This repetitive process will
cause the oscillations in reflectivity to be gradually
damped as the surface becomes statistically distributed
over several incomplete monolayers.

In fig. 7 we show a real-space representation of the
formation of two monolayers which illustrates how
the oscillations in the intensity of the specular beam

(181 3, H. Neave, B. A. Joyce, P. J. Dobson and N. Norton, Dy-
namics of film growth of GaAs by MBE from RHEED
observations, Appl. Phys. A 31, 1-8, 1983.

0191y, J, Harris, B. A. Joyce and P. J. Dobson, Oscillations in the
surface structure of Sn-doped GaAs during growth by MBE,
Surf. Sci. 103, L90-L96, 1981.

[20] v, Bostanov, R. Roussinova and E. Budevski, Multinuclear
growth of dislocation-free planes in electrocrystallization, J.
Electrochem. Soc. 119, 1346-1347, 1972;

Y. Namba, R. W. Vook and S. S. Chao, Thickness periodicity
in the Auger line shape from epitaxial (111) Cu films, Surf. Sci.
109, 320-330, 1981;

K. D. Gronwald and M. Henzler, Epitaxy of Si(111) as studied
with a new resolving LEED system, Surf. Sci. 117, 180-187,
1982.
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occur. There is a maximum in reflectivity for the initial
and final smooth surfaces and a minimum (or max-
imum in diffuse scattering) for the intermediate stage
when the growing monolayer is approximately half
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Fig. 7. Real-space representation of the formation of the first two
monolayers of GaAs (/eft) with the corresponding RHEED oscil-
lations (right). The intensity I is given as a function of time ¢ for
various numbers 8 of monolayers deposited. When a smooth sub-
strate is progressively covered with less than half a monolayer, the
reduction in smoothness leads to a continuous decrease of reflectiv-
ity and hence of intensity. At higher coverages, up to one mono-
layer, the surface again becomes smoother. The intensity maximum
at @ = 1 is however lower than that at § = 0 because the growth of a
monolayer is not perfectly two-dimensional. Similar intensity varia-
tions occur between § = 1 and 6 = 2. The increasing influence of
the deviation from two-dimensional growth leads to a progressive
damping of the amplitude of the oscillation, as shown in fig. 6.
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complete. We have, however, also established that the
amplitude of the intensity oscillations is dependent on
the direction of the primary electron beam, being
greater for the beam incident along [110] than for the
beam incident along [110]. This would suggest, if we
take our optical model one stage further, that most of
the steps which develop on the surface are along the
[110] direction, as shown in fig.7, i.e. they cause
maximum diffuse scattering when their longer edges
are normal to the incident beam.

From the results obtained we may conclude that
growth occurs principally by a two-dimensional mono-
layer-by-monolayer process, but new monolayers are
able to start before preceding ones have been com-
pleted. The oscillation period provides a continuous
and absolute growth rate monitor with atomic-layer
precision.

GaAs-Al,Ga,;_.As interfaces

The MBE method described here has been used to
prepare various multilayer structures based on GaAs
and Al,Ga;-,As. These include: single-heterojunction
twodimensional electron-gas structures and multiple-
quantumwell (MQW) structures formed from thin
semiconductor films (usually GaAs) confined by layers
of higher band-gap material (usually AlGaAs); when
the structure is periodic and the confining barriers are
thin enough for the wells to be electronically coupled
the structure is known as a superlattice. For the prop-
erties of such structures the quality of the interfaces is
very important, as has been indicated in the previous
articles of this issue.

It is clear from the RHEED study of growth dy-
namics [*® that films of GaAs and Al,Ga;_,As grow
predominantly by a process of two-dimensional nu-
cleation of new monolayers. The damped intensity
oscillations are however indicative of some non-ideal-
ity, i.e. growth is not perfectly two-dimensional. It ise
not yet possible to extract quantitative information on
the structure and composition of GaAs-Al,Ga;_,As
interfaces from the RHEED observations, but several
other techniques have been utilized. It is important to
emphasize, however, that experimentally realizable
interface perfection is so high that conventional
methods of profiling do not have the required resolu-
tion to test it. These methods involve ion sputtering to
section the material followed by some means of com-
position determination, such as Auger electron spec-
trometry and secondary-ion mass spectrometry
(SIMS) 1191, ’

The best claimed (and probably optimistic) resolu-
tion limit of 1 nm was based on a 90%-10% peak-height
range of the Auger signal of Al, from which an






Philips Tech. Rev. 43, No. 5/6

suming infinitely deep wells, is given by:
nZh?

Ep= —,
" 8med?

where 7 is an integer, m. is the effective mass of con-
duction electrons, £ is Planck’s constant and d the
well thickness. For a thickness variation Ad which is
independent of d, the variation of the confinement
energy (AE,) is given by:

AE,=cd™3,

where c is a constant.

The second alternative is for a thickness variation
within each layer, but with a constant average layer
thickness. This is the case corresponding to a growth
process which is not perfectly two-dimensional. It will
lead to a modification of the exciton energy provided
the lateral scale of the interface roughness is greater
than the exciton diameter, which is about 30 nm in
bulk GaAs. When the lateral scale of the interface
roughness becomes smaller than the diameter it will
‘feel’ an average potential, so that the energy levels
will be sharp and narrow luminescence peaks will be
observed. A study of the linewidths alone can there-
fore give information only if the lateral scale of the
roughness is greater than the exciton diameter.

It is not possible to distinguish between these alter-
natives in transmission and luminescence measure-
ments, since all the layers are then probed simulta-
neously, but a distinction can be made by excitation
spectroscopy. In this technique the luminescence in-
tensity at a fixed wavelength is measured as the excit-
ing wavelength is varied. If there is a layer-to-layer
thickness variation, luminescence peaks will be ob-
served at energies corresponding to each thickness,
since recombination at a given energy can only orig-
inate from wells of a specific thickness. If there is no
average thickness variation, however, identical peaks
will be observed in the excitation spectra for the
different luminescence energies at which the spectra
are obtained. Apparently this is the case in the sample
of fig. 9. From the peak width of 3.5 meV a thickness
variation of less than one monolayer can be deduced.

Excellent agreement between theory and experiment
was obtained for well widths between 8 nm and 15 nm
for the model in which there was no average thickness
variation, but with an interfacial roughening on the
scale of one (0.28 nm thick) monolayer 122, In the
experiment the wells of GaAs and the barriers of
Alg,24Gao.7¢As were deposited at a substrate tempera-
ture of 690 °C. For very similar structures of GaAs
and Alg.21Gag.79As barriers, deposited at 670 °C, the
halfwidths of free exciton luminescence were studied
as a function of well thickness (4], It was deduced
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Fig. 9. a) Low temperature photoluminescence spectrum (relative
intensity I as a function of the emission energy E.n,) from a five-
period quantum-well structure with 5.5-nm GaAs wells and 17.5-nm
Al,Ga;_,As barriers. b) Corresponding excitation spectrum,
obtained by measuring the relative photoluminescence intensity f as
a function of the excitation energy Eex. at a fixed emission energy
of 1.601 eV. The well-resolved peaks correspond to the formation
of conduction electrons in the quantum state n = 1 and heavy and
light holes in the n = I state. Note that the emission peak and the
first excitation peak occur at the same energy. The peak width of
3.5 meV corresponds to a thickness variation which is less than one
monolayer. The spectra were measured by P. J. Dobson and
K. J. Moore.

(211 C, M. Garner, C. Y. Su, Y. D. Shen, C. S. Lee, G. L. Pearson,
W. E. Spicer, D. D. Edwall, D. Miller and J. S. Harris, Jr.,
Interface studies of Al,Gaj-rAs-GaAs heterojunctions, J.
Appl. Phys. 50, 3383-3389, 1979.

(221 [, P. Erickson and B. F. Phillips, Examination of MBE
GaAs/Alp,sGag,7As superlattices by Auger electron spectros-
copy, J. Vac. Sci. & Technol. B 1, 158-161, 1983.

[28] C, Weisbuch, R. Dingle, A. C. Gossard and W. Wiegmann, Op-
tical characterization of interface disorder in GaAs-Ga;_yAl,As
multi-quantum well structures, Solid State Commun. 38, 709-
712, 1981.

{241 H, Jung, A. Fischer and K. Ploog, Photoluminescence of
Al;Ga;_yAs/GaAs quantum well heterostructures grown by
molecular beam epitaxy; II. Intrinsic free-exciton nature of
quantum well luminescence, Appl. Phys. A 33, 97-105, 1984.
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that more than 65% of the interface within the photo-
excited area (100 pm diameter) was atomically sharp,
and any roughness in the remaining area only exten-
ded over one monolayer.

In conclusion, the analytical methods with suf-
ficient resolution have undoubtedly demonstrated the
high structural and compositional perfection of the
interfaces between some MBE-grown layers. For
GaAs-Al,Ga;_,As heterojunctions we can be confi-
dent that it is possible to prepare interfaces by MBE
so that compositional changes occur over no more
than one monolayer. They are free of extended de-
fects.

Some properties and possible applications

Important properties of MBE-grown layers are the
donor and acceptor concentrations and the free car-
rier concentration and mobility. These properties can
be obtained by electrical characterization methods
such as measurements of the Hall coefficient [25] and
the electrical resistivity. The donor and acceptor con-
centrations can be derived by careful analysis of the
temperature dependence of the free carrier concentra-
tion and mobility 2],

GaAs layers grown in our laboratory by MBE in a
Varian GEN II equipment were found to have a low
background acceptor level. This was determined by
studying the electron mobility in 10-12 pm thick films
lightly n-doped with silicon. The mobilities meas-
ured are typically 7.8 x 10® cm®V~'s™! at 300 K and
1x10° cm?V-1s7! at 77 K. The free electron concen-
trations allowing for depletion are 3x10 cm™
and the sum of the donor and acceptor concentrations
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Fig. 10. Laser emission (relative intensity / plotted against emission
wavelength 1) for a series of multiple quantum-well structures of
GaAs wells and Al,Ga,_,As barriers and for a conventional semi-
conductor laser. The structures show emission at progressively
shorter wavelengths as the well thickness d is reduced. The structure
with the thinnest well (1.3 nm) operates in the visible part of the
spectrum, the emitting wavelength being 704 nm. The multiple
quantum well lasers were made by P. Blood, E. D. Fletcher and
P. J. Hulyer from layers grown by K. Woodbridge.
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can be estimated to be about 7 x 101 cm™3 28], Hence
a value of 2 x 10 cm™ is derived for the background
acceptor concentration. Unintentionally doped films
of similar thickness are fully depleted and this implies
that the background donor concentration is also
about 2x10™ cm™. Two-dimensional electron-gas
structures prepared in the same MBE equipment were
found to have mobilities as high as 3 x 108 cm?Vv-1s~!
at 4 K, which also indicates how pure such sam-
ples are.

Multiple-quantum-well GaAs-AlGaAs injection
lasers have been grown by MBE in our laboratory-
constructed equipment. The GaAs well width was
varied from 5.5 to 1.3 nm to study its effect on the
wavelength of the laser emission [¢). The smallest well
width (1.3 nm) corresponds to only about five mono-
layers of GaAs. The wells are separated by 8 nm wide
Al,Ga,...As barriers.

In fig. 10 the laser emission spectrum is given for
quantum-well structures with various well widths and
for a conventional laser with GaAs in the active re-
gion, which emits at about 880 nm. A decrease of the
well width from 5.5 to 1.3 nm results in a progres-
sive reduction in operating wavelength from 837 to
704 nm 81, The emission at 704 nm is in the visible
part of the spectrum. To our knowledge it is the short-
est emission wavelength achieved with a room-tem-
perature injection laser with only GaAs (and no Al) in
the wells. Quantum-well lasers with such a short-wave-
length emission are of interest in view of their possible
use in optical information read-out systems.

The reduction of well width, particularly below
about 3 nm, leads however to a strong increase of the
threshold current for laser emission. This forms the
only limitation for the realization of practical short-
wavelength quantum-well lasers: as demonstrated,
extremely thin wells with sufficiently abrupt interfaces
can readily be obtained by MBE. Recently the in-
fluence of the number of wells on the threshold cur-
rent was investigated, using a structure with a fixed
waveguide [27), It was shown that a small number of
wells (preferably a single well) is favourable for
obtaining lower threshold currents. For broad-area
devices with a well of only 2.5 nm in a wide optical
waveguide a threshold current density of about
1 kA/cm? was measured. This implies that it should

[25) The Hall coefficient represents the voltage induced by
external electric and magnetic fields orthogonal to each other,
which appears across a sample in a direction at right angles to
both fields. The reciprocal of this coefficient is proportional to
the free carrier concentration, and the ratio of the Hall coef-
ficient to the electrical resistivity gives the free carrier mobility.

{261 G, E. Stillman and C. M. Wolfe, Electrical characterization of
epitaxial layers, Thin Solid Films 31, 69-88, 1976.

271 p, Blood, E. D. Fletcher, K. Woodbridge and P. J. Hulyer,
Short wavelength (visible) quantum well lasers grown by
molecular beam epitaxy, Physica 129B, 465-468, 1985.
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be possible to obtain narrow stripes (5 um wide) of
production-type lasers with threshold currents below
50 mA.

In our MBE research and development at PRL
invaluable assistance was given by Mr J. H. Neave.
Many other members of the MBE group at PRL also
contributed to the work described in this article, and
there were many other contributions from members
of other groups and other Philips colleagues.
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Summary. The growth of thin films of GaAs and Al,Ga;-zAs on
GaAs substrates by molecular beam epitaxy (MBE) has been in-
vestigated extensively within the Philips Research Laboratories
at Redhill. High-quality films and multilayer structures with con-
trolled thickness and composition have been deposited. Detailed in-
formation has been obtained on the surface chemistry and the dy-
namics of growth. It is possible to produce abrupt interfaces between
GaAs and Al,Ga;_xAs layers, where the compositional changes oc-
cur over no more than one monolayer. GaAs layers have been grown
with low background impurity concentrations (2 x 10'* cm™) and
this has enabled us to achieve high electron mobilities at low tem-
peratures (3 x 10% cm?V-1s~! at 4 K) in two-dimensional electron-
gas structures. Multiple quantum-well structures prepared by grow-
ing very thin GaAs wells between Al,Ga;-xAs barriers showed laser
emission at wavelengths down to 704 nm.
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excessive contamination. Even at 1078 Pa the rate of
incidence of molecules from the residual gas is about
3 %10 cm™2s7!, If all these molecules were to ‘stick’
and remain on the surface the relative contamination
level would be 3 x 1078, corresponding to an undesired
doping level of 1.5x10'" cm™3. This would not only
be disastrous for the electrical properties, but would
also prevent perfect crystal growth. Although the
sticking probability is generally much less than unity
(typically 107%), great care has to be taken with the
design and operation of an MBE system, so that these
problems can be avoided.

For our experiments we used an earlier version of
the present silicon-MBE system at the FOM institute
AMOLF, designed by T. de Jong et al.!™ and shown
schematically in fig. 4. It has the basic features found
in many research-oriented systems, and consists of
three linked vacuum chambers. Substrates mounted
on holders are introduced twelve at a time into the
load-lock annexe to the storage chamber; the twelve
holders are placed on a carrousel. After loading, the
storage chamber is sealed, pumped down and baked
for about ten hours at 150 °C. The final pressure is a
few times 10~ Pa. Then the valve to the main cham-
ber is opened and a holder with substrate is picked up
and transferred with the aid of a magnetically coupled
transfer rod. During the transfer the main chamber
remains at low pressure (1078 Pa). The desired sub-
strate temperature is obtained by direct-current heat-
ing and checked with an infrared pyrometer to an ac-
curacy of =25 °C.

Fig. 4. Schematic diagram of an earlier version of the silicon MBE
system at AMOLF. The system contains three vacuum chambers
which can be connected by the gate valves V. A holder with a sub-
strate is supplied via a load lock L. An ion gun Iis used for cleaning
the substrate surface. In the main vacuum chamber the surface is
investigated by low-energy electron diffraction (LEED) and Auger
electron spectroscopy (AES). The growth is started by introducing
silicon vapour from the chamber with the Si source So. The dia-
gram does not show the equipment for substrate heating and tem-
perature measurement, the microbalance for growth-rate monitor-
ing, or the quadrupole mass spectrometer for residual-gas analysis.
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The source chamber is mounted below the main
chamber. When the evaporator is turned on, residual
gas adsorbed on the slug surface and the filament is
released. This is pumped away and the valve to the
main chamber is only opened when the source is
stabilized at the desired evaporation or deposition
rate, measured by a quartz-crystal oscillator micro-
balance. The pressure in the main chamber rises by
less than an order of magnitude during the growth;
the additional gas is mainly relatively harmless Hy
from the bulk of the Si slug.

Substrate preparation and analysis

Successful MBE growth of Si on GaP and GaAs re-
quires careful attention to the preparation and clean-
ing of the substrate and the analysis of its surface. It is
known that epitaxial Si films can be deposited on (001)
Si from 200 °C, whereas the deposition on (111) Si
requires much higher temperatures (> 600 °C) (8], It
was therefore decided to use (001) substrates only.
These are cut from liquid-encapsulated Czochralski-
grown crystals, polished and degreased. The GaP sub-
strates of thickness 1 mm are too small to be mounted
directly on the holder, and are therefore attached by
small amounts of indium to a 7 mm X 25 mm silicon
carrier. The indium provides a uniform thermal and
electrical contact for the substrate heating, and does
not affect the purity of the films. The GaAs substrates
are 0.4 mm thick and can be cut immediately to the di-
mensions required for direct mounting in the holder.

Although the substrates are treated with the utmost
care, their surface will always be covered by a thin
film of oxide. Nor can slight contamination by car-
bon, from ‘CO; in the atmosphere or from organic
cleaning fluids, be avoided in practice. These contami-
nants are removed by sputter-etching with an Ar*
beam at an energy of 600 to 800 eV and a total dose of
about 10'® cm™2. As ion bombardment makes the sub-
strate surface amorphous, post-annealing is necessary
to restore the crystallinity by solid-phase epitaxial
regrowth (81, This is done at 550 °C for 30 min (GaP)
and at 600 °C for 90 min (GaAs).

A problem with this cleaning procedure is that the
two components may be sputtered at different rates.
Ih addition, at the temperatures necessary for reason-
able regrowth rates (> 1 nm/min) there will be some
evaporation. Since the two components evaporate at
different rates, there will be a depletion of one of the
components (usually the group V element) at the sur-
face. Consequently the surface, although crystalline,
will have a non-stoichiometric composition after
cleaning. In principle this deficiency can be corrected
by supplying the ‘missing’ component through ad-
sorption from the gas phase, or by first growing a
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they can bond directly with As atoms. This is rather
surprising, since there are unoccupied As sites above
the Ga atoms that form the upper layer of the Ga-en-
riched (001) surface. The exchange between Si and Ga
atoms is corroborated by the. Auger spectra of a
monolayer, which showed that there was some Ga on
top of the Si layer. A similar bonding preference has

been reported for the deposition of germanium on

GaAs [13], :

Characterization by transmission electron microscopy

A technique such as LEED can give useful informa-
tion about crystalline properties but is not very suit-
able for characterization of the crystal perfection be-
cause of its low sensitivity to defects. Transmission
electron microscopy (TEM), however, can give more

detailed structural information 41 [18} Two examples .

have already been given in fig. 2, showing cross-sec-
tional images of Si on GaP and GaAs obtained by
high-resolution electron microscopy. Useful informa-
tion can also be derived by making TEM ‘plane-view’
images at a much lower magnification. Before discus-
sing some of the results, we shall first give a short de-
scription of the procedure for our TEM investiga-
tions.

Procedure

The samples are first made transparent to electrons.
The preparation techniques required for the two kinds
of imaging are very different.

For the preparation of samples for plane viewing,
3-mm discs are drilled from the wafer ultrasonically.
The discs are reduced in thickness from the rear by
jet-etching with a chlorinated-methanol etchant until
the substrate has been completely removed from a
small central area of diameter say 0.5 mm. The Si film
can be examined here without interference from the
substrate. At the edges the interface region can be
studied.

For cross-sectional imaging, samples of {110} orien-
tation are prepared 8], Two strips less than 3 mm
wide are cut from the wafer along one of the {110}
planes, bonded together with the epitaxial films facing
each other and then embedded in resin; see fig. 8.
Thin slices are cut, mechanically polished and reduced
in thickness by Ar-ion milling on a rotating sample
holder at grazing incidence (about 10° to the surface)
and a low voltage (= 4 kV) to make the surface
smooth and minimize the formation of an amorphous
top layer. ' _

Images were obtained with a Philips EM 420 ST
microscope operating at 120 kV. The contrast observ-
able in TEM images has been described in an earlier
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article in this issue ['7). An area of GaP or GaAs ap-

pears dark compared with a silicon area because of
the difference in atomic scattering. The plane-view
images are made in ‘bright field’ (with the transmitted
beam) or in ‘dark field’ (with one diffracted beam)
under dynamic diffraction conditions. Defects can
then be observed because of local variations in the
diffraction conditions (amplitude contrast). The
cross-sectional images are made with the electron
beam along the [110] direction, so that there is strong
simultaneous excitation of many diffracted beams.
Recombination of the transmitted beam and several
of the diffracted beams results in a high-resolution
image (phase contrast).

1r001)
- (1701
a “T110]
> /
‘/
b
c ) 3mm

Fig. 8. Schematic illustration of the preparation of (110) samples
for cross-sectional TEM imaging. Two bars are cut along one of the
{110} planes (a). The bars are bonded together with the epitaxial
films facing each other and are embedded in resin (5). They are then
sawn into thin slices (¢). The slices are further reduced in thickness
by Ar ion milling on a rotating sample stage.

021 A, J. van Bommel and J. E. Crombeen, Experimental deter-
mination of the correlation between the LEED pattern and the
Ga-As bond vectors in the surface of GaAs (001), Surf. Sci. 57,
437-440, 1976.

(18] B, J, Mrstik, LEED and AES studies of the initial growth of
Ge epilayers on GaAs (100), Surf. Sci. 124, 253-266, 1983.

141 M. P. A. Viegers, C. W. T. Bulle-Lieuwma, P. C. Zalm and
P. M. J. Marée, Misfit dislocations in epitaxial layers of Si on
GaP (001) substrates, Mater. Res. Soc. Symp. Proc. 37,
331-336, 1985.

151 C, W. T. Bulle-Lieuwma, P. C. Zalm and M. P. A. Viegers,
Characterization of MBE grown Si on (001) GaAs by transmis-
sion electron microscopy, Proc. Microscopy of Semiconductor
Materials Conf., Oxford 1985 (Inst. Phys. Conf. Ser. 76, sec-
tion 4), pp. 123-128.

168l ¢, w. T. Bulle-Lieuwma and P. C. Zalm, Suppressing of surface
topography development in ion-milling of semiconductors, to
be published in Surface and Interface Analysis, Vol. 10, 1987.

(171 M. R. Leys, M. P. A. Viegers and G. W. ’t Hooft, this issue,
pp. 133-142,
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tions between the ions and the surface atoms did not
affect the position of the dip. This was achieved by
energy selection of the ions back-scattered from
depths of 3 to 11 nm. To be certain that the sample
was not misaligned, we checked that the [011] dip, at
about 45° in the opposite direction, was shifted by the
same amount.

Typical results of ion-scattering measurements are
given in fig. 16. The back-scattering spectrum of bulk
Si has the expected [001] and [011] dips at exactly 0°
and 45°. The spectrum of a 30-nm strained Si film on
GaP has a shift in the [011] dip: A8 = 0.26 + 0.04°.
For thicker films (200 and 400 nm) a smaller value of
A8 is found, a clear proof of strain relaxation. The re-
sults agree well with those obtained by TEM determi-
nations of the dislocation density. However, the
measured shift clearly differs from 0.19°, the theoret-
ical value based on the elasticity constant of bulk Si.
This is rather surprising, since X-ray diffraction in
films thicker than 0.5 pm always confirms the
elasticity-theory predictions exactly. It would appear
that this theory does not apply to films as thin as those
studied here.

Information about the strain was also obtained by
Raman scattering of a monochromatic light beam, e.g.
from the 514.5-nm line of an argon laser. The incident
photons lose some of their energy by inducing a lattice
vibration. The resulting shift in the frequency of the
scattered light is related to the stress caused by atomic
displacements. The difference from bulk Siis therefore
a relative measure of the strain in epitaxial Si.

The results of strain determinations with TEM, ion
back-scattering and Raman scattering all agree well;
see fig. 17. This shows both the parallel elastic strain
and the part of the lattice mismatch that is taken up
by dislocations, as a function of the film thickness. It
is found with all three methods that the strain is ap-
proximately equal to the lattice mismatch for films up
to about 75 nm thick. This is very different from
the equilibrium theory mentioned earlier (8] which
gives 14 nm as the critical thickness for dislocation
formation.

For Si on GaAs, information about the quality
of very thin epitaxial films has been obtained by meas-
uring the back-scattering yield as a function of
energy ('], It was found that a 5-nm Si film grew
evenly, with no island formation at first.

Films have also been characterized by the back-
scattering of light positive ions (He*) incident on the
surface at high energy (2 MeV) (Rutherford back-scat-
tering, RBS). If the ions are incident in an ‘open’ crys-
tallographic direction (‘channelling’), the scattering
yield increases as the number of ions occupying regu-
lar lattice sites decreases [28]. The yield ratio for chan-
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Fig. 16. Measured angular profiles near the [001] and [011] block-
ing minima for bulk Si (@) and for 30-nm MBE-grown Si on (001)
GaP (b). The measured yield N is given in arbitrary units as a func-
tion of the angle § to the normal to the surface. For bulk Si, the
[001] and [011] minima are located at exactly 8 = 0° and 8 = 45°,
as would be expected in the absence of strain. For Si on GaP, a shift
of A8 = 0.26° is measured for the [011] minimum, as a result of the
strain-induced tetragonal distortion.

10 107

_>d

Fig. 17. Results of strain calculations from equilibrium theory and
of determinations by transmission electron microscopy (TEM), ion
back-scattering (IS) and Raman scattering, for MBE-grown Si on
(001) GaP. The elastic strain &) and the part of the lattice mismatch
that is taken up by dislocations (J) are plotted against the film thick-
ness d. Ion back-scattering and Raman spectroscopy were used to
derive g|| from the shift in the [011] direction and the frequency
shift, and TEM was used to determine d from the ratio of the paral-
lel Burgers-vector component and the mean separation between the
dislocations. The sum of &) and ¢ is equal to the lattice mismatch
(0.36%), so that a determination of either also gives the other. The
results of the three experimental methods agree well with each
other. The critical thickness for dislocation formation (75 nm) is
however much larger than predicted by the equilibrium theory
(14 nm).

(281 p, M. J. Marée, R. 1. J. Olthof, J. W. M. Frenken, J. F. van
der Veen, C. W. T. Bulle-Lieuwma, M. P. A. Viegersand P. C.
Zalm, Silicon strained layers grown on GaP(001) by molecular
beam epitaxy, J. Appl. Phys. 58, 3097-3103, 1985.

[24] See for example J. F. van der Veen, Ion beam crystallography
of surfaces and interfaces, Surf. Sci. Rep. 5, 199-288, 1985.

(28] See for example W. K. Hofker and J. Politiek, Ion implanta-
tion in semiconductors, Philips Tech. Rev. 39, 1-14, 1980.
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nelling and random incidence has a lower value with
increasing crystal perfection; the minimum value for
pure GaP and GaAs substrates is 3%. For Si oh GaP
the same value has been derived from the Si contri-
bution to the RBS spectra, which indicates perfect
crystalline ordering. With Si on GaAs there is appreci-
able dechannelling; see fig. 18. Near the Si surface the
amount of dechannelling is encouragingly low (9%),
indicative of good but by no means perfect crystalline

2.0

Il

o6 08 10 12

— £

0 !

1.4 MeV

Fig. 18. Rutherford back-scattering spectra of a 500-nm Si film
grown by MBE at 600 °C on (001) GaAs. The back-scattering of
He* ions incident with an energy of 2 MeV on the surface is meas-
ured at an angle of 165° to the incident beam. The back-scattering
yield N is given in relative units as a function of the energy E of the
scattered ions. Curve a is obtained with incidence in a random
direction, curve b with incidence along the ‘open’ [001] direction.
By comparing the Si contribution in the two spectra on the high-
and low-energy sides, the amount of dechannelling on the Si sur-
face or the Si-GaAs interface can be estimated.

ordering. The dechannelling increases considerably
(to about 40%) however towards the Si-GaAs inter-
face. The RBS results confirm the information gath-
ered from our TEM investigations.

Information about the doping level in the Si films
can be obtained by secondary-ion mass spectroscopy
(SIMS) [2. In this method an ion beam with an energy
of a few keV sputters ionized particles from the sur-
face. If the sputtered particles are accelerated to a
well-defined energy and subjected to electric and mag-
netic deflection, they can be analysed by mass. The
variation of the composition with depth can now be
studied, since the surface is continuously ‘peeled off’
during the sputtering.

SIMS experiments on Si films on GaP (grown at
550 °C) and on GaAs (grown at 600 °C) reveal not only
a surface region containing Ga and P or As, but also a
high doping level in the bulk: 108 cm™ Ga and twice
as much P or As. When grown on GaP at 400 °C the
doping with P was considerably lower. The Ga con-
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tent, on the other hand, remained the same, con-
firming an exchange of Ga and Si atoms suggested by
LEED and Auger observations.

Prospects

The investigations have provided a better under-
standing of the formation of dislocations induced by
lattice mismatch. We have seen that Si films can be
grown on GaP to a thickness of about 75 nm, with no
indication of misfit dislocations in TEM images. With
GaP grown on Si it would be possible to have even
thicker defect-free films, because dislocations are less
easily initiated in compressed films. The occurrence of
anti-phase disorder (fig. 1) could for example be pre-
vented with a substrate orientation such as (211),
offering two significantly different types of bonding
sites [26], The Ga and P atoms will then automatically
bond to different sublattices, with the same sublattice
pairing over the entire surface.

The tetragonal distortion in strained Si films on
GaP has an interesting subsidiary aspect. From band-
structure calculations it can be shown that the elec-
tron mobility must be twice that in bulk Si at room
temperature. This offers possibilities for faster semi-
conductor switching devices, provided that the ac-
companying increase in leakage current (by a factor
of about ten) poses no additional problems. The
positive effect of a tensile stress on the electron mo-
bility has already been demonstrated for thermally
treated Si films on SiO.-coated substrates and on
sapphire [27), In these films, however, the high defect
density due to the large lattice mismatch prevents the
mobility from exceeding that in bulk Si.

The high level of Ga and P doping in Si films on
GaP may have undesirable effects on their electrical
properties. Future work must therefore be directed at
eliminating this ‘background’ doping. Some sugges-
tions are:

o Coating the sides and base of the substrate with a
material such as SigN4, which acts as a barrier to the
surface diffusion.

o A different method of substrate preparation that
gives an As-stabilized surface.

o Reducing the temperature to 300-400 °C during
growth.

(28] S, L. Wright, H. Kroemer and M. Inada, Molecular beam epi-
taxial growth of GaP on Si, J. Appl. Phys. 55, 2916-2927,
1984.

(271 B..Y. Tsaur, J. C. C. Fan and M. W. Geis, Stress-enhanced

carrier mobility in zone melting recrystallized polycrystalline Si
films on SiOg-coated substrates, Appl. Phys. Lett. 40, 322-324,
1982;
Y. Kobayashi, M. Nakamura and T. Suzuki, Effect of heat
treatment on residual stress and electron Hall mobility of laser
annealed silicon-on-sapphire, Appl. Phys. Lett. 40, 1040-1042,
1982. .
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The crystal quality of Si on (001) GaAs will never
be perfect. The dislocation density is enormous, espe-
cially near the interface. In thicker films the quality
improves considerably towards the surface. Further
investigation is required to find out if such defects
could affect the operation of devices. A technology-
oriented evaluation requires detailed electrical charac-
terization as well as improved growth facilities.

On GaAs, very thin Si films (<< 5 nm) can be grown
with a complete coverage of the substrate surface.
Such thin films are therefore potentially useful for
ohmic contacts on GaAs, where a high defect density
is no problem and a high background-doping level
can even be an advantage.
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Many colleagues at Philips Research Laboratories
and the FOM Institute for Atomic and Molecular
Physics have contributed to the work described here.

Summary. Thin silicon films have been epitaxially grown on GaP
and GaAs by molecular beam epitaxy (MBE). Films and interfaces
have been investigated by surface analysis and transmission electron
microscopy. Both the surface and the bulk of the films are
contaminated by atoms from the substrate; this is attributed mainly
to surface diffusion and exchange between Si and Ga atoms. On
GaP, films thinner than 75 nm are subject to tensile stress because
of the lattice mismatch (0.36%), without the appearance of crystal
imperfections. Thicker films contain dislocations and stacking
faults, related to strain-induced atomic rearrangements. The crit-
ical thickness for dislocation formation is significantly larger than is
predicted from elasticity theory. On GaAs, the lattice mismatch of
4% gives a greater reduction in crystal quality.
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An open 800-kV ion-implantation machine

H. J. Ligthart and J. Politiek

Conventional commercial ion-implantation machines are capable of implanting the usual
donor and acceptor elements phosphorus, arsenic and boron in silicon. The accelerating vol-
tage of these machines is generally no higher than 200 kV. If heavier elements are to be im-
planted in heavier substrates, higher accelerating voltages are required. In scientific research
the ion source should also be easily interchangeable. In ion-implantation machines for acceler-
ating voltages up to 1 MV, which are not normally commercially available, the high-voltage
section is insulated from the environment by gas under pressure in a tank. Changing an ion
source therefore takes a long time. The ion-implantation machine that has been developed at
Philips Research Laboratories, however, has an ‘open’ high-voltage section, which is insulated
from the environment by atmospheric air, so that the ion source can be changed very quickly.

Introduction

The object of ion implantation is to replace some of
the atoms in a crystalline substance by other atoms
that also fit into the lattice structure. The atoms of the
element to be implanted are therefore ionized, acceler-
ated to a high velocity in an electrostatic field and then
implanted in the substrate. The resulting damage to
the lattice can be removed by means of a heat treat-
ment (annealing). Ion implantation is widely used in
the manufacture of integrated circuits, for doping sili-
con with donors (e.g. phosphorus) or with acceptors
(e.g. boron). An advantage of ion implantation as
compared with thermal diffusion is that it is easier to
control the concentration profile, i.e. the concentra-
tion (usually in cm™®) as a function of depth. There is
also much less lateral diffusion, and annealing times
can be kept much shorter 111,

Fig. I shows a diagram of the concentration profile
produced by a single implantation. (Other shapes of
profile can be obtained by combining several implan-
tations.) At a certain depth the concentration decreas-
es sharply to zero, since the ions have completely lost
their kinetic energy. Theoretically the dose (in cm™%) is

Dr H. J. Ligthart and Dr Ir J. Politiek are with Philips Research
Laboratories, Eindhoven.

equal to the integral of the ion-flux density ¢ (in
cm™257!) over time at the substrate surface. The dose
is also equal to the integral of the concentration over
the depth after the implantation. In practice a narrow
ion beam that describes a fine raster is used, instead of
a wide beam that covers the entire surface of the sub-
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Fig.1. Diagram of a concentration profile. S sample, typically a sili-
con slice, whose surface intersects the plane of the diagram at the
vertical axis. ¢ concentration of implanted ions. s depth from sur-
face. ¢ ion-flux density. ¢ time.

1} W, K. Hofker and J. Politiek, lon implantation in semiconduc-
tors, Philips Tech. Rev. 39, 1214, 1980;
S. T. Picraux and P. S. Peercy, Ion implantation of surfaces,
Sci. Am. 252, No. 3, 84-92, 1985.
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strate. The spacing of the lines of the raster is less
than the half-width of the beam cross-section. The
mean ion-flux density is therefore equal to the beam
current divided by the area of the raster. It follows
that the height of the concentration profile is propor-
tional to the beam current and to the duration of the
implantation process. The location of the concentra-
tion profile depends on the kinetic energy of the ions
and on the atomic numbers of the implanted element
and the substrate material. If one of these two atomic
numbers is increased, the profile moves towards the
surface of the substrate. If the energy of the ions is in-
creased, the profile moves into the material.

In the investigation of new materials for integrated
circuits, use is made of heavier substrate materials
(for example gallium phosphide, gallium arsenide or
indium phosphide, known as III-V compounds) and
heavier donors and acceptors (e.g. tellurium and cad-
mium). In research on integrated circuits it is also nec-
essary to make deeper implantations, for example of
oxygen ions to produce ‘buried’ SiO; layers. This ac-
counts for the recent trend of implanting ions at higher
kinetic energy.

Fig. 2 gives an idea of the collision processes that take
place when ions move through a substrate. The dia-
gram shows the ion-energy loss per unit pathlength as
a function of the square root of the ion energy; the dia-
gram is based on the LSS model (Lindhard, Scharff
and Schiett) [2]. The straight line corresponds to the
ion-energy loss resulting from collisions with elec-
trons. These inelastic collisions cause no damage in
the substrate. The curve corresponds to the energy
loss due to collisions with nuclei. These elastic collis-
ions do cause damage in the substrate. At a kinetic

0.6
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Fig. 2. The calculated energy loss per unit pathlength of the ions
moving in the substrate as a result of collisions with nuclei of
substrate atoms (curve) and with electrons (straight line), as a func-
tion of the square root of the energy of the ions as given by the LSS
model [2], To obtain a result valid for all elements, the ‘reduced’
quantities ¢ and ¢ are used for the path and the energy, respectively.
If the ions have a higher kinetic energy than the threshold value Ej,
the collisions with electrons predominate over those with nuclei.
The slope of the straight line for the collisions with electrons is also
a function of the atomic numbers of the ion and the substrate
atoms. The diagram applies to the implantation of boron in silicon.
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energy greater than E;, at the intersection of the
straight line and the curve, the inelastic collisions,
which cause no damage, therefore predominate. (In
implantations in silicon £ is 17 keV for B* ions,
140 keV for P* ions, 800 keV for As* ions and 2000 keV
for Sb* ions.) This means that with very deep implan-
tations, with ions of high energy, relatively little lat-
tice damage is caused at the substrate surface. Semi-
conductor structures already produced in the sub-
strate should not therefore be damaged by implanta-
tions at greater depth.

How do we obtain ions of high kinetic energy? In
the first place, of course, by increasing the strength of
the electrostatic field, i.e. by increasing the potential
at the ion source. (The substrate is normally at earth
potential.) A higher energy can also be obtained by
using multiply charged ions. A third method is to use
a ‘tandem’ accelerator.

In a tandem accelerator the ion source is at earth potential. Single
negatively charged ions from the source are accelerated and turned
into positively charged ions (possibly multiply charged) in a ‘strip-
per’, consisting of a gas in a cell at positive potential. In this charge
reversal one or more electrons are stripped from the ions by collis-
ions with gas atoms. The positively charged ions then move towards
the substrate, which is at earth potential. Disadvantages of tandem
accelerators are that they have a low ion yield and are more compli-
cated than single-ended accelerators.

The yield of an ion source generally decreases as the
charge of the individual ions increases. Since the use
of multiply charged ions instead of singly charged
ions therefore results in a lower ion-flux density, the
implantation time must be longer to produce a certain
maximum concentration; see fig.1. If deeper and
more highly doped layers are required, implantation
of multiply charged ions may not always be the right
answer. Very deep implantations therefore require a
high accelerating voltage, especially when heavy ions
have to be implanted in heavy substrate material.

At Philips Research Laboratories in Eindhoven an
ion-implantation machine has been developed, inten-
ded not only for research on new IC technologies but
also for other work such as improving the hardness,
wear resistance or corrosion resistance of metal sur-
faces. The high accelerating voltage of the machine,
800 kV, can be made even higher in the future. The
machine was designed with an ‘open’ configuration,
which means that the high-voltage section is not
insulated by a gas (e.g. sulphur hexafluoride) under
pressure in a tank, but is surrounded by atmospheric
air at about 20 °C and .at a relative humidity of less
than 40 %. This makes it possible to change ion
sources quickly. Some of the investigations on the
machine are connected with the selection of ion
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Fig. 8. The hollow-cathode source. Ov oven. A anode. X cathode,
consisting of two parts. The two parts are connected by the filament
Fil. Vm filament voltage. E extraction electrode. I ion-beam
current. The source contains a plasma that protrudes from the
extraction aperture O.

parts of the cathode. A weak magnetic field is applied.
A strong magnetic field is not necessary since the fila-
ment produces many electrons, giving rise to many
ionizations. The anode-cathode voltage is low, about
50V, to keep the anode-cathode current within bounds.
Because of the low anode-cathode voltage the spread
in the ion energy is small.

The versatility of the source makes it particularly
suitable for research applications. There are a few dis-
advantages: the low anode-cathode voltage produces
few doubly charged and multiply charged ions, the
filament has a life of less than 24 hours, and the high
temperatures of the filament and oven can cause un-
wanted reactions.

The Penning source

The Penning source, see fig. 9, does not have the
disadvantages of the hollow-cathode source that re-
sult from the use of a filament. The operation of the
Penning source, which is comparable with the well-
known Penning gauge [7], is based on ionization with
a high electric field-strength. The voltage between the
anode and the cathodes is therefore high, 3 kV, and is
more than enough to generate triply charged and mul-
tiply charged ions. A strong axial magnetic field makes
the electrons move back and forth along helical paths
between the two cathodes. The magnetic field is exci-
ted by a coil (not shown) mounted around the source.

The source is simple and reliable in use, requires
little maintenance, and can produce a high current of
multiply charged ions. It can generate, for example, a
current of 0.1pA of Art* ions. (These ions therefore
have a kinetic energy of 3 MeV at an accelerating vol-
tage of 750 kV at the sample.) A disadvantage is that
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only gaseous elements and compounds can be ionized.
Also, since the ions in the source move in a strong
electrostatic field, their energy varies a great deal at
the extraction aperture, so that the energy spread in
the beam is considerable. If this energy spread is lim-
ited by using a narrow exit slit for the separator, the
ion current is reduced. If a broad exit slit is used, un-
wanted ions pass through and the angular spread of
the ion beam also increases.

K A K E

9_°S+.__.__.___B+_ 0

Fig. 9. The Penning source. The symbols have the same significance
as in fig. 8. This source does not have a filament, but operates with
a strong magnetic field of flux density B.

. The radial Penning source

The radial-extraction Penning source, shown in
fig. 10, does not have the disadvantage of a large
spread in energy because the ions are extracted from
one place in the plasma, where they all have about the
same kinetic energy. Except for the ion extraction, this
source is almost identical with the conventional
Penning source. It has permanent magnets of samar-
ium-cobalt for ease of construction.
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W
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77,
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Fig. 10. The radial-extraction Penning source. The symbols have
the same significance as in figs 8 and 9.
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A disadvantage of this source is that it is necessary
to use a high plasma density, which means that the
anode-cathode current is high. The anode-cathode
voltage associated with this current is about 500 V.
The high current causes sputtering of cathode materi-
al, which means that the cathodes of the source have a
shorter life than the cathodes of the conventional
Penning source. This source is also only suitable for
the ionization of gases, of course.

The sputter source

The sputter source, shown in fig. 11, has the special
feature that it will ionize nearly all conducting solids
whose melting point is not too low, including those
with a very low vapour pressure (and usually a high
melting point), e.g. tungsten and tantalum. This
source also operates with a strong magnetic field; the
anode-cathode voltage is about 180 V. The magnetic
field is excited by a coil and can therefore be varied in
magnitude.

The plasma is formed in argon gas. Ions of this gas
collide with the cathode and sputter the cathode mater-

Fig. 11. The sputter source. The symbols have the same significance
as in figs 8 and 9. The two parts of the cathode are coated with the
element to be jonized.

ial. In the previous source this was a disadvantage,
but here it is useful, because the two parts of the
cathode are coated with the element to be ionized. The
" anode-cathode current must be high: 0.5 A. The ions
formed at the part of the cathode near the extraction
electrode contribute directly to the ion current. The
ions formed at the other part of the cathode contri-
bute much less since they cannot easily pass the
anode. Indirectly, however, this part of the cathode
does contribute to the ion current by generating neut-
ral particles that are ionized 1z ser.

With the sputter source we have obtained currents
of 30 A with Ta* ions, 30 p;!./A with Ta?* ons, 6 pA

{
!
/
j
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with Ta%* ions and 2 pA with Ta** ions. (A current of
1 pA corresponds to 6.25x 1012 singly charged par-
ticles per second.) With other ion sources it is particu-
larly difficult to ionize tantalum.

The microwave source

In the microwave source, shown in fig. 12, energy is
not transferred to the plasma by an electrostatic field
but by a microwave electromagnetic field generated by
a magnetron [81,

The frequency of the microwave circuit, which is
connected to the source by a coaxial line, is tuned to
the cyclotron frequency of the electrons. An equation
for this frequency can be found by substituting
Exin = $m(2nfR)? and z =1 in equation (1):

_ Be
T 2nm

@

The cyclotron frequency is thus the frequency of rota-
tion of the electrons in their helical path in a constant
magnetic field; this frequency is independent of the
kinetic energy of the electrons. If the energy increases,
the radius of the path becomes larger, but the fre-
quency of rotation remains the same.

In our case the frequency of the travelling waves in
the microwave circuit is approximately equal to

gas ===

CX

0

MAGN

- 30kV

Fig. 12. The microwave source. This source is connected by a
coaxial line CX to a magnetron MAGN, which supplies microwave
energy to the plasma in the source. Anf antenna. See the captions to
figs 8 and 9.

71 F. M. Penning, High-vacuum gauges, Philips Tech. Rev. 2,
201-208, 1937.

(81 J. Ishikawa, Y. Takeiri and T. Takagi, Axial magnetic field ex-
traction-type microwave ion source with a permanent magnet,
Rev. Sci. Instrum. 55, 449-456, 1984. :
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Fig. 14. Results of Auger analyses of a copper sample in which alu-
minium has been implanted to improve the corrosion resistance.
After the implantation the sample was subjected to a corrosion test
with HzS gas and humid air. The scales for the concentrations cs,
ccu, o and cay of the four different elements in the sample are not
comparable. The only known value is ¢cy=100% for a depth s
greater than 100 nm. Before the corrosion test the maximum rela-
tive value of ca; was approximately 25 at.%.

High-energy implantations of phosphorus in silicon

In CMOS technology the normal practice for making
‘wells’ in the substrate [?] is to use low-energy ion im-
plantation followed by drive-in annealing. The an-
nealing enables the atoms of the implanted element to
diffuse more deeply into the substrate. Disadvantages
of this procedure are that lateral diffusion occurs, the
heat treatment takes a good deal of time and it is only
possible to obtain profiles whose concentration de-
creases with depth. What are wanted in the substrate,
however, are wells in which the donor or acceptor con-
centration increases with depth, reaches a maximum
and then decreases rapidly. Wells with a concen-
tration profile of this type are called ‘retrograde
wells’ [191, They can be made by means of high-energy
implantations. In CMOS circuits formed from retro-
grade wells the resistivity at the bottom of the wells is
lower, so that there are fewer rejects due to ‘latch-up’
— a kind of short-circuiting caused by the formation
of parasitic thyristors via the substrate.

Almost any shape of concentration profile can be
obtained by combining implantations of different dose
and energy [111, so that the concentration profiles of
the separate implantations are added together. In this
way the particular profiles can be made that will
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ensure the best possible operation of the components
of the integrated circuits. To obtain more information
about such multiple implantations we have carried
out a number of implantations at different energies
and measured the corresponding concentration pro-
files. These were implantations of phosphorus in sili-
con at energies of 200 to 1400 keV, in steps of 200 keV.
Up to 800 keV we used P* ions and above it we used
P** jons. Fig. 15 shows the results. The profiles were
determined by means of the capacitance-voltage (CV)
method [12],

10" cm®
200 400 600 80O 1000 1200 1400 keV
Cp
T 7 016 |
7 015 |
14 | L
10 0 7 2 3um

—» S

Fig. 15. Result of concentration-profile measurements made by the
CV method![12], The concentration cp of phosphorus implanted in
silicon is plotted as a function of the depth s. The different curves
correspond to implantation energies from 200 to 1400 keV. Virtual-
ly any implantation profile can be obtained by combining a number
of these or other curves.

Summary. Since the high-voltage section of the ion-implantation
machine developed at Philips Research Laboratories is not
insulated by gas under pressure in a tank, changing the ion source is
relatively easy. The machine is therefore particularly suitable for
research. The accelerating voltage is high, 800 kV, so that heavy
elements can be implanted in heavy substrates. There are two target
chambers, one designed for treating silicon slices for IC manufac-
ture, the other designed for other samples, including metals.
Implantations in metals can improve properties such as hardness or
resistance to corrosion. The half-width of the beam cross-section
and the location of the pattern of the beam scan on the sample are
evaluated with the aid of a wire frame around the sample; the wire
frame is earthed through a milliammeter. The implantation dose is
measured with a Faraday cup. Five ion sources have been tested:
the hollow-cathode source, the Penning source, the radial-extraction
Penning source, the sputter source and the microwave source.
Some examples are given to demonstrate the usefulness of the
machine: implantation of buried oxygen layers in a silicon slice,
implantation of aluminium to improve the corrosion resistance of
copper, and the determination of a number of concentration pro-
files for phosphorus in silicon at different energies.
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A laser-Doppler displacement meter

R.J. Asjes, C.S. Caspefs and C.H.F. Velzel

In the manufacture of products such as wire, textiles
or paper the moving length of material can be meas-
ured by pressing a runner wheel with a revolution

counter against the surface of the moving material.”

This widely used method has its problems, however.
The runner wheel can easily slip, resulting in an in-
accurate measurement, and the material may be dam-
aged by the wheel, which has to be in contact with it.
At the Philips Centre for Manufacturing Technol-
ogy a displacement meter based on the laser-Doppler
principle has now been developed. The instrument
can be used for measuring displacements of widely di-
verse materials without being in contact with the mat-
erial and with an error of less than 0.2%. Before
looking more closely at the instrument itself, we shall
first touch briefly on the laser-Doppler principle.
When a laser beam is split into two beams that are
made to intersect, an interference pattern is produced
in the intersection volume; see fig. /. This interference
pattern consists of light and dark planes, parallel to
the ‘optical axis’ and perpendicular to the plane of the
drawing. A small particle moving through the inter-
section volume passes through alternate light and
dark planes. When it passes through a light plane it
will scatter light, but not when it passes through a
dark plane. If J is the distance between the successive
light planes, and v, is the velocity of the particle per-
pendicular to the planes, intensity variations in the
scattered light can be observed, with a frequency

Vp

Jo = 5 0]
The principle of a laser-Doppler velocity measure-
ment is that the frequency fp is measured and the
velocity v, is calculated: the distance 6 can be cal-
culated from the geometry of the configuration and

the wavelength of the laser light. '
In the situation shown in fig. 1 the detector has to
have a very wide frequency range, since a high veloc-
ity implies a high frequency and a low velocity a low
frequency. At very low velocities this can present

IrR. J. Asjes, Ing. C. S. Caspers and DrIr C. H. F. Velzel are with
the Philips Centre for Manufacturing Technology (CFT), Eind-
hoven.

problems. The difficulty can be overcome, however,
by arranging for the planes of the interference pattern
to move at a constant velocity »g. If we assume that
the direction of v, is opposite to that of v, then the
frequency of the intensity variations is

vp + g
d

where fy is the modulation frequency observed, vy, is
the velocity of the particle, fp is the Doppler frequen-
cy corresponding to the velocity v, given by Eq. (1),
and f; is the frequency observed when v, = 0. In this
way, intensity variations (at a frequency f;) are also
observed when the particle itself is stationary, as the
interference planes ‘pass over it’. The interference
pattern can be made to move by using a circular grat-
ing as the beam splitter. (The lines of such a grating
are arranged radially around the circumference of a
disc.) If the grating is rotated at a constant angular ve-
locity, the planes in the interference pattern will also
move at a constant velocity [*!. When the interference
planes move in the opposite direction to the particle,
the frequency observed increases in proportion to the
increase in the velocity of the particle. In reality, of

Jon = =/p + /e (2)

Fig. 1. The interference pattern obtained by splitting a laser beam
into two beams and then making them intersect. The pattern con-
sists of light and dark planes perpendicular to the plane through the
two beams. If A is the wavelength of the laser light and ¢ the angle
between either beam and the optical axis, then the distance J be-
tween the two maxima in the interference patternisd = 1/(2 sin ¢).
The length of the interference pattern in the direction of the veloc-
ity and length measurement is 4.
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Fig. 3. Simplified block diagram of the signal-processing electronics, described in the text. fi fre-
quency of the input signal. A preamplifier. F bandpass filter. PS pulse shaper. Mix mixer (here an
exclusive OR gate). S switch. Cap capacitor (integrator). V'CO voltage-controlled oscillator.
Mix, 8, Cap and VCO form the phase-locked loop PLL. Pres circuit for checking whether
the amplitude of the input signal is smaller than the threshold voltage V3. If it is, S is opened.
Contr control circuit for the motor that drives the grating. Vi ¢ reference voltage. M motor for the
grating. T'tachometer. f; frequency of the interference-pattern movement. Ctr difference counter.
latch counter-latching device. fp Doppler frequency corresponding to the velocity vy (given by

Eq. 1). #C microcomputer. Dis display panels
displacement /.

phase-locked loop closed. When the amplitude of the
detector signal falls below a threshold value V4, e.g.
if the signal is interrupted, the switch opens and the
voltage-controlled oscillator continues to oscillate for
about a second. In this way the system is protected
from short interruptions. The input voltage of the
oscillator is compared with a reference voltage Vies;
the difference voltage is used for driving the grating
motor. The effect of this is to limit the frequency of
the detector signal to a band of a few kHz about a
mean value of 455 kHz, which makes the analog part
of the circuit considerably simpler 21, The output
signal of the phase-locked loop consists of pulses at
the frequency fn. The frequency f; at which the inter-
ference pattern moves is obtained from a tachometer
mounted on the shaft of the motor that drives the grat-
ing. The pulse trains from the phase-locked loop and
the tachometer are fed to a latched difference counter.
A microcc;mputer determines the sampling time #
(in our case 1/800 s) in which the frequencies fm
and f; are subtracted one from another. After a
time % the contents of the counter amount to
(fm — fo)t = fp X ;. As this value is latched after each
sampling interval, it is available for the micro-
computer during the next sampling interval. The com-
puter applies a calibrating factor, to give fp X & direct-
ly as the mean velocity over the sampling interval that
has just elapsed. It also counts the successive values of

that display the measured velocity v, and the

Table 1. Some numerical data for the displacement meter. The sym-
bols are explained in figs 1 and 2.

Maximum measurable displacement 16 km
Maximum measurable velocity 12m/s
) 0.02 mm
I 1 mm
I (minimum) 60 mm
Iy (maximum) 75 mm

Jp X ts during a period of time, to give the displace-
ment that has occurred during that time.

It can be shown by error analysis that the inac-
curacy of the result of the measurement is about
0.03% when the velocity of the object is constant 3],
If it is not constant, an absence of signal (e.g. because
of a brief interruption of one of the two light beams)
can introduce an error in the measured displacement.
However, if the signal is present for 90% of the time,
the standard error is still less than 0.2% — much
less than with conventional methods of displacement
measurement. The principal data of the instrument
are listed in Table I.

I8l C. H. F. Velzel, Laser Doppler displacement meter with

controlled grating speed, Proc. Int. Conf. on Optical
techniques in process control, The Hague 1983, pp. 289-294.
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Quantitative measurements by the Schlieren method

G. Prast

In many different areas of technology the tolerances for the dimensions of parts and compo-
nents are very strict. This means that inaccuracy of form and surface roughness must be as low
as possible. Checking workpieces for these requirements can be difficult and sometimes it can
only be done in the laboratory. In production conditions the Schlieren method may provide
the answer. The combination of digital computation with this originally qualitative method
from the last century allows us to use it for quantitative measurements.

Roughness and shape of surfaces

With the growing importance of optics — in the
storage and exchange of digital information, for ex-
ample — optical components such as mirrors and
lenses will make an even greater contribution to Philips
products than in the past. The specifications for the
shape and surface roughness of lenses and mirrors are
extremely demanding. The shape of the aspheric ob-
jective lens in the tracking mechanism of a LaserVision
or Compact Disc system — a lens that can take the
place of a system of four spherical lenses for reading
out the information on a Compact Disc — must not
differ from the standard by more than 0.1pm. Obvi-
ously, it only makes sense to manufacture these ex-
tremely precise optical components if we can find out
whether the product meets the specifications. The
moulds for pressing the lenses can be made with the
COLATH high-precision lathe [1]. The normal practice
so far has been to inspect the optical components
afterwards. A number of optical components are then
assembled to form a unit that must satisfy some easily
checked criteria. This ‘post’-inspection can mean that
the moulds have to be machined once again. It is bet-
ter to have a method that can be used to assess the
quality of the mould when it is being made. If such a
method can also be performed on the lathe itself, any

Ir G. Prast is with Philips Research Laboratories, Eindhoven.

errors can be corrected immediately, without the need
for repeated setting up, which can introduce new er-
rors. Making optical components is only one use of
this high-precision machining technique, of course.
The specifications for the shape and roughness of mach-
ined surfaces for other purposes may be just as strict.
Two types of measurements are widely used for de-
termining the shape and roughness of surfaces: mech-
anical methods and optical methods. In the mechani-
cal methods of measurement a thin stylus is moved at
constant velocity over the surface. During the move-
ment the stylus is pressed lightly against the surface so
that it follows its contours. The movement of the stylus
perpendicular to the surface is measured and gives the
roughness and shape of the surface. The mechanical
methods have their disadvantages: they are time-con-
suming, sensitive to vibrations and cannot be used for
all materials because of the direct contact between sty-
lus and surface. Nor are they very practical for inspec-
tion during production, because the workpiece usual-
ly has to be moved elsewhere for the measurement.
The optical methods of measurement do not have
the disadvantage of direct contact between workpiece
and measuring device. This category includes light-
scattering methods, interference methods and the
Schlieren method. The Schlieren method is an ex-
ample of an originally qualitative method that has since
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o Finally, for the region between CC’ and DD’, where only the
1st-order image passes the knife-edge:

Ecp = Eo[— %kAz sin{w? + kzp + Q2x)],

or Eép = 0 and hence also Icp = 0.
The total intensity of the light that passes the knife-edge is:

I=Ipap + Inc + Icp

Q Q
%[%h—f? +6+f7(1—kAzsinS2x)]E§b

1E§b(£h+¢—fa—z) 1
2 2 ax/)’
from which it appears that the image intensity is indeed
proportional to the gradient in the refractive index in the object,
except for a constant term.

However, if §h+é is smaller than (fQ)/k, then light of the
diffraction image of order —1 does not pass the knife-edge. We
then have AB=0, so that [ys =0 and BC=}h+¢£. The total

intensity is then:
I=Igc =§E§b(-2‘-h+¢’) (1 — kAz sin Qx). (12)

If we define a critical frequency £, for the spatial frequency of the
irregularities on the surface such that light of the image of order — 1
only just fails to pass the knife-edge

Qc = Gk + KIS,

or
Q
k= af
lh+e
Then
2 dz
IBC=;E§b(§h+c— Qfg) (13)

If the spatial frequency of the irregularities € is smaller than 2,
then equation (11) applies and the gradient is proportional to the
intensity of the image. If this condition is satisfied, the three diffrac-
tion images overlap. It is therefore immediately clear that, if the
light source is made larger, the condition for ordinary Schlieren cal-
culations is satisfied up to higher frequencies. The critical frequency
£2.; also increases if £ is made larger. This means that the knife-edge
should be adjusted so that part of the image of order — 1 passes the
knife-edge. If the spatial frequency of the irregularities is greater
than 2, then equation (13) applies. There are still intensity differ-
ences in the image, but these are no longer proportional to the grad-
ient, since they are attenuated by a factor of £,/ with respect to
the gradient.

The distance between the zero-order and 1st-order
diffraction images of the source because of periodic
irregularities in the object is d = (1/w)f, where wis the
period of the irregularity and A the wavelength of the
light. The dimension of the image of the source per-
pendicular to the optical axis is A4, so that the
Schlieren theory applies when A>(A/ w)for w/i > flh.
Irregularities at a small spacing (w small) can be seen
if f/h is small. Unfortunately, this ratio also sets a
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Fig. 5. Principle of the Schlieren microscope. Light from a light
source is projected on to the object O by the lenses L; and Lg, the
diaphragms Dy and D, and the beam-splitter /;. An image of the
source is produced by the objective Lz at the focal plane, where the
knife-edge is located. An image of the object is produced on the
diode array S by lens Ly. The second beam-splitter Ay and the eye-
piece Oc are used for focusing at the object. An auxiliary lens Lg
can be used for focusing at the back focal plane of the objective,
where the diffraction image can be observed together with the knife-
edge.

limit to the sensitivity of the method for determining
the magnitude of the gradient (see equation 2) and we
cannot therefore go on reducing f/A indefinitely.
Practical values in such a measurement are f = 30 mm,
h =3mm. The intensity M, on the screen can be
produced with present-day diode arrays to an accuracy
(AM;,) of 5x107°.The intensity is proportional to
the gradient in the optical path ds,p/dx, which, for
reflecting surfaces, is twice the roughness z/dx on the

surface:
a 2 d
My, = i(ﬂ) = _f<__f_> .
h \ dx

h 0x
The accuracy to which the height differences on the
surface [A(3z/0x)] can be determined is therefore
directly related to the accuracy to which the intensities
can be determined:

z _ h
ax  2f O

0z h

3
= —AM,, = ——5%x10°% =2.5x 10" rad.
ax  2f ST %30 24)

The height differences Az can be found by integrating
the gradient dz/dx in the x-direction over the surface.

i8] These calculations were made by G. Bouwhuis of Philips
Research Laboratories.
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Fig. 6. The knife-edge K, which is connected to the system by a leaf
spring LS, is correctly positioned by energizing a magnet. The

movement takes place in the direction of the edge (y-direction), per-:

pendicular to the optical axis (z-direction) and takes 50 ms. The
edge of the knife is ground to prevent unwanted reflections in the
direction of the diode array.

The inaccuracy of measurements over a distance of
1 um (integration over one diode) is

0z
Az=A (—) Ax.
ax

In integration over a number of diodes the inaccuracy
increases with the square of the number of measured
points (statistically independent measurements), so
that

3
Az = VFA(a—i—) Ax.

Roughness measurements over a distance of 10 pm
can be made to an accuracy of 0.75 nm. In profile
measurements over a distance of 500 nm height dif-
ferences can be determined to an accuracy of 5 nm.

The smallest distance in the object over which full
contrast can be observed is w = (f/#)A = (30/3)0.8um
= 8 um. Since the contrast decreases very slowly with
w, the resolution is of the order of 5 pm.

A Schlieren microscope is illustrated schematically
in fig. 5. The microscope has a conventional illumina-
tion system, consisting of a lamp, two lenses, an
aperture diaphragm and a field diaphragm. The only
difference from a conventional microscope is that the
objective is replaced by an achromatic lens with a
focal length of 30 mm and a numerical aperture of
0.2. This is necessary because it is not possible to
place the knife-edge in the focal plane of a conven-
tional microscope objective. The total magnification
produced by the objective and the second lens of the
imaging system is 13 times. The first beam-splitter,
Hy, is used for illuminating the object, the second
one, Hz, is required for viewing the image through an

G. PRAST
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eyepiece and for focusing the microscope on the
object. Since an experiment consists of four measure-
ments, two with the knife-edge and two without it, it
must be possible to reposition the knife-edge at
exactly the same place after it has been removed from
the microscope. The light intensity is measured to an
accuracy of 0.1%, so that the reproducibility of the
position of the knife-edge must also be 0.1%. This
means that the position of the knife-edge must be ad-
justable within 1 um of the optical axis, i.e. 0.1% of
the dimension of the image of the source. The design
of the knife-edge can be seen in fig. 6. It is attached to
the optical system by two screws and a leaf spring.
This meets the requirement that the knife-edge must

20nmy
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Fig. 7. a) A measurement of the height differences (2) of a highly
polished surface as a function of position (x) on a line across the
surface. The two curves represent two measurements made with the
Schlieren microscope along the same line on the surface. In this
case the surface asperities are of interest. The results of the meas-
urements are digitally filtered with a highpass filter. This means that
height variations of long wavelength (profiles) cannot be accurately
reproduced. This appears from the fact that the two curves do not
coincide, whereas small variations (roughness) in the two curves are
indicated in the same way. b) A measurement of the height
differences (z) on a surface that has been machined on a high-
precision lathe by a diamond tool of radius 1 mm. This operation
produces a pattern of grooves on the surface (see insef), with a pitch
of 20 um. The sharp edges found in such patterns are not visible
because a lowpass filter cuts off the high spatial frequencies in these
measurements.
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always coincide with the optical axis to an accuracy of
better than 1 pm.

The optical system alone as described above is not
sufficient for making quantitative measurements. The
light intensities are determined by a linear array of
1024 diodes, with a dynamic range better than 0.1%.
The measured values are converted by an analog/digi-
tal converter into words of 10 bits and stored in the
memory of a microcomputer. The microcomputer
controls the measurements, checks the state of the
components of the system and performs simple arith-
metical operafions (e.g. averaging). The actual calcu-
lations, the conversion of light intensities into grad-
ients and height differences, and the numerical pro-
cessing of the profile data, e.g. filtering or the deter-
mination of autocorrelation diagrams or Fourier spec-
tra of the profile, is performed on a minicomputer.
Fig. 7 gives two examples of results obtained with the
Schlieren microscope. Fig. 7a shows the roughness of
a very smoothly polished surface, and fig. 7 the pat-
tern of grooves produced on a surface by a tool in a
high-precision lathe.
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The employment of the Schlieren method in a
microscope is only one of the possible applications.
Similar methods (e.g. the Foucault method) can be
used for quantitative measurements in the same way
as described above. The method can also prove useful
in cases where it is necessary to determine whether
products meet certain criteria. In such a situation a
perfect workpiece can be used as a reference surface.
Any variations from the standard can then be immed-
iately identified.

Summary. The Schlieren method, originally only used as a qualita-
tive method for displaying the presence of gradients in therefractive
index of transparent objects, is used for determining the shape and
roughness of surfaces. A gradient in the refractive index is made
visible by screening off a part of a light beam incident on an object.
Accurate diodes for measuring the light intensity and the use of
computers now make it possible to employ this method for quanti-
tative determinations as well. The optical components do not have
to satisfy any special conditions. Differential measurements are
used, to correct for any imperfection in these components. The
principle of the method has been successfully applied in a micro-
scope. It is easy to use and insensitive to vibration, and therefore
suitable for use in production conditions.
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HD-MAC: a step forward in the evolution
of television technology

M. J. J. C. Annegarn, J. P. Arragon, G. de Haan,
J. H. C. van Heuven and R. N. Jackson

The first experiments with television were made about a hundred years ago, and were mainly
based on mechanical devices such as the Nipkow disc. Then in the thirties of this century
purely electronic solutions became available for all the elementary problems of image transfer.
From that time, in its triumphal progress, television has marched on, and on. Now there are
some 500000000 television receivers throughout the world. Yet the end of the road is still over
the horizon: with broadcasting satellites, chips and advanced signal-processing methods, new
perspectives have opened before us — literally and figuratively. From a purely technical point
of view the possibilities for the future seem to be virtually unbounded. However, for quite
other reasons (economic ones especially) it is vitally important that the development should be
evolutionary rather than revolutionary. In the article below a new television system of such an

evolutionary nature is described.

Introduction

A map of the world showing the television system
used in each country looks something like a patchwork
quilt. To start with, some systems have 30 pictures
(frames) per second, with 525 lines per picture, where-
as others have 25 pictures per second, with 625 lines
per picture. Then there are three different standards at
present for transmitting colour pictures: NTSC, PAL
and SECAM. Recently, for use in television broad-
casting satellites and cable systems, a ‘family’ of
MAC systems (MAC stands for Multiplexed Analog
Components) has been added [*1. There are also many
smaller differences, e.g. in the methods used for in-
cluding the sound, for encoding the stereo sound
information and for handling teletext and videotex.
Clearly, in spite of all the international agreements
and recommendations, the situation is very varied,

IrM. J. J. C. Annegarn and Ir G. de Haan are with Philips Research
Laboratories, Eindhoven; J. P. Arragon, Ingénieur I.S.E. P., is with
Laboratoires d’Electronique et de Physique Appliquée (LEP),
Limeil-Brévannes, France; Ir J. H. C. van Heuven is with the
Consumer Electronics Division, Philips NPB, Eindhoven and R. N.
Jackson, F.I.LE.E., is with Philips Research Laboratories (PRL),
Redhill, Surrey, England.

and this is far from ideal. The undesirable conse-
quences of this are becoming more and more noticeable
as the exchange of picture information by electronic
methods becomes more common. Although conver-
sion of one type of television signal into another is
always possible in principle (and is often used in
practice), complicated professional equipment is
generally required, and loss of quality cannot always
be avoided.

But another, and in fact more fundamental, criti-
cism can be made of the situation just described. Tele-
vision is sometimes called ‘the window on the world’.
However, it is a very small window giving only a
limited experience of reality. It can ‘-be shown that
larger, sharper pictures greatly improve the viewing
experience — with a difference that is of the same
order of magnitude as was the addition of colour to
monochrome TV. Unfortunately the existing TV sys-
tems were not designed for producing adequate pic-

(11 H. Mertens and D. Wood, Standards proposed by the EBU
for satellite broadcasting and cable distribution, J. IERE 56,
53-61, 1986.
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ture quality when used with large-screen displays.
What is needed, therefore, is a new and improved tele-
vision signal that satisfies a ‘high-definition’ broadcast
standard and is known as an HDTV broadcast signal.

There is yet another important point: much of the
picture material intended for transmission by televi-
sion is initially recorded (‘produced’) on photographic
film, because the quality on film is superior to that of
the present television standards. It will only be pos-
sible to change this situation by using a considerably
improved and as yet not agreed (electronic) ‘high-
definition’ production standard.

There is therefore a clear need for a new television
standard that will make HDTV possible, and it is most
important to achieve the best possible world-wide
consensus here. However, it is at present a matter of
debate whether the HDTYV broadcast standard should
in fact be exactly the same as the HDTV production
standard, in spite of the close relationships between
the two. For an HDTV broadcast standard it is impor-
tant that the vast quantities of existing consumer
equipment should not suddenly be made obsolete:
existing equipment must be capable of processing any
improved signals to give the quality now attainable.
In other words, this standard should permit a gradual
(‘evolutionary’) progress towards equipment with im-
proved picture quality 21 (3], This could perhaps imply
that a single world standard for HDTV broadcasting
might not be sufficient: for example in relation to the
picture frequency it might be better to consciously
retain the existing 25-Hz/30-Hz frontier. The HDTV
production standard, on the other hand, should be so
universal that it will permit conversion without loss of
picture quality to any other existing standard (thus in-
cluding any accepted HDTYV broadcast standard).

In this article we should like to show, as an example,
how an HDTYV broadcast standard could be based on
the standardized MAC family. First, however, we
shall pause briefly to look at HDTV in general. Next,
we shall give a short description of the existing MAC
family, which we shall usually call the ‘MAC/packet’
system from now on. The remaining — and longest —
part of this article will be devoted to the equipment
and the special signal-processing operations that are
required to obtain the desired high-definition quality
with this system.

High-definition television (HDTYV)

The term ‘high-definition television’ is not new; it
was used some fifty years ago by a British government
committee to refer to all television systems that used
more than 240 lines. Today we take it to mean some-
thing quite different. HDTV means satisfying the need

Philips Tech. Rev. 43, No. 8

for an enhanced viewing experience by providing
large, high-quality pictures. To do this we must im-
prove present television quality in the following res-
pects:

e an improvement in the resolution in the vertical and
horizontal directions by a factor of about two;

o suppression of the undesirable interaction between

. chrominance and luminance information (‘cross-

colour’ and ‘cross-luminance’);

e an increase in the aspect ratio (this is the ratio of
picture width to picture height, and is now 4:3) to
16:9 to give greater compatibility with cine images
and the characteristics of the human eye;

¢ stereophonic sound with ‘hi-fi’ quality.
Experiments have shown that the first two improve-
ments allow a considerably larger picture to be used
for the display, and in combination with the change in
aspect ratio this gives a greater involvement of the
viewer. None of the three older colour-television stan-
dards PAL, NTSC and SECAM is suitable for the full
attainment of the above improvements. Fortunately,
however, this does seem to be possible within the
newer MAC television standard. This opens the way
for a gradual transition to HDTYV, with existing equip-
ment remaining fully serviceable and providing the
quality for which it was originally designed [41,

Multiplexed Analog Components (MAC)

With the prospect of geostationary terrestrial satel-
lites as ‘suspended’ television transmitters, which
transmit the signal directly to the individual television
viewers (‘direct-broadcasting satellites’), the need
arose a few years ago for a new television broadcast
standard. As far back as 1977 international agree-
ments were concluded at the World Administrative
Radio Conference (WARC) about the available fre-
quency band and the permitted signal level for each
television channel. The European countries were each
allocated five channels with a bandwidth of 27 MHz
in the frequency range around 12 GHz. For these
channels, mainly because of the maximum permissible
transmitted power, frequency modulation (FM) is the
best modulation method. This means, however, that
the noise appearing on reception has the character-
istic triangular spectral shape associated with FM, so
that the noise power increases linearly with the fre-
quency. In the existing PAL/NTSC/SECAM systems,
however, it is the higher frequencies that carry the
chrominance and sound information, so that these are
relatively the most affected by this FM noise (fig. 1).

Quite apart from this, the long range of satellite
transmitters creates almost automatically a need for
more sound channels and more arrangements for sub-
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' titling than exist in conventional transmitters. More-
over, it is highly desirable to be able to ‘encode’ televi-
sion signals in a simple and reliable way so that certain
programmes can only be obtained after extra payment
(pay TV and subscriber TV). A solution for all these
problems and special features has been found in the
form of the MAC/packet system. This system has the
same scanning structure as conventional TV systems,
i.e. 625 lines per picture, 25 pictures per second and
2:1 interlacing (°!, The most fundamental character-
istic of a MAC television signal, however, is that all
the types of information — such as luminance, chrom-
inance and sound — occur alternately (in ‘time-divi-
sion multiplex’) and only become simultaneously
available again on display. To make this possible the
conventional luminance signal Y and the conven-

’?

Fig. 1. General diagram of the frequency spectrum P of a colour-
television signal in one of the current systems PAL, NTSC and
SECAM. Y luminance information. C colour information. S sound
information. N triangular noise resulting from frequency modul-
ation. f1, f2 subcarrier frequencies for C and § respectively.
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Fig. 2. In the MAC system each line period of 64 us contains one of
the two colour-difference signals U or ¥ and the luminance signal Y
in a compressed form, one after the other. Two combinations of
compression factors are possible: a) 3 and 3/2, or b) 5 and 5/4. The
rest of the line period (the flyback time D) is used for sound signals,
synchronization signals, etc.

751bits
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37 720

Fig. 3. The sound and other digital information are included in the
MAC signal as packets of 751 blts, w1th 720 bits representmg actual
information. The bit rate is 10} or 20; MHz. One packet is distri-
buted over about 8 or about 4 line-flyback times respectively.
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tional chrominance signals U and V are compressed in
time, so that they then fit together, one after the other,
into the same time interval as before (‘the line period’;
fig. 2). Each line period, moreover, contains only U
or ¥, in alternate sequence. Because of the time com-
pression the bandwidth increases proportionately. Two
possible combinations of compression factors have
been selected: a compression factor of 3/2 for ¥ com-
bined with a compression factor of 3 for Uand Vora
factor of 5/4 for Y and a factor of 5 for U and V, In
this latter case, a greater bandwidth for the Y infor-
mation is available for a given bandwidth of the com-
pressed signal, at the expense of a reduced bandwidth
for Uand V.

One of the great advantages of a MAC television
signal is that in principle there is now no question of
cross-colour and cross-luminance, because luminance
information and chrominance information are no
longer present simultaneously in the signal. Moreover,
it is also easier to take advantage of the full band-
width of the luminance and chrominance signals after
reception, so that a MAC signal alone (i.e. without
specific HDTV measures) can give a better picture
quality than existing systems.

During each line period (in the line-flyback time)
there is also room for sound information (4 to 8 mono
channels), synchronization and various forms of
digital information (‘data’). The sound is digitally
encoded to ‘hi-fi’ quality. The sound and the data
are divided up into ‘packets’ (whence the name
MAC/packet system) of 751 bits. Of these, 31 bits re-
present auxiliary information (the opening or ‘header’)
and the remaining 720 bits serve as the actual infor-
mation (see fig. 3). The header mainly indicates the
kind of information transmitted in the packet. Each
packet extends over more than one line-fiyback time.
In the field-flyback times more space is reserved for

21 H. Mertens, The future evolution of broadcasting standards
(The 1984 Shoenberg Memorial Lecture of the Royal Tele-
vision Society), Television (J.R. Relev. Soc.) 22, 4-12, 1985;
C. J. van der Klugt, New television standards: revolution or
evolution (The 1985 Shoenberg Memorial Lecture of the Royal
Television Society), Television (J.R. Telev. Soc.) 23, 6-12, 1986.

(81 ¢, P. Sandbank and I. Childs, The evolution towards high-
definition television, Proc. IEEE 73, 638-645, 1985.

41 M. J. J. C. Annegarn, J. P. Arragon and R. N. Jackson, High
definition MAC: the compatible route to HDTV, paper pre-
sented at the International Broadcasting Convention, Brighton
1986;

G. M. X. Fernando and D. W, Parker, Improved dlsplay con-
version for high definition MAC, paper presented at the Inter-
national Broadcasting Convention, Brighton 1986;

G. de Haan and W. Crooymans, Subsampling techniques for
high definition MAC, paper presented at the International
Broadcasting Convention, Brighton 1986;

_F. Fonsalas and J. Y. Lejard, A method for chrominance con-
tour enhancement applied to HD-MAC television pictures,
paper presented at the International Broadcasting Convention,
Brighton 1986.

81 A similar system also exists for 525 lines per picture and 30 plc-
tures per second.
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other extra information (such as teletext and subtitles)
and — perhaps at least as important — information
about the precise way in which the MAC signal has
been built up from various signal components (fig. 4).
For example, in addition to the conventional aspect
ratio of 4:3 an aspect ratio of 16:9 is permitted in the
MAC/packet system. Since this is possible with each
.of the two combinations of time-compression factors
mentioned earlier, there are already a total of four
different kinds of picture coding in the MAC/packet
system. The extra information transmitted creates a
large measure of flexibility, which at the same time
opens the way for a gradual evolution to HDTV dis-
play of suitably encoded MAC/packet signals. This
will be explained further in the following section.

tine 1 «——start of first packet
line 2
sound and data (99 bits) vision signal
t
i \%\— line sync word (6 bits) i ,
Lo i :
b | !
]
(A end of last packet (no. 82) '
line 623 4 spare (95 bits) -
line 624 «.—— spare (67 bits) % (3g/gﬂ5} RS
. clock runin frame sync word
line625 | “y3apits) " (64 bits) _’}‘_ SID—

CM = clamp marker
RS = reference signals
SID = service identification data

Fig. 4. General arrangement of a complete frame for a member of
the MAC/packet family (‘D2-MAC’), corresponding to a complete
television picture of 625 lines. The intervals that correspond to one
line period are shown here one above the other; in fact the picture
information occupies about 5/6 of the line period (see fig. 2).

High-Definition MAC (HD-MAC)

A schematic, but almost self-explanatory presenta-
tion of the possibilities of the MAC signal standard
can be found in fig. 5. Fig. 5a shows a simple MAC
television system. A television picture, consisting of
625 lines per_ picture, with 2:1 interlacing, 50 fields
(rasters) per second, a bandwidth of about 5 MHz for
‘the luminance signal and an aspect ratio of 4:3, is gen-
erated in a camera. The signals pass through a MAC
encoder, a standard MAC channel (e.g. a broadcast
satellite) and a MAC decoder, to produce eventually a
good picture on a standard receiver. Fig. 5b shows an
HDTYV system in which the same standard MAC chan-
nel is used. At the transmitting end, however, an
HDTYV camera is now used, with 1250 lines per pic-
ture, 2:1 interlacing, 50 fields per second, a Y band-
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width of 20 MHz and an aspect ratio of 16:9. A signal
that can be transmitted via the standard channel is
derived from the camera via an HD-MAC encoder. At
the receiving end a picture of HDTV quality can be
displayed with the aid of a special HD-MAC decoder
and a special receiver; the signal that originates from
the standard MAC channel can however also be pro-
cessed to give the conventional quality by standard
MAC equipment. Fig. 5b shows clearly the ‘down-
ward compatibility’ of the HD-MAC approach. The
key to proper operation is to be found in the special
HD-MAC encoder and decoder. In the following sec-
tions we shall therefore look more closely at these cir-
cuits and the signal-processing theory on which they
are based.

Television signal processing

The essence of generating a television signal is the
conversion of an image, generally moving, into an
electrical signal. For the moment we shall confine our-
selves to the luminance information from the picture,
which in both monochrome and colour television is
represented by a single signal s(#).

The picture is usually considered as an intensity
function I(x,y,t), where x is an independent variable
in the horizontal direction, y is an independent
variable in the vertical direction and ¢ is time. The con-
version of I(x,y,?) into s(f) is made by means of a line
scan, in much the same way as our eyes scan when we
read the successive pages of a book. In the acquisition
of the image (and later when it is displayed) this scan
corresponds essentially to a discretization of the vari-
ables y and ¢, or in other words, to a double ‘sam-
pling’ by vertical position and time. This leads to cer-
tain peculiarities that are not fully taken into account
in existing television systems. The subdivision of a
picture into horizontal lines, for example, means that
the television camera cannot distinguish between a
uniform white surface and a fine pattern of horizontal
black and white lines if it so happens that only the
white lines are scanned. Also, the subdivision of a
moving scene into a series of successive separate im-
ages means that changes that occur in the interval be-
tween two images are not observed, whereas certain
parts of stationary images tend to show a periodically
varying intensity on display (‘large-area flicker’). By
taking better account of the peculiarities of the
scanning process a considerable improvement in the
picture quality of television can be obtained (61 we
shall describe this in the section ‘Improvement of the
resolution in the vertical direction’.

As long as most of the signal processing in televi-
sion is ‘analog’, there is no discretization or sampling
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in the x-direction. As soon as analog-to-digital con-
version comes into play, there is sampling in that
direction as well. Then, if the sampling theorem is not
satisfied, we run into the danger of certain additional
unwanted effects occurring. However, by deliberately
applying ‘sub-Nyquist sampling’, we can again obtain
a considerable improvement in picture quality, par-
ticularly for stationary images, at practically the same
sampling rate. We shall consider this more closely in
the section ‘Improvement of the resolution in the
horizontal direction’.

standard TV
camera MAC MAC
> —> 625/2:1/50
625/2:1/50 encoder —L'mjﬁQﬁ;ﬂ TE> | decoder ) /
SMHz 43 S5MHz [4:3
a
HDTY
HD-MAC
A7 | gecoder || 1250/2:1/50
DTy 20 MHz[16:9
camera HD-MAC
1250/2:1{50 encoder | T > i\
20MHz[16: 9 v
NN dMAg L »| 625/2:1/50
ecoaer 5MHz[4:3
b
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To describe the various types of signal processing of
images and their consequences, we can make good use
of the concept of frequency. However, there are now
three kinds of frequencies. First of all, there is the ver-
tical frequency fy, which we express in cycles per Dpic-
ture height or c/ph and the horizontal frequency Jrs
which we express in cycles per picture width or c/pw.
In addition to these there is the temporal frequency £;,
expressed in Hz, which indicates how fast the image
intensity changes as a function of time. We can illus-
trate the concepts of horizontal and vertical frequency

Fig. 5. a) With standard equipment for encoding and decoding MAC signals good television
quality can be obtained via broadcasting satellites. 4) By using an HDTV camera and an
HD-MAC encoder at the transmitting end it is possible — depending on the receiving equipment —
to obtain both a standard-quality display and the much better ‘high-definition’ quality.

fe [clpw]

f)’
[clph] '

|

Fig. 6. The concepts of ‘horizontal frequency’ f; and ‘vertical fre-
quency’ f,, expressed in number of cycles per picture width (c/pw)
and number of cycles per picture height (c¢/ph) can easily be recog-
nized from these simple stationary images. For simplicity the sinu-
soidal variation in luminance between maximum white and maxi-
mum black is replaced here by a stepwise variation.

with the aid of a number of stationary images (so that
J: = 0); see fig. 6. Until further notice we shall limit
our considerations mainly to stationary and — as we
stated earlier — monochrome images.

Television signal spectra

The concept of ‘sampling’ is of central importance’
in a detailed analysis of signal processing in television.
The sampling theorem for simple one-dimensional
signals (such as a mono audio signal) is well known:
no information is lost on sampling provided that the
sampling frequency is at least twice that of the highest

[61 B, Wendland, High definition television studies on compatible
basis with present standards, in: Television technology in the
80’s, SMPTE, New York 1981, pp. 151-165;

B. Wendland, Extended definition television with high picture
quality, SMPTE J. 92, 1028-1035, 1983;

G. J. Tonge, The television scanning process, SMPTE J. 93,
657-666, 1984, :
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frequency in the sampled signal. The spectrum of the
sampled signal then consists of an infinitely extending
periodic repetition of the original signal spectrum.
The original signal can be reconstructed exactly from
this with an ideal lowpass filter LP. This is illustrated
in fig. 7a and b. Fig. 7c shows a situation in which the
sampling theorem is not satisfied; now aliasing or
folding distortion occurs and the original signal can-
not be reconstructed. It is also interesting to note here
that a shift in the sampling times by half the sampling
interval (fig. 7d) multiplies alternate periodic repeti-
tions by a factor of —1. By adding S1*(f) and S2*(f)
from fig. 7c and d we can however recover S*(f) from
fig. 7b exactly, without aliasing. This is because

s*(f) = s1*(0) + s2*(0),
and therefore
S*(f) = S1*(f) + S2*(f)-

The same principle can be very usefully applied in tele-
vision. However, things are rather more complicated
because we are dealing with three frequencies, f, fy
and f;. These frequencies can be plotted along three
axes perpendicular to one another. Any moving scene
can thus be represented as a three-dimensional body
(a ‘three-dimensional spectrum’) located around the
origin (fig. 8a). The bounding planes of this body in-
dicate the limiting values which we wish to consider
for each of the three frequencies. A stationary image
with limited detail, for example, is characterized by a
finite part of the (f;,f;)-plane, and a moving image
that only consists of infinitely long vertical lines is
bounded by the (f., f)-plane. The different stages in
the processing of television signals can now be clearly
demonstrated within this context:

« Scanning in a horizontal line pattern is sampling in
the vertical direction and gives a periodic repetition
of the spectrum along the f;-axis, with a period pro-
portional to the number of lines f,.

o Breaking a scene down into successive images is
sampling in time and gives a periodic repetition of the
spectrum along the f;-axis, with a period proportional
to the picture frequency f.

« Any analog-to-digital conversion leads to repetition
of the spectrum along the f.-axis, with the period
determined by the number of samples on each line.
If more than one of these three types of sampling
occur at the same time, then there is periodic repeti-
tion of the spectrum in more than one direction, of
course; see fig. 8b. In each of these spectral repetitions
aliasing can arise (especially in the fy- and fy-direc-
tions) and this degrades the final picture. If there was
no kind of aliasing at all on display, and all the
periodic spectral repetitions could be completely re-
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moved, then we would be able to recover the original
scene absolutely faithfully without line structure or
flicker, for example. The objective in HDTV is to
approach this situation as closely as possible. Here we
make extensive use of operations that we can charac-
terize as manipulations of the spectrum — especially

s(t) S(f)
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Fig. 7. a) Analog signal s(f) and the associated frequency spectrum -
S(f). b) After sampling the signal s*(¢) is obtained with frequency
spectrum S*(f). If the sampling theorem is satisfied, the original
signal s(f) can be reconstructed with an ideal lowpass filter LP.
¢) and d) If the sampling theorem is not satisfied, there is aliasing in
the frequency spectrum: parts of the spectrum overlap. By adding
Si1*(f) and S2*(f), however, S*(f) can be recovered accurately.

as filtering. Therefore it is useful to distinguish be-
tween a number of types of filtering, and we should
remember that filtering (in the classical sense as well)
amounts to the combination (e.g. averaging) of the
information from a number of different pixels. If we
only combine pixels on the same line, we refer to sori-
zontal filtering. We can represent this in the (f, /5, /2)-
space by means of planes that are parallel to the
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Improvement of the resolution in the vertical direction

It has been known since 1934 [7! that a television
picture built up from horizontal lines has a much
worse resolution in the vertical direction than might at
first sight be expected. For example, it has been found
from subjective tests that with 100 scanning lines a
scene consisting of a maximum of 32 black horizontal
lines and 32 white horizontal lines (and not the ex-
pected 2 X 50 lines) can be displayed successfully. This
loss of ‘sharpness’ in the vertical direction we call the
‘Kell effect’. It can be expressed by the ‘Kell factor’,
which can vary from 0.5 to 0.7 depending on various
circumstances. If the Kell factor could be made equal
to 1, it would be possible to achieve a considerable
improvement in the quality of the existing television
pictures and hence make a significant step in the direc-
tion of HDTV. What exactly causes the Kell effect? Let
us look at the spectrum in the (£, f;)-plane of a tele-
vision image consisting of f, = 625 lines, which are
scanned sequentially at a picture frequency of 50 Hz.
This spectrum looks like the diagram of fig. 10a.

It can happen that in considering vertical frequencies account is
only taken of the number of active lines instead of the total number
of lines in the picture, as we shall usually do in this article. In a sys-
tem with 625 lines, for example, the number of active lines is 575;
the change to this other approach means that all vertical frequencies
should be multiplied by a constant factor of 575/625 = 0.92.

In yet another approach reference is made to the number of pixels
Ny that can be distinguished in the vertical direction; this number
corresponds to twice the highest possible vertical frequency /5, max
that can be displayed with the given number of active lines Nac:. In
the most favourable case (Kell factor = 1):

f:v,max = Nacxlz
and therefore
NV = Nact-

In general, however, Ny will have a smaller value.

In scanning, interlacing is generally used, to limit
the bandwidth of the final television signal. This gives
a spectrum like the one shown in fig. 10b. In both
cases the frequencies that can be observed with the
human eye fall within the dashed circle drawn around
the origin O. We therefore ‘see’ not only the desired
spectrum (centred on O), but also parts of the spectral
repetitions around the points 4, B and C. The spectra
around A4 give rise to large-area flicker; the spectra
around B are responsible for the visiblity of the (static)
line structure and the spectra around C lead to line
flicker and an apparent vertical movement of the line
structure (line crawl). And in fact the situation is
worse than it appears from fig. 10. In the television
pictures now generally used the original spectrum
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extends beyond 312} c/ph in the vertical direction.
This means that the ‘repeat spectra’ also overlap and
therefore give rise to aliasing. It is in fact these spec-
tral repetitions and aliasing in the vertical direction
that cause the Kell effect. (In passing, we should men-
tion that for very rapidly changing images comparable

VA AV NUA
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Fig. 10. a) Cross-section at fy = 0 of the three-dimensional spec-
trum of a television signal that has been built up from 625 lines per
picture and 50 pictures per second (without interlacing). b) As in (@)
but now with 2:1 interlacing; there are now 50 fields and 25 com-
plete pictures per second. The spectrum of the original scene is con-
centrated around the origin O; the spectral repetitions at A cause
large-area flicker, the ones at B are responsible for the visibility of
the (static) line structure and those at C lead to line flicker and an
apparent movement of the line pattern. The dashed circles give a
rough indication of the limits of perception of the human eye under
normal viewing conditions.

effects arise in the fi-direction; however, these are
much less of a nuisance.)

By starting with a camera with 2, lines instead of
the usual number f,, but still with 2:1 interlacing and
using a number of processing operations, we can ob-
tain a very interesting television signal with f, lines
and 2:1 interlacing. This signal has no vertical aliasing
and can be transmitted and displayed with standard
equipment for f; lines. Yet the quality of the displayed
picture is improved, because some of the Kell effect
has been eliminated. However, the same signal can
also be used, after a number of additional processing
operations in the receiver, for display with 2f, lines,
and then the Kell effect can be completely eliminated.

The successive stages in this process are shown in
the block diagram of fig. 11 and the spectra of fig. 12
for a system starting with a camera signal with 1250
lines, 2:1 interlacing and a field frequency of 50 Hz
(designated as 1250/2:1/50 for brevity). With the aid
of a number of memories a non-interlaced (i.e.
‘sequential’) signal with 1250 lines is first generated
from this in a ‘scan converter’. In this conversion

17 R, D. Kell, A. V. Bedford and M. A, Trainer, An experimental
television system, Proc. I.R.E. 22, 1246-1265, 1934.
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Fig. 11. By starting from a television signal of type 1250/2:1/50, followed by scan conversion
(changing from an interlaced picture to a sequential one), vertical filtering, decimation (halving
the number of lines) and then interlacing again a signal of type 625/2:1/50 can be obtained in
which there is no aliasing in the vertical direction. This signal can be displayed on a standard tele-
vision set. However, by carrying out a number of operations complementary to the ones we have
just mentioned, it is possible to obtain another signal of type 1250/2:1/50 that is completely free
from Kell effects and therefore represents a considerable improvement in quality. The spectra of

the signals a, b, ...

are shown in fig. 12.
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Fig. 12, Two-dimensional spectra in the (f:, fy)-plane at various points in the block diagram of

fig. 11. The letters a, b, .

. correspond in these two figures. (In this figure the limits of human
visual perception appear as an ellipse instead of a c1rcle as a result of the altered scale division in
the vertical direction.)
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something similar takes place to what we saw for one-
dimensional spectra in fig. 7: by combining two dis-
crete signals — representing odd fields and even fields
respectively — that contain essentially the same infor-
mation, certain spectral repetitions (at least for sta-
tionary images) can completely compensate one an-
other. Next, the original spectrum is limited to fre-
quencies below 312% c/ph by purely vertical filtering.
After this the number of lines can be reduced to 625 by
simply omitting every other line (625/1:1/50). From
this sequential signal an interlaced signal can be ob-
tained (625/2:1/50) that is compatible with conven-
tional television signals. Because of the vertical filter-

ing there is no longer any aliasing in this signal in the
' JSy-direction, but there are still vertical spectral repeti-
tions within the perceptual range of the eye (dashed
ellipse).

In the form now reached the signal can be trans-
mitted or stored by all the conventional methods. For
optimum display we carry out the following extra
operations. First we go from an interlaced signal
(625/2:1/50) to a sequential signal (625/1:1/50). Then,
with the aid of a vertical ‘interpolating’ filter 8], we
produce in two steps a sequential signal with twice the
number of lines (1250/1:1/50) and from which half
of the total of spectral repetitions are removed. Fin-
ally, we derive an interlaced signal again from this
(1250/2:1/50). Because of the interlacing new spectral
repetitions appear, but these contain no purely ver-
tical frequencies. There are now no spectral repeti-
tions or overlaps in the vertical direction within the
perceptual range of the eye: the Kell effect has there-
fore been eliminated. '

Improvement of the resolution in the horizontal
direction

In the standard MAC/packet system the complete
television signal after time compression: (and hence
before the FM processing) can have a bandwidth of
about 8.4 MHz. We should now like to concentrate
our attention on systems with a time-compres-
sion factor of 5/4 for the luminance signal; this
means that before time compression a bandwidth of
4/5x 8.4 MHz =~ 6.75 MHz is available. How can we
obtain from this the best possible resolution in the
horizontal direction? Let us consider a television sig-
nal of the type 625/2:1/50. To permit the time com-
pression to be carried out this signal is sampled; a pos-
sibility for this is indicated in fig. 13a (crosses for the
even fields and squares for the odd fields); if (as here)
the pixels to be sampled are in a rectangular pattern in
each field, this is called ‘orthogonal sampling’. For sta-
tionary images we can combine the samples from dif-
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ferent fields with one another in the receiver and hence
halve the actual vertical distance between the samples.
We can now use the (f%,.f))-plane to express the
maximum resolution in both horizontal and vertical
direction: this is exactly equal to the maximum fre-
quency range to which we have to limit the spectrum
of the television signal if we wish to avoid aliasing as a
result of spectral repetitions. (Strictly speaking, we
are of course dealing with a three-dimensional spec-
trum [®! again; but now we are confining ourselves to
the plane f; = 0.) We consider a picture of height A
and width w. At a line spacing (within one field) of Ay
and a horizontal spacing of Ax between the samples
we find that the maximum resolution for stationary
images is given by a rectangle of height 2A/Ay and
width w/Ax around the origin (fig. 135). In the display
of moving images, we cannot simply combine samples
from different fields with one another, since we then
get movement blur. This means that without special
measures the maximum resolution in the vertical direc-
tion for moving images is Vonly half that for stationary
images. (See also the section ‘Moving images’.)

-w/[24x.

|
I
1
x
x
x
x

00 100 NN G

x = samples in field 2n
o = samples in field 2n+1
g b

Fig. 13. a) Orthogonal sampling of a television picture. The crosses
represent the samples taken in an even field and the squares repre-
sent the samples taken from the odd fields. The relative line spacing
within one field is Ay/h and the relative horizontal spacing is Ax/w,
where & and w represent the height and width of the picture respec-
tively. ) The maximum attainable resolution can be indicated in
the (fx,fy)-plane. It corresponds to the maximum dimensions of the
region in which we can prevent aliasing by performing the appro-
priate operations. Since image signals from successive fields can be
combined for stationary images, the resolution in the vertical direc-
tion in this case (////) is twice as large as for moving images (\\\\).

There is of course a very direct relation between the horizontal
sampling distance and the sampling rate 1/t (in Hz) used in taking
the samples. This is

¥ (elpw) & & [Ha.
Ax T

We can therefore think of the f;-axis as having a scale in hertz. This
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can sometimes be extremely useful: for example a horizontal low-
pass filter with a passband up to K/7 (in Hz) has — expressed in
another way — a passband up to Kw/Ax (in c/pw).

In some treatments the starting point is not the total picture
height 4 and total picture width w, but only the active portion of
the picture is considered (i.e. excluding the flyback times). We have
already come across this for the vertical direction in the small print
of p. 8. By analogy with the concept of active lines we can also refer
to the active picture width wac: and relate the horizontal frequency
to this. Such an approach is particularly useful if we want to refer
to the number of pixels Ny in the horizontal direction, since this
has a maximum value of

Wact

Ny = .
HAx

In general, however, Ny will have a smaller value, e.g. as a result
of horizontal filtering.

A much more interesting situation arises when a
sampling pattern like the number 5 on a dice is used in
sampling each field; fig. /4a. This is called ‘quincunx

| ————————————»]

1Ax |
<>|

=—— =X 0X 0OX 0 X0Xo0X

AyIDAOADAnAnAn
OXOXOXOXO0OXO

—w/Ax
h

A0ADADADAD A

X0X0X0X0XO0X

————0A40404a0a04a0

x = samples in field 4n

o = samples in field 4n+1
o = samples in field 4n+2

a4 = samples in field 4n+3

a b

Fig. 14. a) In quincunx sampling the samples in two successive lines
in the same field are displaced by half a sampling period with res-
pect to one another. The sampling rate is little different from that in
the previous figure (half the line frequency, to be precise), but now
four fields must elapse, not two, before the same pixels are sampled
again. b) The maximum resolution is quite different, however: for
stationary images it is increased by a factor of two in the horizontal
direction (////) and for moving images it has a diamond shape
(\W\). For moving images with f, = 0 the maximum horizontal
resolution is also increased by a factor of two. If the television pic-
ture is limited to a bandwidth of fmax < w/Ax before sampling, this
gives a loss in horizontal resolution as indicated by the dashed lines.

sampling’. Now four field periods elapse before the
sampling cycles repeat, i.e. before exactly the same
pixels are sampled again. The associated maximum
resolution for stationary and moving images [1°! is
shown in fig. 145. In the horizontal direction the reso-
lution for stationary images has been increased by a
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factor of two and also for moving images containing
no vertical frequencies. We have to remember, how-
ever, that to avoid all aliasing at moving parts of the
picture we should use two-dimensional filtering, as
indicated by the cross-hatched (‘diamond shaped’)
area. By using quincunx sampling at a sampling rate
of 1/7 we can thus transmit a maximum horizontal
frequency corresponding to 1/t. Since (seemingly) we
are not satisfying the sampling theorem here, but are
really creating a situation like that of fig. 7c and d, we
call this sub-Nyquist sampling or subsampling.

With the bandwidth of 6.75 MHz available to us
(before time compression) in the MAC system we can
accept a maximum sampling rate of 13.5 MHz, We
further ensure that the television signal is limited to
10 MHz before sampling [1!1. After sampling and
bandwidth-limiting to 6.75 MHz we then have a one-
dimensional spectrum as shown in fig. 15a; in the range
between about 3.5 and 6.75 MHz a special kind of

S(f) ‘7/% ______ 7:
|
! .
|
|
0 35 6.75 0 13.5MHz
a —>
St#)
0 5 10MHz
b —>f

Fig. 15. a) If sub-Nyquist sampling (‘subsampling’} is used, a ‘con-
structive’ form of aliasing is obtained. Here this takes place in the
frequency range between about 3.5 and 6.75 MHz. b) By applying
the correct ‘interpolating’ filter operations we can reconstruct the
original frequency components from this. The original frequency
band from 0 to 10 MHz thus becomes available again without dis-
tortion.

81 A, W. M. van den Enden and N. A. M. Verhoeckx, Digital sig-
nal processing: theoretical background, pp. 110-144 in the
special issue ‘Digital Signal Processing I, background’, Philips
Tech. Rev. 42, 101-148, 1985. .

] G. J. Tonge, The sampling of television images, IBA report
112/81, Independent Broadcasting Authority, Winchester,
Hants, England, 1981 (34 pp.).

(101 The diamond-shaped figure that corresponds to moving images
can be derived directly from the theory described in [9].

(111 Because of this restriction the movement detection is simpli-
fied, since there is no aliasing in the frequency range below
3.5 MHz; see fig. 15a.
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aliasing occurs. Because of the quincunx sampling and
the two-dimensional filtering of moving parts of the
image before sampling, we can remove this aliasing
and at the same time reconstitute the frequency spec-
trum in the range between 6.75 and 10 MHz. At the
receiving end we need the same two-dimensionalfilter-
ing operation for this (again at moving parts of the
image) as before sampling. This requires a sampling
rate of at least 2x 1/ = 27 MHz. We then obtain the
one-dimensional spectrum of fig. 155 as the result (2],
In this way we can obtain the maximum horizontal
resolution corresponding to fig. 14b. Because of the
bandwidth limitation of the television signal to
10 MHz before sampling, as mentioned earlier, how-
ever, we remain within the strip (=/max,fmax) in the
horizontal direction. This means that in the horizontal
direction we can resolve a maximum of about a thou-
sand pixels per line.

So far in this section we have been dealing with the
luminance signal of a television picture consisting of
625 lines. If we use the techniques of the previous sec-
tion to display this as a signal of type 1250/2:1/50,
we in fact double the total equivalent bandwidth to
20 MHz. This is a great improvement in compar-
ison with the bandwidths of the luminance signal
in the existing PAL and MAC systems, which are
about 4 and 6 MHz respectively (for 625 lines per
picture).

Moving images

In the foregoing we have seen how by applying the
appropriate signal processing with a MAC/packet sig-
nal of type 625/2:1/50 we can transmit HDTV infor-
mation that is suitable for display as a 1250/2:1/50
picture with an equivalent bandwidth of 20 MHz.

Strictly speaking, the maximum improvement that
we can achieve in this way only applies to stationary
images. This is because the information from different
fields of stationary images can be combined without
disadvantage (‘inter-field processing’); this is one of
the prerequisites in converting from an interlaced
(2:1) picture to a sequential (1:1) picture and in recon-
stituting a subsampled signal. When we have to deal
with moving images, however, we have to make sure
that the inter-field processing does not cause move-
ment blur. Since we subdivide the television image
into pixels at both transmitting and receiving ends, we
can in principle decide for each pixel whether there is
any movement (this is done in a ‘movement detector’)
and adapt the signal processing accordingly.

Various kinds of adaptation are possible, and at the
present it is not yet clear which is the best (and most
economic) solution or combination of solutions. We
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should like to mention a few possibilities here in con-
nection with scan conversion.

In this conversion we want to calculate missing pic-
ture lines. This can be done by combining information
from a higher and a lower line from the same field
(intra-field processing) or by combining a preceding
line and a following line, seen in the time direction
(inter-field processing); see fig. 16. The first solution
works better for moving images, the second one gives
the best result for stationary images. We can base our
choice between the two on movement detection. An
alternative possibility is to take the same combination
of all four adjacent lines in both situations (movement

I I

: |

o |

.

A BN
D% £yt Xc
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field  field field
n-1 n n+1

—> time

Fig. 16. Calculation of the missing line E in scan conversion (the
picture lines are perpendicular to the plane of the diagram). If Eis
calculated from A and B we have intra-field processing. If E is cal-
culated from C and D we have inter-field processing. If all four of
A, B, C and D are used, we are performing spatio-temporal pro-
cessing.

or not). In that case we perform a permanent vertical-
temporal filtering operation of a lowpass nature in the
Jy- and fe-directions. An advantage of this is that we
never have to switch from one kind of processing to
the other.

Yet another method of minimizing movement blur
is to introduce a movement vector; for example, if a
television camera performs a movement, it effects all
pixels in the same way. In principle it is possible to
pass this information to the receiver in a very efficient
way (especially in the MAC/packet system) where it
can be accounted for in the display.

The colour signals in HD-MAC

So far we have confined ourselves to a discussion of
various processing operations that are carried out on
the luminance signal Y in the HD-MAC system. To
display a colour picture, however, we also require two
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colour-difference signals U and V. In general terms
these signals are comparable in their characteristics
with the signal Y. There is however one important dif-
ference: colour information can be displayed in much
less detail than the associated luminance information.
This feature is put to use in various ways, as we shall
explain later. Otherwise the processing of the signals
U and V in HD-MAC is much the same as for ¥, to
obtain the best possible resolution in the vertical and
horizontal directions for the colour as well. We shall
not go into further detail about this here.

It is however important that in the HD-MAC sys-
tem on which we shall now mainly concentrate our
attention the bandwidth of the signals U and V in the
horizontal direction is limited to a quarter of the
bandwidth of the signal Y. In the time compression
the signals U and ¥ can be compressed four times
more than the signal Y (i.e. 5 times instead of 5/4
times). Because of the smaller bandwidth the signals
U and V each represent 1/4 of the number of pixels of
the signal Y in the horizontal direction.

In addition, in the standard MAC/packet system
the Y'signal is transmitted during each line period, but
only one of the colour-difference signal is transmitted.
The missing colour-difference signal is then recon-
stituted as well as possible by combining colour infor-
mation from adjacent lines. This gives a smaller reso-
lution for the colour than for the luminance in the

HD camera HD-MAC HD display
signal signal signal
e (1250/2:1/50)  (625/2:1/50) 1250/ 2:1/50)
no.
i U v . Uy N Vi
2 L ___ngt'yzjf
3 Y Y -___(_ji*__-. M
Y N\
s Us Vs Vs \ Us Vs
g L% YT
7 Uz Vs W Uty
o UM \ G
9 Us Yo Us Up W
.10 YoV ' ___%Ef"_/’gj

Fig.17. Diagram illustrating the conversion of the colour-difference
signals U and V of an HD camera signal of type 1250/2:1/50 into an
HD-MAC signal of type 625/2:1/50 and of the conversion of this
signal into an HD display signal. The colour-difference signals with
one asterisk are calculated in the first conversion, the colour-dif-
ference signals with two asterisks are calculated in the second con-
version. The lines from the odd fields are continuous, those from
the even fields are dashed. C
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vertical direction. In HD-MAC as well, because of the
compatibility, only one colour-difference signal can
be transmitted during each line period. To obtain im-
proved vertical resolution as compared with standard
MAC, nevertheless, for display as an HDTV picture
of type 1250/2:1/50, a number of signal manipula-
tions are required at the transmitting end in the con-
version from the 1250/2:1/50 camera signal to the
625/2:1/50 transmitter signal and in the reverse con-
version at the receiving end; this is shown in fig. 7.
The picture lines of the camera signal are designated
from top to bottom by the numbers 1, 2, 3,... . The
continuous lines refer to the odd fields, the dashed
lines to the even fields. The colour-difference signals
with one asterisk are not directly available at the
transmitting end, but are calculated [*3] there from
signals that are available. For example:

Us + Uy Vs + Vi
— % and Wpr= 21710

Us* =
s 2 2

In a similar way the signals with two asterisks are cal-
culated at the receiving end from the received HD-
MAC signals. For example:

g L BULHUS IV
2 4 s 2 4 ’
o I Sl M £ e 4 (3
3 ) ] 3 ) ’
Uy + 3U* Vi* + 35
U= ——— > ppax L T8
4 4

Since in signal processing in the HD-MAC system it is

U7 XO0X0X0XO0XO0 X
*
U5 DAOCAOADAOAD
V5 X0X0X0XO0XO0X
V*
g9 OAa0ADADAODAD
Ug OX0X0X0X0XO0
*
U/3 A0ADAODLDAD
V73 OXO0X0X0XO0X 0
*
V77 40ADAaDADADS
U77 X0X0X0XO0XO0X

Fig. 18. Quincunx sampling is also used for each of the two colour-
difference signals in HD-MAC. Because only one of the two dif-
ference signals is transmitted in each line, the sampling pattern
shown here is obtained. (The symbols have the same significance as
in fig. 14 and fig. 17.)

012) 1t s very important here that the overall frequency character-
istic H(f) of the MAC channel, including any transmitter or
receiver filters has ‘Nyquist shaping’ around fy = 6.75 MHz,
i.e. H(fo + f) =1— H(fo-f).

(18] The calculations given here as an example (‘linear interpola-
tion’) are about the simplest that can be devised for this pur-
pose; those used in practice are more complicated.
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required that the U and the ¥ signals should both be
sampled in the quincunx pattern described earlier, a
cycle of sampling patterns like that shown in fig. 18
occurs during the transmission; the same symbols are
used to designate the different fields as in fig. 14.

In HD display, as a result of all the measures
described above, a maximum vertical frequency of
156} c/ph is possible for both colour-information sig-
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The final result can be displayed on both a special
HDTYV set and a standard television set. The HDTV
set is suitable for display of the same type of signal as
that originally provided by the HDTV camera. The
sampling rate f; used is indicated at various places in
the block diagram of fig. 19.

The most noticeable difference from the foregoing
is the position where the-horizontal processing takes

£, = 54 MH. i f =27MH
HDTV Y o4 s Z' V.El'fICFI( s z= MAC ; horizontal ;
camera _9» M (20MHz) f’“f”ng time =33 /‘MHi processing |5=16 laMHz
1250/ 2:1/50 B8 uv fo =13eMHz scan £, =6 MHz com,zsaression v
20MHz[16:9 —> (2x5Msz 727 > conversion 27 > (%2,5) subsampling A
|
|
|
t MAC
1250/2:1/50 «————» 625/2:1/50 channel
! (8.4 MHz)
1
i
Y =54MHz fs = 27MHz
HOTV < all€ scan. - MAC 2 horizontat y
disptay |G | (20MH2) conversion time £=33%MHz | signat  |%=167BMHZ
1250/2:4/50 _uv f5=73’/2MHz vertical fs=6‘7/‘MHZ expansion recon-
20MHz[16:9 [oxoMrz) D|* () filtering |+ (%s.}s) struction A
standard TV standard
625/2:1/50 |« MAC  |e—
SMHz[4:3 decoder

Fig.19. A complete HD-MAC system corresponding to the simplified diagram of fig. 5b. Most of
the signal-processing operations we have discussed can be found in this diagram. It is interesting
to note that all the horizontal operations take place between time compression and time expan-
sion. Since most of the operations are performed digitally, the system contains A/D and D/A con-
verters. The sampling rate used f; is indicated at various points. M is a matrix circuit for the con-
version of the three original colour signals R, G and B into the signals Y, U and V (or vice versa).

nals with stationary images. This is half the maximum
vertical frequency for the luminance signal, but twice
the value permitted by the standard MAC/packet sys-
tem (see also p. 211).

A complete HD-MAC television system

To demonstrate the practicability of HDTV based
on the MAC/packet system and the compatibility be-
tween HD-MAC and standard MAC we have con-
structed a complete television system in which most of
the signal processing described earlier is applied; see
fig. 19. The starting point is an HDTV camera that
provides a signal of type 1250/2:1/50 with an aspect
ratio of 16:9 and a Y bandwidth of 20 MHz. After the
appropriate processing the signal is transmitted on a
MAC channel with an effective bandwidth of 8.4 MHz.

place: after time compression at the transmitting end,
and before time expansion at the receiving end. The
reason for this is that the compression gives the sig-
nals ¥, U and V the same bandwidth, separates them
in time and enables them to be processed in a similar
way.

At the receiving end the signals U and V, after time
expansion, are further processed in a number of spe-
cial circuits (further detail will be omitted here) to give
extra noise reduction with stationary images and to
improve the colour transients [*). This gives an addi-
tional improvement in the quality of the displayed
picture.

We should mention that all of the television signals
referred to in fig. 19 are interlaced. The non-interlaced
signals that we encountered in the theoretical treat-

ment earlier were only introduced to simplify the des-
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cription. In practical signal processing there is no
explicit need for non-interlaced signals.

Compatibility of HD-MAC with standard MAC

As we can see from the block diagram of fig. 19,

an HD-MAC signal can be presented directly to a-

standard MAC receiver on reception. Because of the
vertical filtering that has been performed on the
HD-MAC signal at the transmitting end, the picture
quality in the vertical direction will be better than for
reception of an ‘ordinary’ MAC signal, for there can
now be no aliasing in the vertical direction. On the
other hand, there are a few slight degradations in
quality. First, there is an increase in line flicker. This
is caused by the fact that in HD-MAC there is less
attenuation at the high vertical frequencies (up to
312% c¢/ph). Because of this, however, the correspond-
ing frequency components in the periodic repetitions
that are responsible for line flicker (see the points Cin
fig. 10b) are stronger. Also, because of the subsam-
pling of the HD-MAC signal in the horizontal direc-
tion, aliasing is introduced into the luminance signal ¥

HD-MAC
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play. This can be explained with the aid of fig. 17. If
the HD camera signal shown there were to be con-
verted in accordance with the specifications that apply
for the standard MAC system into a signal of type
625/2:1/50, then we would require the following
sequence of successive lines:

Uy, Us*, Vs, Va*, Us, Unr*, Vi, Vis*, ... ,
instead of the present HD-MAC sequence
U, Us*, Vs, Vo*, Us, Urs*, Vis, Vir*, ... .

Half of the colour information is therefore slightly
displaced (by two lines) in the vertical direction. The
degradation this introduces when an HD-MAC signal
is displayed on a standard MAC receiver is very slight,
however.

Quality comparisons

To permit a general comparison to be made be-
tween various television signal standards, we have col-
lected the leading parameters of a number of existing
and proposed television system in Table I. Besides the

Table I. A comparison of the leading parameters of a number of television systems.

TV system | Time-compression Aspect Equivalent Number of pixels
factor ratio bandwidth (MHz)
Horizontal Vertical
Y uyv Y uy Yy |UuV| Y | UV
PAL 1 1 4:3 3.7 1.0 370| 100 ] 290 | 230
MAC 3/2 3 4:3 and 16:9 5.6 2.8 560| 280 | 290 | 144
5/4 5 4:3 and 16:9 6.7 1.6 670 | 160 | 290 | 144
3/2 3 4:3 and 16:9 16 8 800 | 400 | 520 | 260
HD-MAC { si4 | 5 | 4:3and16:9| 20 s | 1000( 250 | 520 | 260
MUSE cy ¥ [ gy [¥x] 16:9 22 7 1000 330 | 520 | 260

[*]

value is in fact larger.
) cofey = 4.

in the frequency range above 3.5 MHz (see fig. 15).
Since this distortion is not compensated in the stan-
dard MAC receiver, it introduces — as close observa-
tion reveals — a barely noticeable, rapidly moving dot
pattern comparable with the ‘dot crawl’ found in the
existing NTSC television system, but it is less annoy-
ing, because its structure is almost twice as fine. More-
over, it is not present in unpatterned areas but only in
‘textured’ areas.

The processing of the colour-difference signals U
and ¥ in the HD-MAC system also introduces what is
really a very small error in a standard MAC dis-

Because of the nonlinear operations carried out in the ‘Colour-Transient Improvement’ this

time-compression factors and the aspect ratio, we
have shown the equivalent bandwidths of the signals
Y, U and V (for stationary images). We have also
shown the number of pixels for the same signals in the
horizontal and vertical directions (Ny and Ny). These
numbers relate to the active part of each line period
and the active fraction of all the lines (see also the
small print on p. 204 and p. 207). The Table mentions
the MUSE signal [14], which we have not mentioned

(4] Y, Ninomiya, Y. Ohtsuka and Y. Izumi, A single channel
HDTV broadcast system — the MUSE, NHK Laboratories
Note No. 304, 1984 (12 pp.).
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previously, of the type 1125/2:1/60. This has been
zealously promulgated by the Japanese broadcasting
organization NHK. At first sight the figures for MUSE
and HD-MAC are comparable. However, the fact
that the MUSE signal is compatible with no other sig-
nal (and so is not evolutionary in nature), swings the
balance irrefutably in favour of HD-MAC.

The introduction of the HD-MAC system at the
transmitting end makes it possible to change over
gradually to better receivers at the receiving end, with-
out existing equipment becoming unusable. Four
gradations in quality can be distinguished here:

e reception with a standard MAC receiver;

o improvement of reception by the addition of (for
example) a horizontal comb filter to eliminate the dot
crawl resulting from subsampling;

« reception with a fairly simple HDTV receiver, in
which use is made of movement detection and switch-
ing between inter-field signal processing and intra-
field signal processing;

« reception with an advanced HDTV receiver, in which
for example a movement vector is used and infor-
mation about this is transmited via the MAC/packet
multiplex.

Philips Tech. Rev. 43, No. 8

After all that we have said it should be abundantly
clear that the HD-MAC system opens the way to a
compatible and therefore smooth and attractive evolu-
tion towards HDTV.

Summary. As the dimensions and the light intensity of television
receivers increase, the limitations of the existing television systems
(NTSC, PAL and SECAM) become more obvious, and the need
grows for a new system, known as high-definition television (HDTYV).
This must offer an increase in the resolution, a reduction in the
interaction between colour and luminance information, an increase
in the aspect ratio and stereophonic sound with ‘hi-fi’ quality. It is
ultimately of vital importance here that a compatible system is
chosen, so that existing equipment can still be used and the viewer
can experience a gradual (‘evolutionary’) progress of television
quality through the gradual acquisition of new equipment. The
MAC system (MAC means Multiplexed Analog Components)
recently standardized for use in satellites and cable systems will per-
mit such an evolution. This article describes — by way of example —
how various advanced signal-processing operations at the trans-
mitting end will provide an ‘HD-MAC’ signal. This signal is suit-
able both for reception with standard MAC equipment, and for
reception with a special HD-MAC set that can display a picture of
HDTYV quality. The signal processing required is described with the
aid of one-, two- and three-dimensional spectra. Separate attention is
paid to the transmission of moving images and colour information.
The article concludes with the description of a complete HD-MAC
television system, a discussion of the compatibility of HD-MAC
and standard MAC and a quality comparison for various television
systems.
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Selecting quartz for resonators

J. C. Brice and W. Koelewijn

A chain is only as strong as its weakest link. In an electronic device or system that ‘weakest
link’ is the worst component, of course, and we therefore have to give due attention to the
manufacture of even the humblest component. Our care and concern must go right back to the
selection of the raw material. This will often determine the performance of the component
— so our choice must be soundly based. The article below discusses the criteria for selecting

quartz for resonators.

Devices which require accurate timing or well-
defined frequency features contain quartz resonators
to meet these requirements. Without these resonators
the use of colour television, mobile radio, telephone
systems etc. would not be as widespread as it is now.
In order to achieve satisfactory yields of devices meet-
ing high technical specifications, it is necessary to se-
lect the best available raw material. The reasons for
selecting a particular type of quartz and the method
by which selection can take place are described in this
article. Three simple tests appear to be sufficient for
an accurate selection. First we shall briefly go into the
physical background of the quartz resonators.

Materials with the crystal symmetry of quartz (three-
fold symmetry axis) or a lower degree of symmetry
show piezoelectric behaviour. As a result of a mechan-
ical distortion of a quartz crystal in a specific direc-
tion, electrons and nuclei are moved by different
amounts. Thus a positive charge appears on one face
of the crystal and a negative charge on the opposite
face. The inverse effect — an applied voltage resulting
in a mechanical distortion — also occurs. An alternat-
ing voltage produces cyclic deformation. At resonant
frequencies this exchange of electrical and mechanical
energy can be significant. A quartz resonator is a plate

Dr J. C. Brice has recently retired from Philips Research Labora-
tories, Redhill, Surrey, England; Ing. W. Koelewijn is with the
Elcoma Division, Philips NPB, Doetinchem, the Netherlands.

of piezoelectric quartz cut in appropriate directions so
that its natural resonance occurs at a particular well-
defined frequency. Piezoelectricity in quartz only oc-
curs if the mechanical distortion is in a direction that
is not parallel to the threefold symmetry axis of the
crystal. This implies that plates that are to be used as
resonators must be cut according to this condition.
Research into the possible orientations of the crystals
revealed that some specific orientations resulted in res-
onators with frequencies that are independent of tem-
perature [11, a desirable feature in view of the wide-
spread use of these devices. Specifications usually call
for errors in the cutting direction of less than 0.01°,

Resonators are characterized by the electrical quali-
ty factor Q., the fundamental frequency of the me-
chanical distortion in response to an applied alterna-
ting voltage divided by the half-width of this response
(see fig. I). The great advantage of the quartz resona-
tor is that it is nearly lossless so that it can have a very
large electrical quality factor Q.. This means that the
resonance is very sharp. Typical coil-and-capacitor
circuits have Q. < 200, while quartz crystals can have
a Q. up to several million but typically in the range
10000 to 100000. The resonant frequencies f of a
quartz plate are determined by its thickness: f = nc/t,
where n is an odd integer, c is the velocity of sound in
quartz and ¢ is the thickness of the plate. Since maxi-
mum frequency deviations of no more than 1 ppm are
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commonly requested, it must be possible to obtain
crystals with well-defined thicknesses. The actual
shape of the plate and the strain in the material also
have an influence on the resonant frequencies.

Plates with the correct orientation and thickness are
made in the following manner. Quartz is obtained
from suppliers in batches consisting of a number of
bars grown in one process. The crystal bar is oriented
using an X-ray technique and then sawn in parallel-
sided plates which are lapped to a thickness slightly
greater than required. By way of an etching process
damaged material is removed from the surface and
the required thickness is attained. The electrodes nec-
essary for applying the voltage are added by evaporat-
ing electrode material on the faces of the plate. These
electrodes have an influence on the resonant frequen-
cy eventually reached. During the evaporation of the
electrode material on the crystal the resonant frequen-
cy is monitored. Evaporation is stopped when the de-
sired frequency is attained. Fig. 2 shows a diagram of a
plate and the electrodes together with the shear motion
as a result of the applied voltage.

The features of the crystal that, apart from the
shape and the thickness, determine its frequency and
its electrical quality factor Q. are related to the crystal
structure. It is therefore reasonable to expect that
purer material gives better devices. Until 1955 only
natural quartz was used, giving a yield of 10 to 30%.
Since that date synthetic quartz has been available giv-
ing considerably higher yields. This is mainly due to
the fact that synthetic quartz, as a result of its con-
trolled growth, is easier to cut in the correct orienta-
tions, thus giving less waste material.

Our approach to the problem of establishing selec-
tion criteria has been to a large extent statistical. With
the help of the results of experiments done by many
colleagues we have assessed the performance of devices
made from quartz with known characteristics, and so
identified the material parameters (purity and perfec-
tion) which affect device performance and the interre-
lations between these parameters in the quartz avail-
able [21. Since suppliers use different growth processes
and different sources of raw material, we also consid-
ered the data for each supplier separately besides the
overall trend. The necessity for this approach will be-
come evident later (see fig. 9). Obviously data for a
particular supplier show less spread than an overall
distribution. However, overall trends are useful: they
tell us what happens if we choose our supplier at ran-
dom and change our choice from time to time.

Synthetic quartz is almost universally specified by
an infrared quality factor Qz. This quality factor is
inversely related to the extinction coefficient a* due to
hydrogen absorption. The latter is determined by
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measuring the transmission in a quartz sample with
parallel polished surfaces at wavelengths where hydro-
gen absorbs energy from the infrared beam. We really
determine the total extinction coefficient in this way

_>U)

7/2' Sm
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Fig. 1. Plot of the mechanical distortion S of a quartz plate in
response to an applied alternating voltage of frequency /. The fun-
damental frequency of this plate is fo and Af is the width of the
response at half the maximum value of the response. These quanti-
ties determine the electrical quality factor Q. (= fo/Af).

quartz plate

/

electrodes

ANSUNNIRARRNY

_—
motion

Fig. 2. A schematic representation of a simple device structure. The
shaded area indicates the upper electrode; the lower electrode is
indicated by a dashed line. In the lower part of the figure, the shear
motion as a result of an applied voltage on the electrodes is in-
dicated.

011 J, C. Brice and W. S. Metcalf, Quartz-crystal resonators using
an unconventional cut, Philips Tech. Rev. 40, 1-11, 1982,

[21  We received much help from our suppliers who provided us
with many samples of material which is not normally commer-
cially available. For some of our experiments, we needed par-
ticularly good and particularly imperfect samples. Data from
these non-representative samples are, of course, excluded from
statistics which show what is usually available. In total we in-
vestigated samples from 15 suppliers.
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Fig. 3. Overall median impurity concentrations C as a function of
QOir. The data are for the z-zone of crystals. Material grown on
other faces is much less pure. For any supplier the distribution of
log C at a given Qir-value is approximately Gaussian.
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Fig. 4. Overall median dislocation density Np as a function of the
infrared quality factor Qir (continuous line and crosses). For any
supplier the logarithm of the dislocation density has a Gaussian dis-
tribution. Results for the two most extreme suppliers are indicated
by dashed lines.
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but by doing reference measurements at nearby wave-
lengths the contribution due to hydrogen absorption
can be established separately [3]. The parameters we
have investigated (purity, dislocation density, strain,
homogeneity) will be shown as a function of Q.

Fig.3 is a plot of the median! purity of the
samples as a function of Qjr (lower axis) or the equiva-
lent hydrogen content (upper axis). Data from all the
suppliers in the investigation have been used. High
QO corresponds to fairly pure material. The figure
shows the major impurities (lithium, aluminium and
sodium), which together with iron, are the only impur-
ities known to be harmful. Other impurities show the
same form of variation. Different suppliers have distri
butions of purity which differ from these data by fac-
tors of two or three, and different batches from one
supplier at different Qr-values also show similar
differences. However, the worst results differ by less
than a factor of five from the median. By experience
we learnt that impurities at levels less than 10 atomic
ppm usually have negligible effects on devices. At
higher levels, aluminium together with sodium can
adversely affect yields of very-high-frequency devices:
they change the etching characteristics so that very
thin plates become porous. Lithium in high concentra-
tions affects device stability [1! and iron decreases the
radiation resistance of devices used in high-radiation
environments.

Fig. 4 shows the variation of overall median dislo-
cation densities as a function of Qir. Different sup-
pliers’ results can differ appreciably from this average
behaviour. Data from all the suppliers in the investi-
gation have been used. High dislocation concentra-
tions are disastrous in three ways. First, high densities
of dislocations reduce the yield of high-frequency
devices [61, Second, they make the material brittle, as
discussed below, and third they reduce the perfor-
mance of low-frequency devices. (Dislocations affect
device performance by scattering the acoustic waves.
Scattering is significant when the wavelength exceeds
the distance between dislocations. Low-frequency-
devices are therefore particularly affected.) This is
shown in fig. 5, where the median equivalent series re-
sistance of devices is given as a function of the dislo-
cation density.

The correlation between dislocation density and Qg
is not easily explained. What is found is that the den-
sity varies with the hydrogen content to the power of
2.5. The factor of proportionality varies with the sup-
plier. Dislocations involve breaking bonds in the lat-
tice and broken bonds can be terminated by hydro-
gen, so we might expect a linear relation (Np « Cy).
Some dislocations come from the seed crystals but
most originate at inclusions [8). Thus apparently
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either the number of inclusions rises rapidly or, more
probably, one inclusion results in a number of dis-
locations. Of course several mechanisms may operate
simultaneously and the relation may be more com-
plex than Np « (Cy) %-5,
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Fig.5. A plot of the median equivalent series resistance R of devices
as a function of dislocation density for 1.3 Mhz devices. An oscil-
lator can be represented as an LC-circuit with a resistance in series.
The quality factor Q. of the device decreases with increasing equiva-
lent resistance R. High dislocation densities imply a high R and
thus a low Q..
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Fig. 6. Breaking strain g (left-hand axis) and the temperature shock
AT (right-hand axis) as a function of Qir. Samples were placed in a
hot bath at a temperature 7 for 30 minutes and then transferred

quickly to a cold bath at T¢. The samples of one batch were tested

with increasing temperature difference AT = Ty — T¢. The infrared
quality factor Q1r was measured for each sample.
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In the course of fabrication devices are subjected to
various stresses. It is therefore useful to know some-
thing about the strength of the material used. Strength
in a brittle material like quartz is a fairly complex con-
cept. The stress (force per unit area) required to break
a plate depends on the surface finish. A plate with a
perfect surface requires a fairly large stress to break it.
In a perfect plate we have to nucleate a crack. In an
imperfect plate we only have to extend an existing
crack, which is much easier. Because we know the
elastic constants of quartz, we can measure the break-
ing strain, rather than the breaking stress. We meas-
ured this strain by applying a thermal shock. We
heated crystals in a water bath so that they were uni-
formly hot and plunged them into a cooler bath. If we
cool them very rapidly by AT °C the surface contracts
an amount ¢A 7, where ¢ is the thermal expansion co-
efficient. The corners are under a rather larger tension
(about three times the tension at the surface) so that
cracks nucleate most easily there. The result obtained
is shown in fig. 6. The correlation is clear but we were
able to show that the dislocation density is also impor-
tant [51, The importance of the breaking strain be-
comes obvious when we consider figs 6 and 7. Fig 7
shows the yield of unbroken 0.5 mm thick plates in a
production process.
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Fig. 7. Yield Yc of unbroken 0.5 mm thick plates in a production
process as a function of Qir. The data are for plates made with
reciprocating slurry saws. When rotating wheels are used, yields are
worsel81. Note that the graph was drawn on probability paper so
that the scale of Yc varies in a nonlinear manner.

181 For a detailed description of our procedure for measuring the
infrared quality factor see: J. C. Brice, Crystals for quartz
resonators, Rev. Mod. Phys. 57, 105-146, 1985.

141 If the results found are written as a list in order of increasing
numerical value, then if the list has an odd number of entries,.
the median is the one in the middle. If the list has an even num-
ber of entries, the median is the average of the middle two. The
median value is exceeded by half the sample and is often more
meaningful than the arithmetic mean. Consider a sample con-
taining the values 0.5, 0.7, 0.9, 1.0, 1.3, 1.5, 10. The median is
1.0 but the mean is about 2.3.

[8] 3. C. Brice, The specification of quartz for piezoelectric de-
vices, Proc. 38th Ann. Frequency Control Symp., Phlladelphla
1984, pp. 487-495.
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We believe that during our processing procedures
we expose the plates to stresses equivalent to the strain
produced by a 50 °C shock. We therefore subjected
every bar (46 000 in total) in a number of batchesto a
50 °C thermal shock. Fig. 8 gives the results that we
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Fig. 8. The probability Pc that a bar will break with a 50 °C shock
as a function of the mean Qir of the batch. Up to 30% of bars with
Ok < 1 million survive a 50° shock. The crosses represent the
results from normal batches and the circles represent the results for
batches which contained noticeable numbers of deformed bars. The
point marked A is taken from fig. 6. It is the value of Qg for which
AT = 50°. A batch with a mean Qir of this value would have a
failure rate of 50%.
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Fig. 9. The variation of Qir in batches as a function of batch mean
Q1r. In this figure AQ is the standard deviation of Qg in a batch.
Curve A is for the supplier giving the greatest uniformity. Curve B
is for the supplier referred to in fig. 8. Note that the data are actual
variations of Qir. Because we measure Qir in three independent
ways we know the experimental errors absolutely I5] and can
therefore eliminate their effect before presenting the data.
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found. In this figure the crosses represent the results
from normal batches and the circles represent the re-
sults for batches which contained significant numbers
of deformed bars. Clearly, these batches contain a
significant excess of bars which break with a 50 °C
shock (on average they contain 6 times as many bars
which break).

Fig. 8 uses a batch mean Qg to describe the mat-
erial. For this to be meaningful, we also need to know
how the Q;r of individual bars in a batch vary. These
data are given for two suppliers in fig. 9.

The final piece of statistical evidence that we need
to know is how homogeneous the crystals are. When
we look at this we find that only in one direction is
there an appreciable variation. Parallel to the z-axis
of the crystals, the hydrogen content decreases as we
move outward from the seed. Fig. 10 gives the data for
two suppliers in the form of a graph of the gradient of
a*, the extinction éoeﬂicient, as a function of Q.
Data for most of the other suppliers lie between these
two curves.

The results of our experiments show a qualitative
relation between the infrared quality factor on the one
hand and the other parameters of interest (impurity
concentration, dislocation density, strain and homo-
geneity) on the other. The best yield of the production
process will be reached if quartz with a high infrared
quality factor (Qr>>2 million) is used. All the other
requirements are then automatically satisfied.

In selecting our material we take the following line.
First of all, every bar from each batch is inspected vis-
ually. We reject bars which contain clusters of inclu-
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Fig. 10. The gradient of a* (the extinction coefficient) in the z-direc-
tion as a function of the batch mean Qir. For 4 and B see caption
of fig. 9.



Philips Tech. Rev. 43, No. 8 .

sions large enough to be visible with the naked eye or
which are grossly misshaped. Then we determine Qg
for a small number of the remaining bars of each
batch. The exact number depends on our knowledge
of the suppliers’ production process. If we believe
that we know the standard deviation of Qg values in
the batch (i.e. the appropriate curve on fig. 9) we can
manage with a very small number (between 3 and 6
bars from a batch of 1000 or more). If we know noth-
ing about the production process more bars should be
examined, but only rarely do we need more than 12.
Finally, every batch is subjected to a 50 °C thermal
shock test on a 100% basis. For this test we have a
tentative reject level of 10% but we have seen only
one batch which had more than 10% breaking and a
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QOrr over 2 million. Batches passing the tests can be
used to make devices to very tight technical specifica-
tions with high yields (95%).

Summary. To meet the high specifications usually required, quartz
resonators must be made from quartz of a high quality. In this article
the different aspects of this quality are discussed and the outcome
of the investigations into the selection criteria are reported. Three
simple tests appear to be sufficient for an accurate selection. Every
quartz bar is inspected visually for gross defects and is exposed to a
temperature shock of 50 °. For a small number of bars the infrared
absorption at a wavelength where hydrogen absorbs infrared light
is determined. Thus an infrared quality factor is assessed. Bars that
do not show gross defects, do not break as a result of the tempera-
ture shock and come from a batch with a mean infrared quality fac-
tor of 2 million or more, can be used to make devices with the re-
quired technical specifications in production processes with high
yields.
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Looking at interfaces

F. Meijer

The address below was delivered by Dr F. Meijer at his inauguration on 7th March 1986 as
Visiting Professor of Heterogeneous Catalysis at the University of Leiden. In his address
Prof. Meijer does not confine himself to his own special field, but gives us, in a light-hearted
style, a refreshingly relative view of the science of interfaces. The more objective sphere of the
research he discusses includes measurement methods such as TEM and STM, which now ap-
proach or even reach the limit where atoms can be observed individually.

The concept of interface

Interface is a word that springs readily to the lips of
technical people nowadays. The Oxford Dictionary
gives the following two meanings of interface:
‘surface forming common boundary between two
regions’,

‘place or piece of equipment where interaction occurs
between two systems’.

Both definitions are germane to my use of the word
in the title of this inaugural address. The first defi-
nition brings out the essential aspect from which
interface phenomena must be studied: the ‘common
boundary’. The second aspect, the interaction, the
‘place where interaction occurs’, follows immediately
from this. The two aspects of the interface interact
with one another. ’

A great deal goes on at interfaces.

In interface chemistry this includes all chemical
reactions in heterogeneous systems. Heterogeneous
means that there are two or more phases: a solid and a
gas, or a solid and a liquid, or two different solids in
contact with each other.

Corrosion, for example, such as the rusting of the
metal of your car, is a chemical reaction at the inter-
face of metal and humid air. Another phenomenon of
practical importance is the adhesion between different
materials, the adhesion of paint to a metal, or the ad-
hesion of a metal film on a plastic substrate, as in the
case of the Compact Disc. The word adhesion immed-
iately brings out the concept of interaction.

- There is also the very important field of hetero-
geneous catalysis, which concerns chemical reactions

Prof. Dr F. Meijer is a Director of lIi'hilips Research Laboratories,
Eindhoven and a Visiting Professor at the University of Leiden.

at the interface of a gas or liquid with a solid, the
catalyst. I shall return to this subject presently.

In physics and engineering the interface plays the
leading role in the working or processing of a material;
turning on a lathe, grinding, polishing, sputtering are
all actions that take place at the interface. A sculptor
is an artistic interface mechanic. He shapes the work
at the interface between the tool and the stone. In a
sense one might speak of the interaction between the
sculptor and his material.

In the medical world the successful implantation of
prostheses in the body, such as artificial hip joints and
substitute arteries, depends to a very great extent on
the interface between implant and body.

The word interface has also entered the language of
electronics, defined as ‘place or piece of equipment
where interaction occurs between two systems’, for
example the interface between two computers or be-
tween a computer and a terminal. One of these two
systems can be a human being, giving us the man/
machine interface and the concept of ‘user-friend-
liness’. The social sciences have also discovered the
word interface and will undoubtedly add to its conno-
tations.

There are many kinds of interface, and something
usually happens at them — and that ‘something’ is
worth examining more closely. ‘Taking a closer look’
is the subject of this address.

However, before I confine myself to a few examples
of ‘looking at interfaces’ in chemistry and physics, I
should say something about the interfaces between
these disciplines. According to the secondary-school
text-books there is a distinct difference between chemi-
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cal and physical phenomena. In the first kind the
molecules change in composition, in the second kind
they do not. This is a characteristic example of a
boundary between chemistry and physics — an artifi-
cial boundary. Nature did not itself create the separa-
tion between chemistry, physics and engineering. Man
required it for classification. However, now that we
are penetrating deeper and deeper into natural phe-
nomena and understand more about them, the lines
of demarcation between the old disciplines are rapidly
becoming less distinct, and indeed they are often a
nuisance. Between interface chemistry and interface
physics there is no dividing line to be drawn. Nowa-
days we draw other dividing lines, for example be-
tween low-energy physics, the world in which atoms
are the building blocks, and high-energy physics, the
world contained within the atomic nucleus.

Heterogeneous catalysis

There is a direct connection between looking at in-
terfaces and the subject of my own discipline ‘hetero-
geneous catalysis’. What is heterogeneous catalysis?

A catalyst is a substance that speeds up a chemical
reaction, without itself being consumed in the pro-
cess. In heterogeneous catalysis the catalyst is a solid
surface, while the reaction partners are in the gaseous
or liquid phase. The cherical reaction does not take
place in the gaseous or liquid phase, or only to a very
slight extent, but the reaction is vastly accelerated if
the reaction partners, the reacting molecules, meet at
the surface.

The surface acts as a meeting place. You might
compare it with a marriage bureau, where men and
women enter alone and leave in pairs or as married
couples, whereas the bureau, the catalyst, remains
unaffected. The reaction does not take place in the
outside world, but at the surface, the interface, the
barrier is lowered and the reaction is able to take place
there. To understand how this works, it must be pos-
sible to measure and look at the interface. The prob-
lem here is that one should really look at the system
actually working during the reaction. This is a consid-
erable scientific challenge.

Catalysis is of considerable economic importance,
because it opens up reaction routes that give faster
reactions, can work at lower temperatures and can be
more specific, that is to say cause fewer side-reactions,
less fuss. )

In addition to the familiar fields of catalysis in the
bulk-chemicals industry and in biochemistry (en-
zymes) a completely different and interesting field has
emerged: the growth of thin films on a substrate that
acts as a catalyst. A gaseous mixture is conducted
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over a surface in a state (temperature and pressure) in
which it does not react in the gaseous phase, but does
react at the substrate surface, and in such a way that
the reaction product remains on the substrate in the
form of a closely defined thin layer, or film. The sur-
face of each newly formed layer catalyses the subse-
quent reaction and the layer can continue to grow
from the gaseous phase. This process is known as che-
mical vapour deposition, CVD, and has come into
such wide use that in some quarters anyone using the
process is said to be ‘CVDing’. An example of the
process is the growth of thin layers of silica by the
reaction SiCly + O, SiO;, + 2Cl,.

Other applications are to be found in many areas,
ranging from the application of extremely hard coat-
ings to tools to the growth of single-crystal layers on
semiconductors for integrated circuits and lasers. In
general, the keywords in catalytic reactions are: subtle
molecular reaction mechanisms, which take place at
interfaces. This brings me back to my theme: ‘looking
at interfaces’. The catalyst here can take all manner of
forms, from very small grains on a carrier material to
crystalline solids with ‘large’ surfaces.

The examples I have chosen relate to interfaces
where one side is a solid and the other can be solid,
liquid or gaseous, with ‘vacuum’ as a special case.

Clean surfaces

The simplest interface can be produced in a hypo-
thetical experiment if I draw a line on a sheet of white
paper and write the word ‘solid’ on one side of it. The
other side is empty and represents an ideal vacuum,
absolute ‘nothingness’. This does not imply, however,
that absolutely nothing happens there. The atoms at
the surface of the solid are not surrounded in the same
way as their friends deep inside the solid. These outer
atoms will therefore have different bonds, with differ-
ent bond lengths, and they will therefore occupy dif-
ferent positions and have a different electron struc-
ture, causing changes in all kinds of chemical and
physical properties: chemical properties such as chem-
ical reactivity and physical properties such as effective
optical constants. The interface does not react with
the vacuum, but on the vacuum.

As soon as we take a step towards reality and break
away from the theoretical line on the sheet of paper,
we see that the interface becomes more complicated.
There is no such thing as an ideal vacuum; it is really a
very greatly reduced gas pressure, which we describe
as ultra-high vacuum. The pressure is in fact 10712 to
1071® atmospheres. Figures like this do not mean
much except to the vacuum specialist. A vacuum with
a pressure of 107!3 atmospheres would therefore be
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A light ray is reflected when it encounters an optical
change. This need not be associated with energy ab-
sorption; even the clearest non-absorbent glass reflects
sun-rays. The reflected light ray contains information
about the interface, because the interface is different,
is different from the bulk. A nice example of this is the
reflection of light at the surface of a silicon crystal.
Silicon has a cubic crystal structure and is therefore
optically isotropic, that is to say it behaves identically
in all directions. The surface, on the other hand, is
anisotropic because of the fact that it is a surface. In a
recent experiment 7 measurable changes in the reflec-
tion coefficient were observed by rotating the surface
around the axis perpendicular to the surface. These
changes must be due to optical anisotropy and there-
fore contain direct information about the surface, be-
cause the bulk material below it is optically isotropic.

Optical reflection techniques — ellipsometry is a
good example — can provide precisely that informa-
tion about the interface in operation, in situ. The ellip-
sometric method measures changes in both the ampli-
tude and the phase of the light upon reflection. This
may be compared by an interference method, and el-
lipsometry is therefore extremely accurate in showing
thin layers at an interface. The resolution in the z-di-
rection easily approaches the range of monoatomic
layers. In the reaction of a clean silicon surface with
oxygen and many other molecular species it has been
possible to demonstrate the presence of coatings of
0.01 of a monolayer, that is to say one oxygen atom
for every hundred atoms on the silicon surface [81(9],
In the x- and y-directions the resolution is not in the
atomic range but in the range of square millimetres to
square microns, the limit being set by the wavelength
of the light. The ellipsometer is therefore eminently
suited for studying reactions of flat interfaces, as for
example in CVD. There are also interesting examples
of oxidation reactions on solid/solid interfaces in semi-
conductor technology that have been studied by ellip-
sometry because it was possible to ‘look inside’ [10],

The speed of the method is now about a hundred
measurements per second, which is sufficient for meas-
uring many reactions on interfaces. Ellipsometry
makes use of spectroscopic capabilities. Measurements
can be made in the near ultraviolet, in the visible and
the near infrared. A logical but experimentally difficult
extension into the infrared range of molecular vibra-
tions has not yet been achieved.

I shall conclude this somewhat more detailed ac-
count of ellipsometry with the comment that here, too,
there is strength in combination. A combination of
the in situ measurement of dynamic effects by ellipsom-
etry with an ‘atomic micrograph’ subsequently ob-
tained by means of transmission electron microscopy
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or with a ‘molecular structure micrograph’ obtained
by means of EELS can bring us quite a bit closer to
the ideal measurement method.

Without further explanation, so that only the initi-
ated will be completely in the picture, I will just men-
tion a few other methods that are of interest, or could

" be, for non-destructive investigations on interfaces.

¢ Surface-enhanced Raman scattering and infrared
reflection spectroscopy, which can provide informa-
tion about molecular structures.

¢ Fluorescence and phosphorescence of probe mole-
cules [11)) where the optical effect is sensitive to the
immediate environment of the molecule, for example
network rigidity in polymers. Many new developments
are afoot in optical spectroscopy. It is very likely that
the spin-off from these developments will be useful in
interface studies, in both ordinary and nonlinear op-
tics. There are prospects of in situ measurements in
the X-ray wavelength range as well.

» Extended-X-ray absorption fine structure or EXAFS
for short, which provides information about atomic
distances in matter, including amorphous substances.
The application of EXAFS in the study of rhodium
catalysts in their reaction environment is yielding
spectacular results [12], In particular, measurements
have been made of reversible reactions of the rhodium
particle with carbon monoxide, in which the rhodium-
rhodium-bonds were broken and then restored after
removal of the carbon monoxide. To get some idea of
such a catalyst particle you have to think in terms of a
fragment consisting of 10 to 20 atoms.

Conclusion

In my address I have sought to emphasize that,
while much is already known about interfaces, the
step from model system to the reality still calls for a
great deal of fundamental research. ‘Looking at inter-
faces’, using methods in which destructive preparation
techniques and a high vacuum are not required, is a
field that is open to interesting, advanced and applied
research.

Teaching at the university first concentrates on the
things that are known: the theory, the facts, the
existing experimental methods. By doing research the
student then learns to use this knowledge actively and
creatively. The impending curtailment of the duration
of undergraduate studies in the Netherlands must not
lead to an impoverishment of that essential experience
in actually doing research.

This brings me naturally to another very interesting
interface, the interface between University or Poly-
technic and Industry, or more generally the Employer.
For the student this interface is the transition from the
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past to the future. Nor must this interface be a mere
common boundary; here again interaction is essential.

It is in everyone’s interest that the man or woman
who leaves the university should occupy the right pos-
ition in working life, in the job that exactly matches
his or her interests, capacity and education. These
three parameters are not numbers, they are not scalar
quantities, but vectors, directions in which develop-
ment can take place at the proper rate.

In crossing the interface between university and in-
dustry these vectors must not suffer abrupt changes.
This can best be guaranteed if the interface is both a
‘common boundary’ and the ‘place where interaction
occurs’, as in the dictionary definitions.

Looking for a place in working life involves a
choice of options, a choice by the job-seeker and the
employer. The chance of making the right choice is
greatest if the job-seeker has a realistic idea of what
he or she wants. This idea is one that must be formed

71 D, E. Aspnes, J. Vac. Sci. & Technol. B 3, 1138-1141, 1985.
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1971.

(101 1, B, Theeten, D. E. Aspnes, F. Simondet, M. Erman and
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during the years at university, and tried out and
tested. It will also help the employer to assess a candi-
date’s suitability for a particular kind of work.

The thread running through my address has been
the concept of ‘interface’. Looking at interfaces will
greatly help us to understand the interactions we find
there, and armed with this knowledge we can actively
influence these interfaces. So we can prepare an effi-
cient catalytic surface, improve the adhesion between
materials, combat corrosion — and even provide chem-
istry students with the knowledge that will fit them for
a job in industry.

‘Looking at interfaces’ may still be far from fully
optimized, but methods both existing and new appear
to offer many prospects of further progress.

Summary. The text is based on the address delivered by the author
on 7th March 1986 at his inauguration as Visiting Professor of
Heterogeneous Catalysis at the University of Leiden. After discus-
sing the ‘interface’ concept, heterogeneous catalysis and clean sur-
faces, he mentions as the characteristics of the ideal measuring
method a resolution of the order of atomic distances and the capa-
bility of performing non-destructive measurements in situ. Methods
treated that show the first characteristics are TEM and STM. Meth-
ods exhibiting the second characteristic are those that depend on
light, X-rays or acoustic vibrations, with special emphasis on ellip-
sometry. Combining both types of method should give even better
results. .
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Automatic segmentation of speech into diphones

J. P. van Hemert

With the advance of automation the number of people who transact business directly with the
public is steadily declining. It is becoming increasingly common, for example, to draw money
Jrom automatic cash dispensers. In such situations the customer has to carry out instructions
given by the machine. Usually the instructions appear on a screen, but sometimes they are
spoken. In such a case the number of instructions that can be given is limited. A method of
producing spoken instructions just as freely and flexibly as text on a screen consists in joining
small speech segments together and making them audible. This article describes the prepara-

tion of the ‘library’ of segments (diphones).

Introduction

Speech has been with us since time immemorial.
And today, even in situations where it is possible to
communicate in some other direct way, e.g. with a
keyboard and display screen, many people will still
prefer the spoken word. One possible reason for this
is that people can then make other ‘observations’ —
visual ones, perhaps — while they talk or listen. On
the other hand, communication between man and ma-
chine usually requires a keyboard and a display. At the
Institute for Perception Research ways and means are
being studied of bringing one direction of this two-way
communication, the output from machine to man, in-
to the form of speech. Speaking machines will have
many useful applications in the future. Much time can
be saved, for example, by using a spoken set of in-
structions instead of a printed one when setting up
complex equipment. In situations, too, where eyes
and hands are already occupied and actions have to be
performed on the basis of new information, that in-
formation can best be presented in the form of spoken
messages (as for instance in the CARIN system [11).

Ir J. P. van Hemert is with the Institute for Perception Research,
Eindhoven.

Many systems with speech output depend on the
use of complete messages spoken-in beforehand. The
system would be more flexible and offer wider pros-
pects if the spoken messages could be built up from
smaller units, in the same way as written language.
The units constitute the basic elements of what might
be called a ‘speech alphabet’, by analogy with the al-
phabet of written language. A system with such a col-
lection of basic elements would bring an unlimited vo-
cabulary within reach.

Before going into our choice of the basic elements
for the speech alphabet, we shall first take a look at
natural speech and indicate possible divisions of the
speech signal. Speech is a succession of audible air-

(11 CARIN is an automobile navigation and information system
comprising a Compact Disc player, a position-determining
system and a computer. It uses geographical information stored
in digital form on a Compact Disc to the CD-I (Compact Disc
Interactive) standard. The system takes this geographical in-
formation and the destination entered by the driver, and maps
out a route. It then uses the position-determining system to
guide the driver to his destination. The directions are given as
spoken instructions (at present they are complete sentences
spoken-in beforehand, but they will probably be derived from
synthetic speech in future). CARIN will be the subject of a
forthcoming article in this journal.
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pressure. differences that are generated by the human
speech-production system (vocal cords, mouth cavity,
nasal cavity and pharynx). Fig. I shows an example of
a speech sound recording. The mouth and nasal cav-
ities and pharynx (the vocal tract) can be regarded as a
resonant cavity that is excited by the periodic vibra-
tion of the vocal cords into the voiced elements of
speech (e.g. the vowel [a:]) or by turbulences that oc-
cur at constrictions in the vocal tract (e.g. the sibi-
lant [s]). This excitation can be characterized by three
parameters: the amplitude, which is connected with

the loudness of the signal, a parameter that indicates

whether the sound is voiced or unvoiced [2! and the
source frequency at which the vocal cords vibrate.
The resonant cavity can be characterized by the centre
frequencies and the bandwidths of the formants, i.e.
the resonance peaks in the transfer function. The
source frequency is found in the fine structure of the
spectrum, the formants in the envelope. The spectrum
of speech up to a frequency of 5 kHz usually contains
five formants, so that the resonant cavity can be
described by ten parameters (2!, the five centre fre-
quencies and the corresponding bandwidths.

In principle, synthetic speech can be generated by
specifying the behaviour of the thirteen parameters as
a function of time. But this requires a large number of
complicated rules, some of them as yet unknown. In
practice, this approach is difficuit and the speech
quality is poor.

Another possible way of generating synthetic
speech consists in joining together (‘concatenating’)

fragments of natural speech. In its simplest form this

amounts to the auditory presentation of complete
messages spoken-in beforehand, as mentioned before.

1 : 2 2
0 500 1000 ms

_>t

Fig. 1. The speech signal, showing the pressure changes as a func-
tion of time, for the nonsense word ‘nenaanene’ spoken by the test
subject. At 4 and B, for example, the speech signal changes, where
there is a transition between two sounds.

More scope is then offered by concatenating separate
words to form compléte sentences. But if all conceiv-
able speech utterances are to be possible with such a
system, an enormous list of words will be necessary.
We can limit the volume to some extent by using sy/-
lables instead of words as our basic units. But even
then, we still require a quite substantial ‘library’ of
basic units. The library can be reduced to the mini-

J.P. VAN HEMERT
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mum if we take as our units the smallest segments of
speech that still carry differences in meaning, the
phonemes!8l, To maintain the fluent character of
speech, however, it is then necessary to generate the
transition from each phoneme to the next by sets of
rules that are difficult to establish.

We have no need of such rules if we take diphones
as our basic units. A diphone is a brief segment of
speech that contains the last part of one phoneme, the
transition, and the first part of the next phoneme.
(Fig. 2 shows the phonemes and diphones contained in
the word ‘spoon’.) The number of basic units is now

symbols spoon
phonemes S P u n
diphones # S Sp ‘ pu un ‘ n#
A T A T
immediately middle of n
before the
burst
middle of s 20ms after
start u

Fig. 2. An example of the location of the diphone boundaries in the
word ‘spoon’. After the phoneme boundaries have been deter-
mined, the diphone boundaries are fixed by rules. The first diphone
is the transition from silence [#] to [s], the next one from [s] to [p],
and so on.

larger, but we do not need to add any rules for the
transitions. The Dutch language for example contains
some forty phonemes. A library of diphones thus con-
sists of some 1600 basic units. For each of these di-
phones a parameter representation must be available
in the speech alphabet. The individual diphones of
this library can be joined together to produce words
or sentences.

A diphone library can be obtained in the following
way. Tape recordings are made of a large number of
words, which are spoken by a selected speaker. The
list of words is compiled in such a way that it contains
all the possible combinations of speech sounds. Four-
syllable nonsense words may often be used, such as
‘nenaanene’ [nana:nsnd] and ‘pepaapepe’ [papa:papa],
in which the second syllable has to provide the di-
phones. The procedure is as follows. The words are
digitized at a sampling rate of 10 kHz, and then the
parameters mentioned above are determined and
stored as a continuous series in a memory. This is used
for generating (resynthesizing) a new speech signal.
The phoneme boundaries are determined from the
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parameter values and by listening to the resynthesis.
These boundaries are thus established non-automati-
cally. The diphone boundaries are then calculated
from the phoneme boundaries, using a set of rules.
The rules for positioning the diphone boundaries are
different for each phoneme. In vowels the diphone
boundary is located at a fixed time after vowel onset.
The reason for this is that a vowel in natural speech is
not affected, or only slightly, by the consonant im-
mediately preceding it, but it is affected by the conso-
nant immediately following it. The duration of a
vowel is thus deterined by the phoneme following the
vowel; see for example fig. 2, where the boundary
between the [pu] and the [un] diphone is located 20 ms
after the start of the [u]. In plosives [b], [d], [p], [t]
and [k] the diphone boundary is located immediately
before the burst and in all other consonants it is posi-
tioned in the middle of the phoneme. These rules are
used for determining the diphone boundaries. The
parameters between the boundaries are stored in the
diphone library.

This non-automatic method of building up a di-
phone library is tedious and time-consuming. A Dutch
diphone library has been prepared in this way for one
speaker (B.A.G. Elsendoorn) [4]. The quality of the
synthetic speech produced by concatenating diphones
from this library is fairly good. There is a need for
diphone libraries for more languages and more speak-
ers for each language. (Although there are consider-
able differences between the diphone libraries for
different languages, the principle for the concatena-
tion of diphones can be used for various languages).
The procedure described above has to be repeated,
however, for each language and for each speaker.
This is why efforts have been made to find an automa-
tic method of preparing diphone libraries from recor-
dings of spoken words. Besides the time argument
there is a second reason for researching automatic
segmentation. An automatic method may be expected
to yield a final result that is more easily reproducible
and more consistent than that of a non-automatic
method.

In the rest of this article we shall consider a number
of possible methods of automatic segmentation into
phonemes, from which the diphones are then calcu-
lated from a set of rules, and it will be shown that a
combination of two such methods gives a satisfactory
result. - -

Automatic segmentation into phonemes

- Segmentation methods described: in the literature
can be classified into two groups. On the one hand
there are the methods that look for recognizable fea-
tures in the speech sound, such as the boundaries be-
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tween more or less steady-state parts of the speech sig-
nal. In the methods of this kind no use is made of the
fact that the word to be segmented is known. There is
therefore no phonetic identification, that is to say no
attempt to link a phoneme with the associated seg--
ment of the signal. On the other hand there are meth-
ods that make the division on the basis of the cor-
respondence between the speech utterance and a
known reference pattern of each sound in the speech
utterance. Both methods have their advantages and
disadvantages. When a method of the first kind is used
the boundaries between the segments are relatively ac-
curately defined, but the segments delimited by two
boundaries are not provided with any phonetic identi-
fication. A method of the second kind does not in
practice appear to meet the requirements imposed by
a speech-synthesis system for the accuracy of the
boundaries [51. We shall first consider the method of
the first kind that we are using. It will then be shown
how satisfactory results can be achieved by combining
this method with a method in which use is made of
reference patterns.

Segmentation into steady-state segments

In general the behaviour of the acoustic properties
of speech sound as a function of time is rather unpre-
dictable. Nevertheless, it is possible to identify ‘steady-
state’ 16! segments of the speech signal, which is usual-
ly portrayed in terms of the pressure changes as a
function of time. Fig. 1 shows the speech signal of the
nonsense word ‘nenaanene’. At the points A and B,
for instance, transitions can be seen between two
steady-state segments. The transitions are also visible
in the spectral composition of the signal at the
different times.

{21 The sounds are either ‘voiced’ or ‘unvoiced’, depending on the
vibration of the vocal cords during articulation. All the vowels
and the consonants {m], [n], {1], [b], [g] and [d] are voiced, and
the plosives [p], [t] and [k] and the fricatives [s] and [f] are un-
voiced. See also: J. ’t Hart, S. G. Nooteboom, L. L. M.
Vogten and L. F. Willems, Manipulation of speech sounds,
Philips Tech. Rev. 40, 134-145, 1982.

[8]  In phonetic script phonemes are written as follows: short vowels
with the associated letter (e.g. [&] as in ‘mat’, [5] as in ‘rot’
etc.), long vowels with the associated letter plus a colon (e.g.
[a:] as in ‘father’, [2:] as in lawn, etc.), consonants are also
represented by the associated letter (e.g. [p] asin ‘put’, [f] asin
‘find’ etc.). The a as in ‘ago’ is indicated by [3], the ‘ur’ as in
‘turn’ by [a:], [#] indicates silence and [2] the glottal stop.
More information about phonetic representation will be found

_ in most bilingual dictionaries. .

41 B, A. G. Elsendoorn and R. J. H. Deliege, A speech synthesis
system using diphones: a portable communication aid for the
speech impaired, Proc. Eur. Conf. on Technology & Commu-
nication Impairment, London 1985.

[5]1 L.R.Rabiner, A. E. Rosenberg, J. G. Wilpon and T. M. Zam-

. pini, A bootstrapping training technique for obtaining demi-
syllable reference patterns, J. Acoust. Soc. Am. 71, 1588-1595,
- 1982, :

(81 These parts of the signal are not truly steady-state. The shape
of the curve changes, but not so much as the relative change
between the segments.
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course. Errors of analysis, the way in which the syn-
theses are made, the nature of the equipment, discon-
tinuities and other factors all come into the picture.

The evaluation of the quality of the speech by
different subjects is difficult to bring to a common de-
nominator because their judgement is subjective. It
can however be concluded that six of the seven sub-
jects considered the quality of the syntheses made
with the ‘automatic’ diphone library to be better than
that of the syntheses made with the ‘non-automatic’
diphone library.

One aim of the investigation, to shorten the time it
takes to prepare a diphone library from which syn-
thetic speech of good quality can be produced, has
been achieved. The segmentation of the speech utter-
ances into diphones, which is a part of the process,
can now be done in a fraction of the time that a ‘non-
automatic’ method would have required. Synthetic
speech built up from diphones obtained in this way
will in future be subjected to further perceptual eval-
uation. An effort will also be made to improve various

Philips Tech. Rev. 43, No.9

details of the method. The strategy described can be
used to build up a diphone library in less time than be-
fore. The availability of high-quality diphone libraries
for more speakers and more languages could in future
lead to promising applications, such as multilingual
talking dictionaries and dialogue systems.

Summary. Systems in which synthetic speech is generated often use
a library of sound transitions (diphones) as units for forming words
in the same way as the letters of the alphabet are used for writing.
The libraries are built up by extracting these units from spoken text.
This can be done automatically by a combination of two automatic
methods. In the first method, boundaries can be placed in words at
positions where one steady state changes into another one. In the
second method the sounds in a word are compared with reference
patterns of particular sounds, and the phonetic identification is
assigned to the segments determined by the first method. The
second method is also used for correction if too many boundaries
or too few are found. The boundaries obtained in this way are not
very different from the results obtained by non-automatic methods.
With these methods diphone libraries can be built up in a fraction
of the time that would be required with a non-automatic method.
Evaluation by test subjects of synthetic speech built up from
‘automatic’ diphone libraries is certainly no worse than that of
synthetic speech built up from ‘non-automatic’ diphone libraries.
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Black-cobalt coating for solar cvollectors

B. Vitt

The efficiency of a solar collector can be improved considerably by using an absorber plate
with a black-cobalt coating which is spectrally selective. Until recently, making suitable coat-
ings was mainly an empirical process. The article below describes an investigation into the fun-
damental properties of such coatings. The results can be used successfully to optimize coatings

for high-temperature applications.

Introduction

In a solar collector, an absorber plate with a black
coating is used to convert the solar energy into thermal
energy. The heat collected is transferred to a circulat-
ing medium (e.g. water or oil) and can be used for a
variety of purposes, €.g. for space heating or in indus-
trial processes. Various measures can be taken to com-
pensate for the increase in thermal radiation losses at
the plate when it is operating above ambient tempera-
ture. These include a concentration of the solar ener-
gy by reflectors and lenses, and a reduction of convec-
tion and conduction losses by evacuation of the col-
lector tube. The efficiency of the energy conversion
can be improved further by using a spectrally selective
black coating which has a high absorptance for solar
radiation, i.e. at wavelengths shorter than about
2.5um, and a small emissivity for thermal radiation at
longer wavelengths.

Several materials have been investigated for this
application [}1, As a part of the Philips activities on
evacuated solar collectors 2! an efficient black-cobalt
coating was developed in our laboratories. An electro-
plating process was used to successfully apply this to
the inside walls of silver-coated glass tubes in an ex-
perimental collector [21I81, Later on, a quantity-pro-
duction process was developed at the Philips Plastics
and Metalware Factories in Eindhoven for deposition
on copper-coated steel plates. These were used in the

Dr B. Vitt is with Philips GmbH Forschungslaboratorium Aachen,
Aachen, West Germany.

commercial Philips evacuated tubular collector, in
which the heat gained by the absorber is extracted
efficiently via a heat pipe 4]

The efficiency and life of a solar collector depend
strongly on the selective properties and stability of the
black coating. In the vacuum environment of an evac-
uated tube there is no stability problem as long as the
collector is designed for ‘load’ temperatures no higher
than 150 °C. However, in view of the good selective
properties of cobalt coatings a modification of the col-
lector design seems to be possible in a way that allows
efficient production of process heat in the high-tem-
perature range of 150 to 250 °C %), In this case stag-
nation temperatures of more than 350 °C can arise,
requiring extended knowledge of the long-term stabil-
ity of the coating under such conditions.

During our investigations cobalt coatings were de-
posited on various steel substrates. The samples were
characterized chemically and optically, with emphasis
on the stability properties at elevated temperatures in
various atmospheres [8!, In addition, the effect of the
substrate on the optical properties and stability was
investigated. The results have been related to the col-
lector performance. It was found that coatings well-
suited for high-temperature applications can be ob-
tained on smooth substrates, after sufficient annealing
and outgassing in an inert atmosphere. :

In this article we first deal with the structure and
chemical composition of the coatings. Next we shall
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Table I. Composition of a black-cobalt coating before and after
inert annealing at 450°C. For simplicity the cobalt-sulphur com-
pound is shown as CoS.

Element or Mol.% ,
compound Before annealing After annealing
Co 62.7 63
CoS 9.6 10
Co(OH)2 18.8 —
CoCOs 8.3 —
CoO —_ 27
Residue 0.6 —

verted into molecular ratios, as given in Table I. In
view of the TEM results and the ferromagnetic prop-
erties it is unlikely that the composition given cor-
responds to a homogeneous alloy. From energy-dis-
persive X-ray fluorescence analysis it can be shown
that the spatial distributions of Co and S are highly
correlated. An inhomogeneous model may therefore
be more reasonable, which accounts for a granular dis-
tribution of small Co10S particles in a matrix mainly
consisting of the ‘filling materials’ Co(OH): and
CoCOs.

As would be expected, Co(OH)z and CoCOs de-
compose on annealing in an inert atmosphere, leading
to the formation of CoO and the emission of H20 or
CO2. The emission of some CO, Hz, H2S and SOz
may also become significant at higher temperatures.
However, the decay of the sulphur content in the
samples is very limited below 450 °C. These results
show that the coatings should be carefully outgassed
at 450 °C before using them in vacuum collector tubes.
Table I gives the approximate composition after such
a heat treatment. Vacuum annealing at even higher
temperatures should then result in a porous layer con-
sisting of cobalt metal plus some mol.% of CoO.

Optical properties

An important quantity in characterizing an absorb-
er plate for solar collectors is the ‘solar absorptance’ a,
which is defined as the fraction of the incident solar
power absorbed by the plate. Another important
quantity is the thermal emissivity €, which is the radi-
ated power density divided by the power density radi-
ated by an ideal black surface at the same temperature.
To obtain solar collectors with a high efficiency, a
should be as large as possible and ¢ as small as possible.

These properties were evaluated for coatings of
different thickness by measuring the reflection spectra
in the infrared wavelength range (2.5 - 50 um) and in
the solar wavelength range (0.3 - 2.5 um). Fig. 2 shows
the spectra for coatings on smooth steel substrates on

Philips Tech. Rev.43,No.9

which 1 pum of copper had been electroplated from a
cyanide solution. The spectra exhibit pronounced in-
terference structures, which shift towards the infrared
with increasing thickness. Analysis of the maxima and
minima reveals that the geometrical thickness is pro-
portional to the plating time or the electrolytic thick-
ness. This holds at least as far as the 500 C/dm? sample,
for which a geometrical thickness of 10 + 1pum was
determined by microscopy. The spectra also demon-
strate that the requirements of a high absorptance in
the solar wavelength range and of a high infrared re-
flectance (low thermal emissivity) are only met by
coatings with an electrolytic thickness not exceeding
about 30 C/dm?.

The spectra of fig. 2 can be described by using unique
wavelength-dependent functions for both the refrac-
tive index n and the absorption index k. Computer sim-
ulations were found to fit the measured spectra very
well, except for short wavelengths (1 0.8 um) and
for the vibrational OH~ and CO3%~ peaks [}, The ap-
propriate optical functions are shown in fig. 3. Where-
as n increases monotonically with A, k decreases from
the high value at short wavelengths. However, in the
infrared there is an increase in k, which is almost the
same as the increase in 7, indicating some metallic be-
haviour. This increase in k implies that thick coatings
are not transparent in the infrared (see also fig. 2). In
spite of the combination with a reflecting metal film, a
thick black-cobalt film is therefore more like a black-
body radiator than a selective radiator.

The n and & functions also provide a fairly satisfac-
tory description of the directional thermal emissivity
&4, obtained by radiometric measurements of the heat
emitted at different values of the angle ¢ with respect
to the normal to the surface. If €4 is expressed as a
function of sin?¢, an expression for the hemispherical
emissivity en can easily be derived:

1
en = [ g4 d(sin’p).
H

Results for coatings at 127 °C are shown in fig. 4. It
can be seen that the coating thickness is the most im-
portant parameter for the directional emissivity. For
thicker coatings the shape of the curve for &4 differs
increasingly from the shape for the uncoated copper
surface. The ratio en/e. of the hemispherical emissiv-
ity to the emissivity along the normal first increases
from the value of 1.3 for uncoated copper to a maxi-
mum of about 1.9 and then decreases to values close
to 1. The increase in the high-angle emission with very
thin coatings is due to the increased optical pathlength
at higher angles. For coatings of 60 C/dm? or more
the emission characteristics of a weakly absorbing
dielectric [#! are obtained.
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Fig. 2. Measured reflectance R plotted against wavelength A in the
infrared (@) and the solar wavelength range (b), for black-cobalt

coatings with different electrolytic thickness D. For comparison the .

reflectance of an aluminium film (Al) is also given. The dashed
curves refer to calculations made using wavelength-dependent func-
tions for the refractive index and the absorption index, and
assuming a proportional relation between electrolytic and geomet-
rical thickness (500 C/dm? corresponds to 10 um). The interference
maxima and minima of order m are also indicated. On increasing
thickness, the reflectance in the near infrared decreases strongly and
the interference maxima and minima shift to longer wavelengths.

Fig. 3. Refractive index n and absorption index k of black-cobalt
coatings as a function of the wavelength A. Whereas n increases
monotonically with 4, there is a minimum for % at about 2.5 pm.

Annealing in high vacuum results in two significant
changes in the optical properties. After annealing at
350°C the reflection spectra reveal a significant in-
crease in k for wavelengths between 1 and 15pum, to
an almost constant value of about 0.35. This effect is
accompanied by a reduction in thickness of several
per cent. A subsequent treatment at 450 °C has no
measurable effect on k&, but a thickness reduction of
25% is now observed which remains constant even af-
ter annealing for more than 24 hours.

The effect of annealing on the reflectance in the
solar wavelength range is shown in fig. 5 for a coating
of 14 C/dm?. The mean value for the solar absorptance
still exceeds 90% for a sample annealed at 450 °C. It is
important to note that the infrared emissivity of this
sample is essentially the same as for a non-annealed
sample, since the increase in infrared absorptance is
almost exactly compensated by the reduction of 25%
in the coating thickness. If the coatings are assumed
to be homogeneous with compositions as given in
Table I, a decrease in thickness of 33% would be ex-
pected. However, the annealing is associated with
changes in the porous structure, as has been demon-
strated by SEM micrographs.

-The considerable influence of the substrate rough-
ness on the morphology of the coatings (fig. 1) has sig-
nificant consequences for their optical properties.
This is illustrated in fig. 6, which shows the directional
emissivity for coatings of different thicknesses on var-
ious substrates. The emission characteristics of the
uncoated substrates are found to be very similar, but

11 See for example R. A. Nyquist and R. O. Kagel, Infrared
spectra of inorganic compounds, Academic Press, New York
1971.

8] H, C. Hottel and A. F. Sarofim, Radiative transfer, McGraw-
Hill, New York 1967. ’
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in the case of the coated samples the substrate rough-
ness has a pronounced effect, especially for coatings
of 30 C/dm?. In this case the hemispherical emissivity
at 133 °C may vary by more than a factor of two. This
can be mainly attributed to an enhanced porosity of
the coating on rough substrates, which is associated
with an increased thickness.

0=500C/dm?
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Fig. 4. Directional thermal emissivity &4 at 127 °C as a function of
sin?¢ for two series of black-cobalt coatings. The continuous
curves were obtained from measurements on coatings with different
electrolytic thickness D. The dashed curves refer to calculations for
different values of the geometrical thickness d. For coatings of
thickness up to 60 C/dm? the directional emissivity differs increas-
ingly from that of an uncoated copper surface (D = 0 C/ dm?). The
thicker coatings have an emissivity that is characteristic of a weak
absorber.
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Fig. 5. Effect of vacuum annealing on the reflectance in the solar

wavelength range, for a cobalt coating of 14 C/ dm? on smooth steel
coated with 5 pm of bright copper. Annealing for 24 h at 350°C
(dashed curve) results in an appreciable decrease in reflectance as
compared with the non-annealed coating (dotted curve). After
annealing for a further 24 h at 450 °C (continuous curve) the
original near-infrared refiectance is almost completely restored.
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A number of results are summarized in fig. 7, where
the normal and hemispherical infrared emissivities are
given as a function of the electrolytic thickness. Be-
cause of the broadband infrared absorption of the
black cobalt, the coating thickness is the most impor-
tant parameter for the emissivity. The same is true for
the solar absorptance, which is also shown in fig. 7.
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Fig. 6. Directional thermal emissivity &4 at 133 °C plotted against
sin?p for black-cobalt coatings of different electrolytic thickness D.
The substrates used are rough (R), medium (G) or smooth (S) and
they are coated with 1 um of copper from a cyanide solution (Cu) or
Sum of bright copper (Cu*). It can be seen that the coating
thickness is the most important parameter for the directional
emissivity.
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Fig. 7. Solar absorptance a (at room temperature) and the thermal
emissivities £, and &, (both at 133°C) as a function of the
electrolytic thickness D for the samples of fig. 6. The properties of
the substrate have a much smaller effect on @ than on £ and éy.
The best results are obtained on a smooth substrate with 5um of
bright copper, giving @ = 93% and &, = 5% for a cobalt coating of
14 C/dm?.









Philips Tech. Rev. 43, No.9

various thicknesses is illustrated in fig. 12. The calcu-
lated curves are also shown, made with the assump-
tion that the dielectric properties of the coating are
temperature-independent in this range. The emissivity
increases linearly with temperature, and the slope y
(i.e. the temperature coefficient) increases linearly
with the coating thickness:

en(D,T) = en(D, 400K) + p(D) x (T — 400K),
y(D) = (1.52D — 6.65)x 107° K1,

for D>7 C/dm?®. These results can be explained by
the shift of the Planckian radiation distribution to
shorter wavelengths and the reduction in the near
infrared reflectance with increasing thickness (fig. 2).

The results obtained were used for the evaluation of
the collector performance. This was done for an im-
proved version of the Philips VTR 361 solar collector
tube 141, which has an aluminium reflector. The calcu-
lations were based on a validated model for evacuated
tubular collectors 5],

The collector efficiency # is defined as the power de-
livered to the heat-transfer fluid (e.g. water or oil) in
the collector system divided by the incident radiant
power. The useful power delivered to the heat-trans-
fer fluid is equal to the power Qa absorbed by the
plate less the thermal loss Qi, whereas the incident
radiation power is given by the solar irradiance Gr
(in W/m?) multiplied by the aperture area A (in m?)
of the collector, so that:

n = (Qa — Q/AGT.

The ratio Qa/AGT is referred to as the conversion
efficiency 70, and Qi/A is proportional to the overall
heat-transfer coefficient Uy (in W/m?K) and to the
average difference AT between the fluid temperature
in the upper heat pipe of the collector 14 and the am-
bient temperature. The efficiency can therefore be ex-
pressed as

n = no — F'UL AT/Gr,

where F' (< 1) is a dimensionless factor to take ac-
count of the heat resistance between absorber and
heat-transfer fluid. .

In fig. 13 the calculated values of the conversion
efficiency 7o and the heat-loss coefficient F'U; are
shown as a function of the coating thickness for vari-
ous values of AT. The collector efficiency for any oper-
ating conditions can be obtained from these curves
and the above equation.

The heat-loss coefficient F'U; is found to increase
considerably with increasing coating thickness. Its
temperature dependence is determined both by the 74
radiation law and by the temperature dependence of
the emissivity itself. For an adequate conversion
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efficiency 70, a minimum electrolytic thickness of
about 8 C/dm? is required. It should be noted that a
performance with 70 > 0.70 and F'U; <1 W/m2K is
possible for low-temperature applications (AT = 50 K).
In high-temperature applications (AT = 200 K) 770 can
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Fig. 12. Temperature dependence of the thermal emissivity £, for
black-cobalt coatings with different electrolytic thicknesses D (con-
tinuous curves) and calculated for different geometrical thicknesses
d (dashed curves). It is seen that &, depends linearly on the absolute
temperature T, and that the slope increases for thicker coatings.
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Fig.13. Calculated performance of a solar collector (VTR 361 tubes
with heat pipe and an aluminium reflector). The conversion
efficiency 79 and the heat-loss coefficient F'Uj (see text) are plotted
against the electrolytic thickness D of optimized coatings for differ-
ent values of the average difference AT between the heat-transfer
fluid temperature in the upper heat pipe and the ambient temperature.

(111 General information on the use of solar energy can be found
in: J. A. Duffie and W. A. Beckman, Solar engineering of ther-
mal processes, Wiley, New York 1980.
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still be as high as 0.60 or more, with F'U; = 1.20
W/m?ZK.

These performance results can be converted into an-
nual efficiencies by a simple method 51, The values

were calculated for climatic conditions characteristic of

08

AT=0K

—p

30C/dm?

__>D

Fig. 14. Annual efficiency 77 of a Philips evacuated tubular collector
as a function of the electrolytic coating thickness D, calculated for
two different European climatic zones (S Southern Europe, M Cen-
tral Europe) and for different values of the mean operating tem-
perature difference AT. The optimum coating thickness can be
derived for a given application with a known value of AT.
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two European climatic zones; see fig. 14. Obviously,
different coating thicknesses should be used:
15C/dm? for low-temperature applications and
10C/dm? for high-temperature applications. In the
latter case annual efficiencies of more than 20% are
possible in a sunny climate with permanent operation
at AT = 200 K.

Valuable contributions to the work described here
were made by our colleagues at the laboratories in
Aachen and the Philips Plastics and Metalware Fac-
tories in Eindhoven.

Summary. In the evacuated receiver tubes of a solar collector an
absorber plate with a spectrally selective black-cobalt coating is
used for reducing the thermal radiation losses. The influence of the
substrate roughness and annealing conditions on the structure and
composition of the coatings greatly affects their high-temperature
stability and thermo-optical properties. The most suitable coatings
for high-temperature application are obtained on smooth sub-
strates after vacuum-annealing at about 450 °C. The optimum elec-
trolytic coating thickness for the required optical selectivity is gen-
erally less than 30 C/dm?, depending on the intended temperature
range in the collector. The stability of optimized coatings seems to
be sufficient for use in solar collectors designed for high-tempera-
ture applications (150-250 °C).
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Research on television glass

D. M. Krol and R. K. Janssen

The mass production of glass has long been a stronghold of empiricism, but science is now an
increasing presence. Much of the initiative for this comes from the Central Glass Laboratory,
set up in 1957, and from Philips Research Laboratories. Following on from an earlier study at
Philips Research Laboratories on the ‘fining’ of glass, described previously in this journal, at-
tempts have been made to obtain a scientifically based understanding of a wider field of the
glass-formation processes, including both melting and fining. The glass compositions used in
these studies were made as close as possible to those used in practice.

Introduction

The average home in the western world contains a
television set. The glass for the picture tube is as likely
as not made in a Philips pressed-glass works. Against
this background and the fact that glass also forms an
indispensable component for many other Philips prod-
ucts, it is not surprising that studies on glass are re-
gularly reported in this journal I1],

The glass for picture tubes is generally formed in a
continuous process by subjecting a mix of raw materi-
als to a treatment in which the temperature varies with
time in a special predetermined pattern 2], The mix
for this application consists of alkali metals and
alkaline-earth metals combined as oxides and carbo-
nates, SiOz, Al;Os as feldspar and a number of speci-
al additives, and cullet. The temperature-time treat-
ment takes place in furnaces constructed from separ-
ate, but closely fitting, blocks of refractory material.
A diagram of a widely used version of such a furnace,
which can contain 300 tonnes of glass, is shown in
fig. 1; fig. 2 is a view of the interior of such a furnace.

The mix is delivered via the ‘batch hopper’ B to the
‘melting end’ M. This is where the glass-formation
reactions take place. The molten glass produced flows
through the ‘working end’ W via feeders F'to the glass-
processing machines. After the glass has been formed
in the ‘melt’ phase at about 1350 °C and has become
completely fluid, the melt initially contains large
quantities of gas bubbles; at this stage the composi-
tion of the melt is still highly inhomogeneous in other

Dr D. M. Krol, formerly with Philips Research Laboratories, Eind-
hoven, is now with AT&T Bell Labs, Murray Hill, New Jersey,
U.S.A.; Ing. R. K. Janssen is with Philips Research Laboratories,
Eindhoven. .

Fig. 1. Diagram of furnace for the production of glass for television
picture-tube screens. B batch hopper. M ‘melting end’. W ‘working
end’. F feeder. The air above the glass melt is heated by burners
(not shown). The temperature is held at about 1350 °C in the melt-
ing end, and allowed to fall to about 1000 °C for shaping. The way
in which the temperature is allowed to vary between these two final
values has a considerable effect on the quality of the glass pro-
duced. The regenerators R preheat the air with heat derived in part
from the flue gases. A furnace such as this can contain 300 tonnes
of glass, with a production of 90 tonnes a day.

(11 See for example the issue devoted entirely to glass: Philips
Tech. Rev. 22, 281-341, 1960/61, and the recent article: A.
Kats, Glass — outline of a development, Philips Tech. Rev. 42,
316-324, 1986.

(21 See for example: G. E. Rindone, Glass Ind. 38, 489-528, 1957;
J. Stanek, J. Non-Cryst. Solids 26, 158-178, 1977.
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glass composition during the melting as a function of
temperature and time. To start with we therefore sub-
jected samples consisting of the raw materials Na2COsg,
BaCOs and a-quartz (i.e. without special additives) to
temperatures between 700 and 1400 °C for periods of
5 minutes to 16 hours, and then quenched them to
room temperature. Fig. 3 gives a number of Raman
spectra for the samples treated in this way[4l. The
sharp peaks correspond to crystalline phases, the
broad bands to amorphous phases or — at higher
temperatures — to liquid phases. The identification of
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Fig. 3. Raman spectra of mixes consisting of 15 mol% of NaCOs,
10 mol% of BaCOs and 75 mol% of SiO; that have been heated for
different times and at different temperatures (shown top right) and
then quenched to room temperature. The intensity I; is shown as a
function of the wave number N in arbitrary units; at the four lowest
temperatures it is also shown with a unit five times as large (I').

these peaks and bands was done largely with the aid of
compounds wemade specially for the purpose(TableI).
Table II indicates the temperature range in which the
_various compounds can occur.
These Tables lead us to the following conclusions:
e Up to 800 to 900 °C the spectra chiefly originate
from crystalline phases — produced in solid-state
reactions. A significant amount of the raw material
SiOz (about half) has already been used up in solid-
state reactions at 800 °C.
e Above 1000°C all the spectra are due to liquid
phases, with the exception of a-quartz, which has
been dispersed in the melt in crystalline form.
+ As the temperature increases there is a ‘condensa-
tion’, in which silicates with an increasing content of
silicon are formed. At 700-800°C the silicates are
mainly ortho- and pyrosilicates, at 850 and 900°C
they are mainly meta- and disilicates.
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The influence of NaNQs

From the results of a Raman-spectrometric investi-
gation in which NaNOgs was also involved %1 (fig. 44
and ) it was found that the addition of NaNOs to the
raw materials mentioned above led to a more rapid
formation of the same reaction products in the temper-
ature range around 700 °C, where the solid-state reac-
tions are dominant; when the samples are heated at
1000 °C, with and without NaNQg, the spectra are
identical.

We have been able to confirm the first result by a
study in which the effect of heating for an hour at
700 °C with NaNOg was compared with the effect of
heating for 16 hours at 700 °C without NaNOs (fig. 5).
In spite of the much longer heating time fewer reaction
products were formed in the sample without NaNOg.

Since the NaNOQg is only found to have an effect in
the temperature range where solid-state reactions are
dominant, its action could possibly come about be-
cause it assists the formation of a liquid phase below
700 °C. In this liquid phase NagCOg and BaCOs in
the dissolved state would be able to react more quickly
with a-quartz than they would in the solid state.

Since no data are available about the phase diagram
of the system Naa CO3s-NaNOs-BaCOg, we have tested
this assumption about the action of NaNOj by heat-
ing a mix of these substances, in the correct propor-
tions, to 700 °C. This mix did indeed go into the liquid
phase at this temperature.

Investigation of the fining stage

In studying the very complex fining action the fol-
lowing three points should be borne in mind:

a) The glass melt contains impurities in the form of
bubbles; in addition to nitrogen and water from the
atmosphere the melt always contains large quantities
of the COq generated in the solid-state reactions. Since
the purpose of the fining is to remove all the bubbles
from the glass, it is important that the solid-state reac-
tions should be fully completed before the fining mech-
anism comes into action.

b) The fining mechanism is brought into action by
the conversion of Sb®* from the added fining agent into
Sb?* with the formation of oxygen, which rises to the
surface in the form of bubbles. This oxygen forma-
tion at the same time aids the growth of the other bub-
bles present in the glass, which also rise to the surface.

[81  See for example H. Verweij, Philips Tech. Rev. 40, 310-315,
1982,

41 A more detailed account of this investigation is given in:
D. M. Krol and R. K. Janssen, J. Physique 43 (Colloque C9),
C9/347-C9/350, 1982,

(6] A more detailed account of this investigation is given in: '
D. M. Krol and R. K. Janssen, Glastech. Ber. 56K, 1-6, 1983.
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Table II1. The ratio Sb3*+/Sbr for ‘raw-materials samples’ as a func-
tion of the temperature T to which they have been subjected for
0.5, 10 or 20 hours.

T Time

()
05h 10h 20h

900 0.011 £ 0.006 0.018 + 0.009 0.030 + 0.004
1000 0.029 + 0.015 0.100 £ 0.008 0.107 + 0.009
1100 0.14 =+ 0.02 0.28 + 0.02 0.32 + 0.02
1200 0.45 +0.03 0.60 + 0.04 0.58 + 0.04
1300 0.62 + 0.05 0.79 £0.05 0.76 + 0.05
1400 0.75 +0.05 0.89 =+ 0.06 0.87 + 0.06
1500 0.84 +0.05 1.00 +0.07 0.93 + 0.06

Table IV. The ratio Sb®*/Sbr for three types of sample that we
used; temperature and time for the treatment are given in the Table.

Temperature
Types of sample
1000 °C 1200 °C 1400 °C

Raw materials 0.67 (200 h) 0.58 (20 h)
Cullet 0.95 (200 h) 0.94 (20 h)
Powdered cullet

4x20h 0.76 0.69 0.95
Powdered cullet

5%x20h 0.67 0.69 0.95

Our explanation for this is that the oxidation/reduc-
tion ratio Sb3*/Sb®* is determined by two processes:

Oz (bubbles)
v

Sb®* (glass) + 0%~ (glass) 55 O2 (glass) + Sb®*. (1)
V2
Oz (atmosphere)
First of all an equilibrium with the oxygen in the bub-
bles becomes established at a relatively high rate v
and an equilibrium with the oxygen in the furnace at-
mosphere only becomes established later, at a much

slower rate vg.

Indications that this hypothesis is correct have also
been found in another part of the investigation, where
we were particularly interested in studying the effect
of the addition of cullet.

We made ‘cullet samples’ from glass that had been
obtained by melting the raw materials described ear-
lier at 1500 °C. The standard procedure was then fol-
lowed with these ‘ordinary cullet samples’: heating to
temperatures between 900 and 1500 °C and quen-
ching. With the ‘powdered cullet samples’ this proce-
dure was modified by repeating the heating and cool-
ing in periods of 20 hours, pulverizing the sample
again after each cooling.
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For the powdered cullet samples we were able to
establish that at temperatures of 1200 °C and above
there was no further change in the Sb%*/Sbr content,
so that it may be assumed that an equilibrium with the
oxygen in the atmosphere is attained at these tempera-
tures after this treatment (Table IV). The value of
Sb3*/Sby found at 1200 °C is then indeed found to be
just as high as the value measured for the ‘raw-
materials sample’ at the same temperature after the
lengthy treatment for 200 hours.

The values of Sb%*/Sby that are found as a func-
tion of temperature and time for an ‘ordinary cullet
sample’ are however very different (fig. 6 and
Table IV). In this case the Sb®*/Sbr content at each
temperature has a value in the region of 0.95, i.e. the
sample maintains the equilibrium value that it acquired
in the initial melt at 1500 °C.

In our view the explanation for this difference is
that the oxygen that is necessary for the reoxidation
of Sb** to Sb®* in the non-powdered — massive —
cullet sample has to travel a much longer diffusion
path than it does in the powdered sample. This seems
reasonable because even after 200 hours the diffusion
length of O at 1200 °C is only 4.4 x 1072 cm, and thus
negligibly small compared with the dimensions of the
sample. In the powdered cullet sample the oxygen that
will diffuse into the interior is present around each sep-
arate grain.

This result explains the well-known practical result
that the fining agent does not work properly if too
much cullet is added to the mix.

Similarly, in the raw-materials sample, if it was only
the oxygen from the surrounding atmosphere that was

0T -
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Fig.6. The ratio Sb3*/Sbr for ‘raw-materials samples’ (crosses) and
‘powdered cullet samples’ as a function of the temperature to which
the samples have been subjected for 20 hours.
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significant, then there would be no reason for expect-
ing that the effect of temperature would result in a no-
ticeable shift of the Sb3*/Sb%* couple, since this
shift would be determined by the very slow oxygen-
diffusion process. In the raw-materials sample, how-
ever, as we have seen, there is the possibility of oxy-
gen occurring in the form of bubbles in the melt, with
a partial oxygen pressure of 1 bar. This is a higher
oxygen pressure than is reached in the equilibrium
state of the powdered cullet sample (0.2 bar). This
means that in the raw-materials sample the Sb%*/Sbr
ratio will be lower than in the powdered cullet (cor-
responding to a high po, (glass)) for relatively short
melting times (20 hours). From Table IV and fig. 6 we
have been able to show that the ratio Sb3*/Sb®* at
1200 °C (after 20 hours) is equal to 1.4 + 0.2 for a
raw-materials sample. For a powdered cullet sample
this value is 2.2 + 0.6.
If in the equilibrium expression

,_ [S6°**)(popt
K= [SbP]

we use the value po, = 0.2 for the powdered cullet
sample, then with the Sb3*/Sb®*-values given above
for the raw-materials sample we find a po,-value of
0.5 bar. In view of the experimental uncertainties in
the starting points for the calculation, this value
agrees reasonably well with the value of 1 bar as-
sumed earlier.

The influence of NaNOs

Finally, we shall say a few words about the
influence of NaNQOg, which, as our results also indi-
cate, becomes evident at the fining stage.

At a temperature of about 550 °C the NaNOQOg de-
composes accompanied by the formation of oxygen.
This means that the oxygen concentration (or more
accurately, the oxygen activity) in the glass melt will
be increased, and this will happen before it does so
under the influence of the equilibrium shift of the
redox couple Sb3*/Sb5*. It will therefore also increase
the temperature at which this shift commences (fig. 7).
In principle, such an increase in the temperature has
the beneficial effect that the formation of oxygen can
be ‘put off’ until the formation of CO32 has been fully
completed.
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Fig. 7. The ratio Sb3*/Sbr for raw-materials samples as a function
of the temperature to which the samples have been subjected for 20
hours, at varying values of the initial oxygen activity (increasing in
the direction of the arrow).

An increase in the initial oxygen concentration by
the decomposition of NaNOg has the additional ad-
vantage that less oxygen has to be produced for the
melt to be saturated. In this way, therefore, the NaNOg
contributes to the formation, growth and ascent to
the surface of the oxygen bubbles and consequently to
the removal of the bubbles of COz, Ng, etc.

It is very significant that these are the particular
bubbles that are removed, because they are not re-
absorbed when the temperature is reduced. And it can
be seen from the reaction equation (1) why the re-
maining oxygen bubbles are indeed absorbed in this
case. -

Our relatively simple equation therefore helps to
explain the empirically well-known beneficial action
of the combination of NaNOs and Sb on the forma-
tion of bubble-free glass.

Summary. The chemical conversions in the melting stage of glass of
the composition 15Na;CO;-10BaCO;3-75Si0z have been investi-
gated with the aid of laser-Raman spectrometry. Below 1000 °C a
number of different crystalline compounds are formed, whose sili-
con content increases with increasing temperature. Between 1000
and 1400 °C the melt consists of liquid disilicates or trisilicates, con-
taining dispersed crystalline a-quartz. The oxidation/reduction
equiljibrium of the fining agent antimony in glass whose composi-
tion closely corresponds to that of television glass has been studied
by potentiometric titration and emission spectrometry. A reaction
equation can be written that gives a good description of this behavi-
our. The possible influence of NaNOg and cullet on the formation
and fining of television glass has also been investigated.




260

Philips Tech. Rev. 43, No. 9, 260-268, Sept. 1987

A mobile system for image bulk storage

L. H. Guildford and B. D. Young

There are many kinds of video signals besides those from television. Many other kinds of sys-
tems produce images from sensors; they range from infrared surveillance systems to X-ray
diagnostic equipment. Sometimes it is essential to be able to record signals for later analysis
off-site. This requires far more elaborate equipment for image bulk storage than an ordinary
video recorder. Recently at Philips Research Laboratories hardware and software have been
developed to cope with the many possible eventualities. The instrumentation is in fact a com-
plex system that constitutes a complete transportable laboratory.

Introduction

Television cameras, night-viewing systems, infrared
surveillance systems, ultrasound systems, radar, sonar,
X-ray diagnostic equipment — these all produce im-
ages from sensor systems. The images have to be pro-
cessed for simple display, to activate further systems
or perhaps to provide a better understanding of the
observations or of the operation of the actual system.

Experiments in real-time image processing with
such systems are often desirable, but there are prob-
lems. The actual scene itself may be unique and eco-
nomically unrepeatable, taking place in difficult en-
vironmental conditions. The image might for example
be due to a low-flying aircraft detected and tracked
by infrared sensors in unusual weather conditions. It
could come from an X-ray medical investigation,
where the patient’s discomfort should be kept as brief
as possible.

It is therefore highly desirable to record the video
information from the sensors on the spot. Then the
images can be recreated, studied and processed at will
later. The recording must be such that high-quality
unadulterated video information from the sensor
system is readily available.

Ultimately there are various options: the informa-
tion may be viewed directly as a two-dimensional pic-
ture, plotted as a graph or perhaps used as the basic
data for the recognition of a characteristic pattern (an
‘object signature’) to trigger automatic reaction by a
system.

L. H. Guildford, M.1.E.R.E., was formerly with Philips Research
Laboratories, Redhill, Surrey, England; B. D. Young, B.Sc.,
A.M.LE.E., is with these laboratories.

Collecting and recording the video signals from
different types of sensor systems requires a sophisti-
cated image bulk store with the appropriate equip-
ment for preprocessing and postprocessing. Such a
storage system including all the ancillary hardware
forms the subject of this article. The system is designed
for monochrome (‘black and white’) images only.

Image signal characteristics

Some of the sensor systems listed above will present
information as a signal that is compatible with the in-
ternational CCIR standards for television [1!. Others
make use of more unusual scene-scanning formats. In
general these will be line-scanning structures based on
rectilinear formats (as in television, but with different
parameter values), radial line scans (as in radar) or
vertical line scans swept horizontally to produce a 360°
‘cylindrical’ scan for omnidirectional surveillance.

The signals from the sensors will often be in analog
form, sometimes with synchronization pulses inter-
leaved with the video signals proper, thus producing
composite waveforms. Sometimes, however, video
and synchronization signals are provided on separate
connections. Digitized signals supplied directly from
the sensors will become more common in future. This
means that our system for image bulk storage must be
capable of dealing with both analog and digital signal
formats and with a wide variety of scan-synchroniza-
tion signals.

However the signals from the sensors are to be dis-
played or used, certain operational parameters always
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that, with parallel illumination of the specimen, a
diffraction pattern is formed at the back focal plane
of the objective. To obtain an image of this diffraction
pattern the objective diaphragm must be removed.
This diaphragm does have to be used, however, for
producing an ordinary image. If the aperture of the
diaphragm coincides with the image of the electron
source formed by the electrons transmitted through
the specimen, not scattered in the specimen (fig. 15),
the image formed on the screen is called a bright-field
image. This image, which is the one normally used,
has contrasts different from those in a ‘dark-field’
image. A dark-field image is obtained by tilting the il-
luminating beam in such a way that the aperture of
the objective diaphragm coincides with the image of
the electron source formed by electrons that have
been scattered over a defined angle in the specimen.

Philips transmission electron microscopes have
undergone continuous improvement in the last 30
years 31, While there have been a number of more
gradual modifications and refinements, the emergence
of another type of electron microscope, the scanning
electron microscope, has considerably accelerated the
evolution of transmission electron microscopes. Experi-
ence gained with scanning electron microscopes 4! —
developed mainly for scanning the surface of large
specimens with a narrow electron beam — and with
electron microprobes 81 — developed primarily for
wavelength-dispersive analysis of X-radiation from
large specimens with a crystal spectrometer — has led
to the realization that additional information could be
obtained in a transmission electron microscope by
scanning the specimen.

In the seventies this resulted in the development of
a ‘STEM’ accessory unit for the Philips transmission
electron microscope (STEM is an acronym for Scan-
ning-Transmission Electron Microscope). With this
electronic unit the electron beam can be made to
‘write’ a rectangular raster across the specimen. The
electron gun of a cathode-ray tube in the STEM unit
is controlled by a signal from a detector, and pro-
duces an image on its screen in which the contrast is
obtained by techniques different from the conven-
tional methods. Fig. 2 shows the detectors that are
available for these techniques. The signals from the
different detectors originate from:
« high-energy electrons back-scattered from the speci-
men (BSD),
o low-energy electrons produced by secondary emis-
sion in the specimen (SED),
o X-rays emitted by excited atoms in.the specimen
(EDX),
¢ non-scattered transmitted electrons (BFD),
« scattered transmitted electrons (DFD),

SCANNING-TRANSMISSION ELECTRON MICROSCOPE 27.5

e transmitted electrons of specific, selected energy
(EELS).

It should be noted that this evolution from a clas-
sical transmission electron microscope (TEM) to a
scanning-transmission electron microscope (STEM)
does not mean that the ‘ordinary’ scanning electron
microscope (SEM) has become redundant. An SEM
has its own specific range of applications, for the in-
vestigation of much larger and thicker specimens.
Very often the SEM can also be used for wavelength-
dispersive analysis of X-radiation, whereas a STEM

]
m EELS

Fig.2. Schematic representation of the detectors around the speci-
men and in the projection chamber. The detectors are mainly used
when the instrument is used as a scanning-transmission electron
microscope (STEM). EB electron beam. SED secondary-electron
detector. BSD back-scattered electron detector. EDX detector for
energy-dispersive X-ray analysis. BFD bright-field detector, for
non-scattered transmitted electrons. DFD dark-field detector, for
scattered transmitted electrons. EELS electron-energy-loss spectros-
copy detector, for transmitted electrons sorted by energy; see also
fig.9.

11 3, B. le Poole, A new electron microscope with continuously
variable magnification, Philips Tech. Rev. 9, 33-45, 1947/48.

21 A. C. van Dorsten, H. Nieuwdorp and A. Verhoeff, The Phi-
lips 100 kV electron microscope, Philips Tech. Rev. 12, 33-51,
1950/51.

[8]1 C. J. Rakels, J. C. Tiemeijer and K. W. Witteveen, The Philips
electron microscope EM 300, Philips Tech. Rev. 29, 370-386,
1968.

4] W. Kuypers and J. C. Tiemeijer, The Philips PSEM 500 scan-
ning electron microscope, Philips Tech. Rev. 35, 153-165,
1975.

181 M. Klerk, The electron microprobe, Philips Tech. Rev. 34,
370-374, 1974.
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mediately above the polepieces of the objective and
can be switched on or off (i.e. made optically active or
inactive), depending on the required mode of opera-
tion. Normally, switching a lens off interrupts the cur-
rent through the lens, which means that the heat-flow
conditions are changed, and hence the dimensions.
Near the specimen, however, the dimensions have to
be highly stable, so that changes in heat flow are not
permitted. The minilens is switched on and off opti-
cally without causing fluctuations in heat flow, by
means of a special magnetic configuration in which
the minilens is de-activated by reversing the current in
the appropriate coil.

In this magnetic configuration the magnetic flux of
the objective lens is split in such a way that about 50%
of the action of the minilens is based on this flux and
50% on the flux from its own coil. In the left-hand
half of fig.7 the two fluxes in the ‘air gap’ of the
minilens oppose one another. The resultant flux in the
air gap is therefore zero and the minilens is optically
inactive. In the situation shown in the right-hand half
of fig. 7 the current in the coil of the minilens has been
reversed, and the two fluxes in the air gap reinforce,
so that the minilens is optically active. The flux of the
objective lens is split by including an additional reluc-
tance around the coil of the minilens. This reluctance
and the ‘air gap’ of the minilens are formed by rings
of non-magnetic material, such as aluminium or
COpper.

The unmodified symmetrical immersion objective is
" particularly suitable for making very small spots on
the specimen. Fig.8a shows the ray diagram for the
smallest spot, the nanoprobe spot, used for scan
images and for analyses. Here the electrons move par-
allel to one another between the second condenser
lens (C2) and the condenser part (Ou) of the objective.
An incidental advantage of this objective is that there
is a relatively large amount of space between the pole-
pieces. A disadvantage of a symmetrical immersion
objective without an additional condenser lens, how-
ever, is that when the instrument is used as a TEM the
objective is less suitable for parallel illumination and
defocused illumination, i.e. with the spot on the speci-
men slightly out of focus.

Fig.8b shows that these disadvantages have been
overcome by the addition of the minilens (Cn). When
this lens is energized so that its focus coincides with
that of the condenser part (Ou) of the objective, the
result is a ‘telecentric’ optical system. The special fea-
ture of such a system is that a parallel incident beam
leaves the system still as a parallel beam. Fig.8b
shows that, in spite of the presence of the converging
lens Oy just above the specimen, parallel illumination
of the specimen is nevertheless obtained. If the con-
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Fig.8. The main operating conditions of the Twin objective lens.
C» second condenser lens. Cp, mini-condenser lens. O, condenser
lens formed by the magnetic field above the specimen S. O; image-
forming lens produced by the field below the specimen. a) Ray dia-
gram when the smallest possible spot — the nanoprobe spot — is
formed on the specimen. Cr, is not in operation. b) Ray diagram
for parallel illumination of the specimen. Cy and Oy together form
a telecentric system. ¢) Ray diagram when C, is energized in ano-
ther way, producing a larger spot — the microprobe spot — on the
specimen. d) The detectors and holders that have to be accommo-
dated between and in the polepieces near the specimen; see also cap-
tion to fig.2. SH specimen holder, which can be tilted through an
angle 0 about an axis 74 perpendicular to the plane of the drawing.
OD holder for four different objective diaphragms.

denser lens C; is energized in another way a larger
spot than the nanoprobe spot is produced on the
specimen — the microprobe spot; see fig. 8c. Fig.8a, b
and ¢ show three important modes of operating with
the Twin lens. The ray diagrams are limiting cases for
a large number of variations, e.g. with a defocused
spot or with incompletely parallel illumination of the
specimen.

The specimen is thus placed half-way between the
polepieces of the objective lens, since with the easily
switched mini-condenser lens a strong lens immediate-
ly above the specimen is no handicap. Fig.8d shows
that the relatively large free distance above and below
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the specimen is used for accommodating a holder for
four different objective diaphragms, the detectors for
back-scattered electrons and emitted X-rays, and also
for tilting the specimen holder through the largest
possible angle. The detector for secondary electrons,
which has an electrode at a potential of 10 kV to col-
lect electrons with an energy of less than 50 €V, is ac-
commodated in a radial hole in the upper polepiece.
The specimen must be tilted:

o for investigating crystal structures with the aid of
diffraction patterns;

o for making stereo micrographs, i.e. micrographs
with opposite angles of tilt, but otherwise identical;
» for making series of micrographs with different tilt
angles, from which a computer can reconstruct three-
dimensional images, e.g. of biological macromole-
cules; and v
« for obtaining maximum signals from the X-ray de-
tector.

There is sufficient space for the X-ray detector to be
mounted close to the specimen. The solid angle at
which the detector ‘sees’ the specimen is therefore
relatively large, and this also means that a strong sig-
nal is obtained from the X-ray detector, so that selec-
tive energy-dispersive analysis of the specimen is pos-
sible.

The designers of the objective described here were
confronted with two conflicting requirements: they
could have either a large space between the polepieces
or a high resolution. Scaling down the polepieces re-
duces the space available, but gives a higher res-
olution because the spherical and chromatic aberra-
tions will be smaller. On the other hand, a relatively
large space between the polepieces gives a slightly
lower resolution. The dilemma was resolved by making
two versions of the objective lens, the Twin lens and
the Super-Twin lens. In the first version the emphasis
is on a large tilt angle, in the second on a high resolu-
tion with high magnification. TableI lists the focal
distance, spherical and chromatic aberration, point
and line resolution, minimum spot diameter and tilt
angle for the two objectives.

Table I. Focal length f, constants Cs for spherical aberration and
C. for chromatic aberration 119}, minimum spot diameter d, point
resolution Ry, line resolution R; and maximum tilt angle 8 for the
Twin and Super-Twin objectives.

Twin Super-Twin

f 2.7 mm 1.7 mm
Cs 2.0 1.2

C. 2.0 1.2

d 2.0 nm 1.5 nm
Ry 0.34 nm 0.30 nm

R 0.20 nm 0.14 nm

0 : +60° +15°
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Operating modes

With the versatile Twin lens and the deflection coils
above and below the specimen the CMI12/STEM
microscope offers a large number of optical settings
or modes. In this section we shall look at the most
important of these modes, classified by the nature of
the energization of the deflection coils.

The illumination of the specimen corresponds in
general to fig.8a, b or c, i.e. illumination with the
nanoprobe spot, a <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>