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Abstract —We have investigated novel techniques for the fabrication of
silicon IMPATT diodes for use at frequencies of 220 GHz and beyond. We
report on diodes yielding 25 mW CW at 102 GHz with 2-percent conver-
sion efficiency, and 16 mW CW at 132 GHz with 1-percent conversion
efficiency. The basic techniques described are ion implantation, laser
annealing, unique secondary-ion mass spectrometry (SIMS) profile di-
agnostics, and novel wafer thinning, yielding ultrathin, reproducible wafers.
The utilization of these technologies, as they are further refined, can result
in the development of silicon monolithic integrated sources.

L. INTRODUCTION

N THE last two years, we have investigated and
developed the technology base for silicon IMPATT
diodes for use at frequencies of up to 220 GHz. An
outgrowth of this effort has been the development of a
novel device technology which facilitates simple, well-con-
trolled processing procedures for the fabrication of ultra-

thin, IMPATT devices, with good heat sinking properties.

The devices produced are capable of CW operation with
25-mW output power, at above 100 GHz, with a conver-
sion efficiency of 2 percent. In our early work at 60 GHz
[1], conventional p*-n silicon diodes were developed, that
yielded CW power output in excess of 500 mW at 6-per-
cent efficiency. Most recently, our complementary (n*-p)
silicon IMPATT diodes operating at 132 GHz have yielded
16 mW with 1-percent conversion efficiency.

The work most relevant to our success includes our
excellent impurity concentration profile and thickness con-
trol developed for multilayer vapor-phase expitaxial silicon
devices, and our wafer thinning procedure developed for
the fabrication of small-area ultrathin (2 pm) IMPATT
diodes (Fig. 1). Our present device fabrication technology
permits the fabrication of IMPATT devices for use at
frequencies above 200 GHz, utilizing ion implantation and
laser annealing. : o

This paper describes the development of a new technol-
ogy which will result in the development of devices that
operate at higher frequencies with increased efficiency. In
addition, the possibility of developing monolithic in-
tegrated circuits in silicon using the new technology 1is
brought out.

The RF impedance, the need for stringent impurity
concentration profile control, ohmic contact resistance,
and heat dissipation requirements, make the millimeter-
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Fig. 1. View of the diode.

wave IMPATT oscillator a device that requires a state-of-
the-art technology for fabrication. These requirements were
successfully met by using small-area (<10~ cm?) single-
drift and double-drift devices with ultrathin low-resistivity
contacting layers to reduce both the thermal and the elec-
trical series resistance. The use of ultrathin wafers (2-3
pm) also alleviates the problem of undesirable undercut-
ting during the formation of the small-area mesas.

II. VAPOR-PHASE SILICON EPITAXIAL MULTILAYER
IMPATT DI10ODE STRUCTURES

We have successfully fabricated the following structure
as shown in Fig. 2:

1) substrate: 3X 10! (arsenic doped);
2) first epifilm: 0.3 pm of 3X10!7 (n) (arsenic doped);
3) second epifilm: 0.3 pm of 2X10'” (p) (boron doped).

An ion implantation (not shown).completes the double-drift
IMPATT structure.

A. Deposition .

Vapor-phase epitaxial-silicon single and multilayer IM-
PATT diode structures {2]-[5], as shown in Figs. 2 and 3,
are deposited on a (111) oriented substrate, in a hydrogen
atmosphere, using the conventional silane (SiH,) decom-
position method. All the silicon layers are deposited at a
substrate temperature ranging from 1000°C to 1050°C.

0018-9480 /82 /0100-0047$00.75 ©1982 IEEE
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Fig. 2. SIMS depth profiles of epigrown n and p on n™ arsenic-doped
substrate.
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Fig. 3. SIMS depth profiles of epigrown p and ion-implanted p* and

n* arsenic-doped substrate.

Diborane or arsine gas are introduced during the epitaxial
growth process to achieve the desired impurity concentra-
tion in the respective layers.

B. Growth

The substrates’ back surface and side edges were coated
with 2000 A of deposited oxide. The substrates were heated
to approximately 1150°C and etched with HC1 (1-percent
HC1 for 5 min). The temperature was then dropped to
approximately 1050°C and the first epilayer was grown.
The system was then purged of all reaction gases (at
1050°C) before the second epifilm was grown. The adjust-
ment of crystal growth parameters, using impurity con-
centration profiles by secondary-ion mass spectrometry
(SIMS), has led to sharp transitions (Fig. 4). The con-

EPI SI ON N+<(P> SUB. #T-78-1

lum: LN AN SR S S SR N SN A S T T T T T 3
<
©
~ a. 28um
w
. e men
JBRt-1d 8 ':’:’ E
=z ] ]
= 4
[w]
= ]
E g
E 1o E
=z
w
o
Z
o
(&)
92}
Y. B = E
E =
I L 3
a.
o
j=)
I
a.

1wl e b P R

o a.s 1.0 1.5 2.0

DEPTH

(micrometers)

Fig. 4. Transition of epigrown n on n™ substrate.

centration varies from 310" atoms/cm’ in the substrate
to 2>X10"7 atoms /e’ in the epitaxial layer over a distance
of only 3000 A.

III. DEevICE FABRICATION BY ION IMPLANTATION
AND LASER ANNEALING

A. Single Drift

As discussed above, the conventional fabrication tech-
nique is via epitaxy. The n layer, followed by p and p*
layers, are grown in succession upon an n™ substrate which
serves as a handle during the fabrication (this substrate is
partially etched away just before the final Cr—Au metalli-
zation). When the design frequency of the IMPATT ex-
ceeds 140 GHz, the doping profile requirements (e.g.,
junction abruptness and uniform layer thickness) are dif-
ficult to meet using this epitaxial technique.

A novel application of both ion implantation and laser
annealing techniques was first proposed [6] to achieve
uniformity and reproducibility of the closely spaced junc-
tions. The single-drift IMPATT was successfully processed
as a vehicle for the more difficult double-drift structure.
First, an n layer with doping concentration of about 5 10!
cm™? is grown at 1050°C on a (111) oriented n™" silicon
substrate using conventional silane pyrolysis. The thickness
of this n epilayer is 2 pm. Next, two ion implants are
carried out under the following conditions:

1) n region: *'P implant at 500 keV with a fluency of
1X10% cm™ 2

2) p* region: ''B implant at 50 keV with a fluency of
2X10% cm™2.

Typical SIMS analyses of these implants are shown in Fig.
5(a)—Dbefore, and Fig. 5(b)—after annealing. After the
above ion implants, the wafer can be either thermally
annealed at 1000 °C for 15 min in dry N, (after depositing
0.5 pm Si0, as capping) or laser annealed.

The wafer is then metallized on the p* side with Cr—Au
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Fig. 5. Results (measured by SIMS) obtained (a) on implanting *'P and
1B in silicon; (b) after annealing, on implanting *'P and ''B in silicon.

and electroplated with 25-um-thick copper to form the
heat sink. Another layer of gold, 2 pm thick, can be plated
upon the copper heat sink. This metallization also serves as
a handle for subsequent processing. At this point, the n*
silicon substrate can be completely or partially removed by
the procedure for wafer thinning, described in the next
section.

Next, the n* layer is formed by a 950 keV *'P* ion
implant with a fluence of 3X 10" cm™2. This implanted
layer of 0.95-pm depth is then laser annealed. The laser
annealing heats up only a 1-um depth of the material at
the surface for a very short time (~1 ps). Thus, there is no
deleterious effect at the metal-silicon interface (2 pm
away), and profile redistribution is minimized. The appli-
cation of laser annealing here is unique, since, at this point
in the processing sequence, the above device structure (with

49

Fig. 6. I-V characteristics of a millimeter-wave IMPATT diode. (0.01
mA /vertical division; 2 V /horizontal division.)

. a metallic coating) cannot be thermally annealed.

The n™ contact layer is first evaporated with Cr—Au.
Then, an array of gold dots is electroplated through a
photoresist mask. The unplated metallization is removed,
and mesa diodes are formed by etching completely through
the unplated area of the semiconductor layer. Finally, the
diodes are separated; each diode, with its attached copper
heat sink, is now ready to be tested. -V characteristics are
shown in Fig. 6.

B. Double-Drift Structures

For applications of the double-drift diode at around 140
GHz, a millimeter-wave IMPATT diode with symmetrical
structure and total active layer thickness of 0.5 pm is
desired. Such a device requires four implants instead of
only three. The proposed device is to have a total thickness
of 1.5 pm. Hence, an n epilayer of 1.5-um thickness and
doping concentration of 110 ¢cm™? is first grown on an
(111)-oriented n* silicon substrate. The doping concentra-
tion of the n epilayer is not critical in this case and can be
varied within a factor of 2 or 3 without seriously affecting
the final performance of the finished device. However, the
thickness of the n epilayer should be carefully measured
and controlled. The processing is essentially similar to that
described in the previous section, except for the insertion
of the 0.25-um n layer by a >'P* * ion implantation at 280
keV after the implant for the n* contact. The *'P*™ ion
implant at 280 keV has the same penetration as a >'P* ion
implant at 560 KeV, which is needed for the deep penetra-
tion. Both the n* and the n region are laser annealed
(simultaneously) as described in the next section.

IV. TECHNOLOGY SPECIFICS

A. Laser Annealing

Laser annealing was performed with a pulsed Nd: YAG
laser [7], [25]. The laser beam has a pulsewidth of 15 ns and
contains both the 1.06-um and the 0.53-pm compo-
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Fig. 7. Profile distribution determined by SIMS (laser as opposed to
thermal annealing).

nents. This is achieved by passing the fundamental output
of the two-stage pulsed Nd:YAG laser through a Type II
KD*P crystal frequency doubler, which has a conversion
efficiency of 30 percent. The dual output pulses are collin-
ear and are optically scanned over the target wafer. The
0.53-pm component has a higher absorption coefficient in
silicon. Electrons and holes generated by the 0.53-pm
component enhance the absorption of energy from the
1.06-um component, which penetrates deeper in silicon
and is more suitable for annealing deep implants. The laser
beam spot has a diameter of 6 mm, with ~50-percent
overlap between adjacent spots. The pulsed laser is oper-
ated at a repetition rate of 10 pps.

Fig. 7 shows the profile distribution, determined by
SIMS [8]-[10], of the ion implantation of 50-keV boron
into a 10'¢ atoms /cm’® As-doped epi-grown substrate. The
ion-implantation fluency level determines the concentra-
tion profiles. The improvement accomplished by the use of
laser annealing as opposed to thermal annealing is evident
as the sharpness in the profile distribution increases with
increasing pulse densities. The ability to obtain the con-
centration profile by SIMS diagnostics has enabled us to
accurately determine the carrier profile resulting from the
ion implantation and annealing processes.

B. Secondary-Ion Mass Spectrometry

We have built our own instrument [8] for performing
SIMS. This instrument is particularly well suited for silicon
device research because of its Cs™ primary ion source and
its ultrahigh vacuum capabilities. We have shown [9] how
these attributes have enabled us to profile n type dopants
(P and As) in Si, to concentrations down to less than one
part per million atomic (ppma). This type of accuracy is
normally impossible using a more traditional SIMS instru-
mentation. Furthermore, we have shown [10] how to
depth-profile p and n type dopants simultaneously and

thus determine electrical junction depths directly from the
SIMS data. It is this unique capability which has been of
most benefit to millimeter-wave device research. When
fabricating double-drift diodes by ion implantation, the
As-implanted dopant distribution can only be predicted.
SIMS is used to measure accurately the p and n dopant
distribution after thermal annealing, which is important
because diffusion can often alter the profiles in an unpre-
dictable manner, smearing together the very thin layers
needed for high gigahertz operation. We have been success-
ful in determining whether or not the implantation and
diffusion steps have produced the desired doping profiles
prior to the difficult and tedious steps needed to process
the wafers into diodes. SIMS will be of even greater benefit
with high-energy (exceeding 1 MeV) ion implantation cou-
pled with laser annealing, because of the less precisely
known ion ranges at these energy levels and, as yet, rela-
tively unpredictable diffusion behavior with laser anneal-
ing.

C. Wafer Thinning

1)Conventional Technique:

1. Metallization with Cr—Au on the p* side serves as
the handle.

2. A hole is opened in the center of the metallization
to allow for light transmission measurement to evaluate
wafer thickness.

3. The center of the wafer is chemically thinned to as
low as 2 pm. The wafer is then supported by the remaining
outside ring and the top metallization (with the hole).

The thickness of the n epi is then amenable to precision
control and measurement.

2) Preferential Etching (n on n*) [11]: An extensive
investigation of a preferential silicon etch has been launched
in order to enhance our capability to thin uniformly our
substrates and remove selectively n* material from n.
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We have tested an 8CH3COOH 3HNO;:1HF solution
on (111) orientation, n type wafers. Wafers with impurity
concentrations of 10'%, 10", and 10" atoms/cnd’ were
used. Several major factors influenced the n etch rate: 1)
etching two wafers of different impurity levels simulta-
neously; 2) the presence of gold metallization; and 3)
uniformity of the crystal structure. The 10" atoms/cm’
@") wafers were the least influenced by these factors,
since these wafers etched relatively fast (between 2.7-3. 5
pm/min). The etch rates of samples with impurity con-
centration of less than 10'® atoms /cm?® (n) are significantly
lower than 3 pm /min. Several examples of these effects are
seen in TableI.

An epilayer of 1.5 X 10" atoms /cm’ (on a 10" atom /cre®
Au-backed substrate) yielded an etch rate of 0.89 pm per
minute. o ‘

We have achieved repeatability by the careful control of
various physical conditions such as total solution volume,
temperature, and mix action. Muraoka et al. [11] were able
to improve results substantially by introducing hydrogen
peroxide. We expect this preferential etch to yield suitable
etch-rate ratios of at least 10:1 under the worst conditions:

V. REDUCED-HEIGHT Circults (ABOVE 140 GHz)

Reduced-height waveguide circuits [13]-[15], (Figs.
and 10) were used in evaluating the IMPATT diodes. The
integrated heat sink IMPATT was mounted on top of a
16-mil-diameter post (Fig. 11) [16], and connected to a dc
bias through a pressure-loaded p-i-n as shown in Fig. 10. A
bandstop filter in the bias .lineb was used to prevent RF
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Fig. 10. Reduced-height waveguide circuit.

leakage at the output frequency. At the end of the dc bias
line (Fig. 9) an RF termination constructed of an insulat-
ing material providing high RF loss was used. Typical
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Fig. 12. Performance progress for state-of-the-art Si IMPATT diodes
[17]-[24).

diode-operating conditions at above 100 GHz are v, =14.2
V and I, =111 mA. Device-circuit tuning capabilities are
depicted in Fig. 8.

VI. IMPLICATION /MONOLITHIC SILICON
INTEGRATION

We believe that the technology base that we have devel-
oped will enable the fabrication of millimeter-wave IM-
PATT sources for operation at frequencies above 220 GHz,
yielding better power and efficiency than are available in
the state of the art. A technique explored in the early days
of MIC technology was that of microstrip lines on silicon.
In 1965, T. M. Hyltin of Texas Instruments showed im-
pressive results using silicon of 1400-Q-cm resistivity. In
the MERA program [12], he proposed growing devices on
high-resistivity material to integrate the circuits monolithi-
cally. This approach failed when it was found that the
processing steps involved in the epitaxial growth signifi-

cantly lowered the resistivity of the silicon. There now exist
new ways to process silicon wafers, namely ion implanta-
tion and laser annealing, which do not require high temper-
atures. The active device can now be fabricated without
degradation of the high-resistivity substrate needed for the
passive network. These new techniques afford many new
possibilities, particularly in the area of millimeter waves.
The advantages of the monolithic integrated circuits tech-
nology include low production costs through batch process-
ing, high reliability, and compact size. In light of the
apparent saturation in both frequency and power output
shown in Fig. 12, monolithic circuits using an improved
technology show promise for the future.

VIIL

We have examined a new technology which has enabled
us to fabricate ultrathin IMPATT devices, with reported
results that approximate those of the state of the art. The

CONCLUSIONS
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basics of the techniques involved are as follows: 1) all
ion-implantation; 2) laser annealing; 3) highly refined SIMS
profile diagnostics; and 4) novel wafer-thinning techniques,
leading to reproducible, uniform device layers. The prom-
ise of these techniques, as they are further refined, lies in
the strong possibility of developing silicon monolithic in-
tegrated millimeter-wave circuits.
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- Specific Equations for One and Two Section
Quarter-Wave Matching Networks for
Stub-Resistor Loads

RALPH LEVY, FELLOW, IEEE, AND JOSEPH HELSZAJN, MEMBER, IEEE

Abstract — Given a load network consisting of a conductance in parallel
with a short-circuited stub, the admittance values of optimum one and two
section commensurate transmission line matching networks are derived.
These values are expressed in closed form as functions of the bandwidth
and ripple level. It is shown that optimum networks have nonzero reflection
coefficient minima, as predicted by classical broad-band matching theory.

I. INTRODUCTION

CLASSIC PROBLEM in microwave engineering is
the broad-band matching of a one-port network con-
sisting of a conductance shunted by a short-circuited stub.
A typical example is encountered in the matching of junc-
tion circulators. A convenient form of matching network
consists of one or more equal length (i.e., commensurate)
transmission lines. Several authors have described solutions
for the general case having n such lines, the most general
result being presented in [1]. A schematic diagram of the
network is shown in Fig. 1. It should be noted immediately
that this particular form of matching network is not neces-
sarily optimum in having the maximum “gain-bandwidth”
product for a given length, but it may be the most conve-
nient for a practical situation. A more optimum network
for a similar distributed load network is given in [2], but
this is not necessarily so from a practical point of view
where realizable impedance levels are a prime consider-
ation.
Papers on matching networks have fallen into two cate-
gories. The first consists of sophisticated general solutions
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Fig. 1. The general (n — 1)-section matching network.

such as [1], [2], which have found limited use because of
their complexity, not readily appreciated by or compre-
hensible to a majority of engineers. Included would be the
classic papers by Fano [3] and Youla [4]. In the second
category are papers which take a more elementary ap-
proach, usually involving analysis of one or two section
matching networks, leading to results suitable for practical
applications, [5], [6]. These methods involve either ap-
proximations or solutions to complicated nonlinear simul-
taneous equations, so that in one sense they are actually
more complex than the papers of category 1.

One object of this paper is to demonstrate that the
classical (“sophisticated”) synthesis method of category 1 is
actually simpler than the direct (“brute force) method of
category 2 when applied to equally simple networks, i.e.,
with one or two matching elements rather than the general
n-element case. Specific equations for the elements of the
matching networks result, and computer-derived solutions
are not required.

A second objective is to solve the matching problem for
the general case where the reflection coefficient minima
take on finite values rather than zero. This gives improved
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