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Microwave Associates is the world’s leading
manufacturer and custom designer of microwave
semiconductor devices. For more than 25 years, we
have been developing and manufacturing state-of-
the-art silicon and gallium arsenide devices for a
wide variety of uses in both commercial and military
applications. The established product lines include
power generation and amplification diodes and
transistors, receiving diodes of all types (mixers and
detectors), special products such as silicon material,
diode packages and MIS capacitors, and a wide
variety of signal control devices. PIN diodes are in
the control devices category.

The modern, well-equipped facilities and advanced
processing techniques of the Silicon Products
Group, an operating group of Microwave Associates,
have provided a basis for the development of a high
level PIN diode technology. Standard and custom
designed beam-iead, chip and packaged PIN diodes
are available for the entire RF and microwave
spectrum. In the final chapter of the PIN Designers’
Guide a complete standard PIN diode matrix is
presented for use in the design of low, medium and
high power RF switches, limiters, duplexers, phase
shifters and attenuators. A wide variety of parameter
options and case enclosures

is available.

The PIN Designers’ Guide is meant to be a useful
reference and selection aid for the RF circuit
designer. Included are not only practical handling
techniques for chip devices and detailed descrip-
tions of pertinent diode measurements, but also an
in-depth chapter on the device physics of PIN diodes
(Chapter 1). The actual design procedures,
performance trade-offs and functional details are dis-
cussed for the design of 17 different switch types,
limiters and attenuators (Chapter 10). Driver
considerations, package parasitics and PIN diode
quality and reliability are each treated in separate
sections.

The purpose of the PIN Designers’ Guide is to serve
the needs of the customer by providing an industrial
reference on PIN diodes. Instead of merely being a
collection of data sheets and application notes, this
complete overview treats device theory, device
handling, applications, design procedures and device
selection.

Microwave Associates has achieved technological
leadership and expertise in PIN devices through the
efforts of a highly skilled team of technical and

introduction

marketing specialists who are a part of a multi-
national team created to serve you, the customer.
Our charter is to provide a reliable quality product at
a reasonable price. To achieve this, our technical
staff is continually at work developing new device
concepts and our sales and applications personnel
are standing by to serve the demands of a fast
growing industry.
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device physics of PIN diodes

1.1 DISCUSSION

The purpose of this chapter is to provide enough
basic device concepts to facilitate use of the
following chapters on PIN diode applications. For
individuals interested in more detail on the device
properties of PIN diodes, excellent texts by White'
and Watson? are available.

1.2 SILICON JUNCTION DIODES

The fundamentals for all silicon junction microwave
diodes are found in the physics of a PN junction.
Semiconductors can be doped either N or P by
adding impurities to the basic crystal lattice. Impur-
ities such as arsenic, phosphorus and antimony in
silicon are of the N type and introduce a loosely-
bound electron into the crystal lattice. Impurities
such as boron, gallium and aluminum in silicon are
of the P type and introduce a loosely-bound hole, or
missing electron, into the crystal lattice. N material
has negauvely CHETQEG eiectrons as the md]UrIIy
carrier of electrical current, while P material has
positively charged holes as the majority carrier. Due
to thermal excitation of hole electron pairs, some
holes are present as minority carriers in N material
and some electrons are present as minority carriers
in P material. Silicon material which is without im-
purities is known as intrinsic silicon. In intrinsic
silicon, holes and electrons are present in equal
numbers, which are governed by thermal generation.

In general, microwave devices have doping levels
which are uniform in the y-z plane and are therefore
a function of x only. For N material, the doping
density is a donor density, Np (x), and for P material,
it is an acceptor density, NaA (x). A PN junction
occurs when the quantity N (x) = Np (x) — NA (x)
changes sign or when the material changes from
N-type to P-type.

The current-voltage characteristic of a PN junction is
shown in Figure 1.2-1. When the P side is biased
positive with respect to the N side, the device will
conduct current easily. This region is often
characterized by specifying a maximum forward
voltage (V¢) drop for a specific forward current (If).
When biased in the opposite way, the device blocks
DC current for reverse voltages less than the
junction breakdown voltage. In this region, the
device is often characterized by a maximum leakage
current at a specific reverse voltage (Vy). At the

(1) White, J.F., “Semiconductor Control”, Artech House, 1977.
(2) Watson, H.A., “Microwave Semiconductor Devices and Their
Circuit Applications”, McGraw Hill, 1969.

breakdown voltage, carrier multiplication by impact
ionization occurs, so that large increases in current
are obtained for small increases in terminal voltage.
It is customary to specify the breakdown voltage (Vp)
as the voltage at which the reverse current (iy) is
10uA.

The doping profile N (x) for an idealized, uniformly
doped abrupt junction diode is shown in Figure
1.2-2(a). When N and P materials are placed in
intimate contact with each other, there are more free
electrons on the N side than on the P side. Electrons
start flowing by diffusion from the N side to the

P side. In similar fashion, the holes start to flow
from the P side to the N side. In normal N or P
material, the charge of mobile carriers exactly
balances the charge of the donor or acceptor atoms
fixed in the lattice. When the mobile electrons leave
the N material near the junction, they leave behind
positiveiy charged donor atoms fixed in the siiicon
lattice. In similar fashion, the holes in the P material
flowing to the N material leave behind negatively
charged acceptor atoms in the lattice. The effect of
this is to build up a dipole space-charge layer which
retards further diffusion of electrons from the N side
to the P side as shown in Figure 1.2-2(b). The dipole
layer adjusts itself so that there are equal quantities
of electrons and holes crossing the junction in each
direction. Minority carrier electrons which diffuse to
the edge of the space-charge layer will fall down the
potential barrier into the N material. Similarly, there
are energetic electrons on the N side which can
overcome the potential barrier and cross over to the
P side. At equilibrium, these two carrier streams are
exactly equal. The net current is zero and the net
terminal voltage is also zero.

Y
» V
A vi(ip)
Ir(Vr)

FIGURE 1.2-1 CU R ENT VS VOLTA G CHARACTERISTIC
OF A TYPICAL PN JUNCTION DIODE
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The energy band diagram for the PN junction at zero
bias is shown in Figure 1.2-3. In the figure, E¢ is the
conduction band energy, Ey is the valence band
energy and Ef is the Fermi energy, or chemical
potential. For silicon, the potential barrier &g at zero
bias is approximately 0.7 volt. Forward bias reduces
this barrier and allows more majority carriers to
cross the space charge or depletion region. Once
across, they are then minority carriers on that side of
the junction. This phenomenon is called minority

A N(X) = Np(X) — NA(X)
Np+
> X
_NA
Xj
a) DOPING PROFILE
Q(X)
( -—  W—
Xj
+ gNp
+
> X
-gNA
b) SPACE-CHARGE PROFILE
EX) A
—p X
X
¢) ELECTRIC FIELD PROFILE

FIGURE 1.2-2 DOPING PROFILE, SPACE-CHARGE
PROFILE AND ELECTRIC FIELD PROFILE
FOR AN ABRUPT UNIFORM DOPING
PN JUNCTION

carrier injection. Reverse bias increases the barrier
and reduces the flow of majority carriers across the
junction. Reverse leakage occurs when minority
carriers drift to the depletion region edges and are
pulled across it by the electric field. An additional
component of reverse leakage current arises from
carrier generation within the space-charge region.

Using Poisson’s equation, one can integrate the
charge distribution of Figure 1.2-2(b) to determine the
electric field across the depletion region. The elec-
tric field E (x) is shown in Figure 1.2-2(c). Note that
the peak electric field occurs at the PN juncticn.
When this peak field reaches the threshold value for
impact ionization, the PN junction goes into ava-
lanche breakdown. Thus, knowing both the threshold
field for silicon (which is a function of doping level)
and the electric field distribution, one can calculate
the breakdown voltage of a given PN junction. An
additional integration of the electric field yields the
voltage drop, or potential, across the junction. The
voltage provides the boundary condition which fixes
the specific dimensions of the space-charge, or
depletion, region. As the voltage increases, the
space-charge region widens to support the voltage.
In this manner, the width of the space-charge region
is a function of voltage.

Under reverse bias, for a given applied voltage (V)
there is an equilibrium value (W) for the width of the
space-charge region. The space-charge region
approaches equilibrium at a rate given by the diel-
ectric relaxation time (74) of the silicon. The dielectric
relaxation time is the time in which a charge
unbalance decays to 1/e of its initial value and is
given by:

i (1-1)

FIGURE 1.2-3 ENERGY BAND DIAGRAM FOR ABRUPT
UNIFORM DOPING PN JUNCTION AT
ZERO BIAS
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where ¢ is the conductivity of the silicon junction
region and ¢ is the electric permittivity of silicon. At
low frequencies, when the RF period is substantially
greater than rg4, the depletion region width is defined
by the instantaneous applied voltage. At high
frequencies, when the RF period is substantially less
than 7¢, the equilibrium depletion width cannot
follow the instantaneous RF voltage. Figure 1.2-4
shows the variation of rq with silicon resistivity. A
typical tuning diode has an active region resistivity
of 0.5 ohm-cm, while a PIN diode has an active
region resistivity of several hundred ohm-cm or more.
This resistivity difference leads to very different RF
properties of the two device types.

Minority carriers injected into both the P and N layers
at forward bias cannot be extracted with time
constants as fast as the dielectric relaxation time of
the material. These carriers must either be withdrawn
by reverse current through the diode or be allowed to
decay naturally with their own time constant.

The reverse bias PN junction diode has been shown
to have a depletion region whose width (W) is a func-
tion of doping level and applied voltage. On an AC
small-signal basis, the diode appears electrically as a
plane parallel plate capacitor with plate separation
W. The junction has a capacitance given by:

A

Cj=W

(1-2)

where Cj is the junction capacitance and A is the
device area. Using Equation 1-2 and the expression

1012 < T g ?
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SILICON RESISTIVITY (OHM-CM)

FIGURE 1.2-4 DIELECTRIC RELAXATION TIME 7g VS.
RESISTIVITY FOR SILICON

for W as a function of voltage, the capacitance for a
uniformly doped abrupt PN junction is given by:

2ge 12 3
(®0-V) (1/NA -1/ND)] (-3

A

V) =3

where q is the electronic charge, ®q is the contact
potential, and V is the applied voltage with the
polarity shown in Figure 1.2-1.

For a P+ N junction (i.e., the P side very heavily
doped) Equation 1-3 simplifies to:

A

- (1-4)

Ci\v) =

2qeNp |72
(®o -V)

For a linearly graded junction, where the impurity
distribution at the junction is given by:

N (x) = (a)x) (1-5)
where a is a constant.

The junction capacitance is given by:

3
Co (V) = €A _qa_] (1-6)

12¢ (B0 V)

Thus, for an abrupt uniform junction, Cj (V) aV*. For
a linearly-graded junction, Cj (V) aV*, 'Ilhe simplified
expressions are, for reverse voltages, many times -
greater than &g, which, for silicon, is approximately
0.7 volts. By varying the junction doping profile, the
functional dependence of junction capacitance on
voltage can be tailored.

Although the depletion region acts as a low-loss
capacitor, the undepleted semiconductor regions act
as resistors. Practical device structures are designed
to have the undepleted semiconductor regions as
heavily doped as possible in order to minimize
losses. The doping profile of a microwave P+ N junc-
tion diode is shown in Figure 1.2-5. This profile
would be appropriate for a tuning or multiplier diode.
Ideally, there would be an appropriate resistivity N
layer sandwiched between two heavily doped N +
and P+ layers, with very abrupt transitions between
regions. However, in practice, one starts with an N
on N+ silicon epitaxial slice. Typically, this slice
would have a 4- to 10-micron thick layer of 0.5 to 5
ohm-cm resistivity silicon epitaxially grown on a

10 mil thick, arsenic-doped silicon substrate slice
with resistivity of .001 ohm-cm. The P+ layer is
formed by diffusing elemental boron into the front
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surface of the slice at 1050° to 1200°C for a precise
time. The diffusion process results in an impurity
distribution which is approximately error function in
nature. During the P+ diffusion process and any
subsequent high temperature processing, the NN +
junction becomes more graded, due to diffusion from
the heavily doped substrate to the N layer.

1.3 PIN DIODES

A PIN diode is a form of P+ NN+ device with an
intrinsic active region such that Np (x) = NA (x) = 0
in the N layer. In practice, it is impossible to obtain
and maintain through processing truly intrinsic
material. Thus, most PIN diodes have layers which
are slightly N-type or P-type. Consider a device with
a very lightly doped N region. Figure 1.3-1(a) shows
the doping profile for such an ideal PIN diode. Note
that there are really two junctions: a P+ N- junction
and an N-N+ junction. At zero bias, a depletion
region will form at the P+ N- junction to accommo-
date the contact potential ®q. If the doping in the N-
layer is sufficiently small, and the width is small, the
zero-bias depletion region may extend all the way to
the N+ region. Such a device is said to have a zero-
bias punchthrough. A more typical situation is that
the zero-bias depletion region extends only slightly
into the N- region. As reverse bias increases, the
depletion region grows wider and wider until it
reaches through to the N + region. At this point, the
depletion region will not increase further in width,
since for very little increase in W, large amounts of
space charge can be obtained for the space-charge
region. The voltage at which this occurs is called the
punchthrough voltage (Vp). Figure 1.3-1(c) shows the
electric field profile across the PIN diode junction.
The lower the doping level in the | region, the more
constant the electric field is across the | region. The
slope of the electric field is given by q Np/e.

A N(X) = Np(X) — NA(X)
N02 4
N+
SUBSTRATE

ND1 J

N ACTIVE LAYER X

Xj

P+
DIFFUSION
Na

FIGURE 1.2-5 DOPING PROFILE N (x) FOR A
MICROWAVE P+N N+ DIODE

Figure 1.3-2 shows the low frequency capacitance vs
voltage characteristic for a typical PIN diode on a
log-log plot. For voltages less than the punchthrough
voltage, the device behaves similarly to a uniformly
doped P+ N junction. At the punchthrough voltage,
the capacitance vs voltage variation changes to a
very shallow slope. An ideal PIN diode would have
zero slope or a constant capacitance with voltage for
all voltages greater than Vp. In practice, the slope of
the region is no greater than 0.15.

N(X) = Np(X) — NAXX)

A
ND2 i
P N N+
Np, +
D1 » X
Na
a) DOPING PROFILE
Q(X)

aND, fe——Wi———f

aNp; T > X

—aNa

b) SPACE-CHARGE PROFILE

A E(X) _
F sLope = —IND

Xj1 Xj2

c) ELECTRIC FIELD PROFILE

FIGURE 1.3-1 DOPING PROFILE, SPACE-CHARGE
PROFILE, AND ELECTRIC FIELD PROFILE
FOR AN IDEAL PIN DIODE WITH AN
N— I-REGION
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Since the electric field is almost uniform across the
active region, and the voltage is the integral of the
electric field across the junction, one can estimate the
breakdown voltage of PIN diodes from a knowledge of
the threshold field for avalanche breakdown. For
lightly doped silicon the threshold field is
approximately 2 (105) volts/cm. Thus, an approxi-
mation for the breakdown voltage of a PIN diode
becomes:

VB = EmaxW1 = 2(105 (W1) (1-7)

when W4 is the I-region width in centimeters. For the
I-region width specified in microns, Vp is
approximately 20 volts per micron. Typical PIN diodes
have I-region widths ranging from 1.5 to 150 microns
or Vp ranging from 30 to 1500 volts.

1.4 PIN DIODE STRUCTURES

At Microwave Associates, PIN diode chips are made
in four distinct structures: passivated mesa,
CERMACHIP™, planar and beam lead.

The passivated mesa structure shown in Figure 1.4-1
is the most common construction for PIN diodes in
the 30 to 300 volt breakdown range. The mesa
structure allows the active I-region to resemble very
closely a parallel-plate capacitor with minimum fring-
ing capacitance to the substrate. The mesa structure
also maximizes the surface breakdown voltage. This
results in device breakdown voltages very close to
the bulk breakdown voltage. A thermal oxide is used
as the surface passivation layer for maximum
reliability. The ohmic contact metallization of

10

Cj (F)

A 1 10 100
Vp +.7 (VOLTS)

FIGURE 1.3-2 TYPICAL JUNCTION CAPACITANCE, C;j, VS.
REVERSE VOLTAGE, Vi, FOR A PIN DIODE
WITH A 2 MIL THICK I-REGION

titanium tungsten and gold is a dry refractory metal
contact system well known for high reliability. In
order to retain full reliability, this type of chip should
be used in hermetically sealed packages or circuit
modules.

The CERMACHIP™ construction shown in Figure
1.4-2 is a process unique to Microwave Associates.
The basic geometry of the chip is the same as for
the passivated mesa. The major difference is in the
passivation: a thick hard-glass passivation is used in
place of the thermal oxide of the passivated mesa
type. The hard glass passivation allows the
CERMACHIP™ to replace a fully packaged
hermetically sealed diode chip in many applications.
This reliability has been proven by extensive RF and
DC testing which included humidity testing. Because
of process limitations, only chips with large I-region
thickness (2 mils or greater) and active-region
diameters greater than 6 mils can be made with the
CERMACHIP™ process. For this reason,
CERMACHIP™ js used predominantly for high-power
applications such as high-power switches and phase
shifters. The CERMACHIP™ devices can be used
directly, without any regard to mountingin a
hermetically sealed enclosure.

A planar PIN diode chip is shown in Figure 1.4-3.
This type of device is made by diffusing boron
through a window in the thermal oxidation passiva-
tion to form the junction. This is the most common
form of fabrication for low-frequency diodes and
transistors. The boron diffuses into the silicon under
the edge of the oxide mask and in the open window.
For microwave purposes, planar devices have two
major short-comings. First, the PN junction depletion
region is shaped like a plane-parallel plate capacitor
in the center, but is cylindrically shaped at the

THERMAL OXIDE (SiO9)

METALLIC PASSIVATION
CONTACT LAYER

N+ SUBSTRATE

METALLIC CONTACT

FIGURE 1.4-1 THERMAL OXIDE PASSIVATED MESA
CONSTRUCTION PIN DIODE
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edges. The cylindrical junction at the edges reduces
the voltage breakdown considerably from a mesa
device with an I-region of the same thickness.
Second, the inactive silicon surrounding the junction
produces extra fringing capacitance. It also stores
charge, thereby reducing switching speed in
comparison to an equivalent-sized mesa device.
However, the planar device has unique properties in
the forward-bias direction which make it ideal for
attenuator applications. The series resistance vs
current characteristic is linear on a log-log plot over
a wide dynamic range of forward-bias currents. This
situation, coupled with the fact that planar devices
are inexpensive to fabricate, makes planar PIN
diodes extremely useful for low frequency or
attenuator applications.

CERMACHIP™ HARD
GLASS PASSIVATION

P+ LAYER
I-LAYER N\

N+ LAYER

METALLIC CONTACT

N

METALLIC CONTACT

FIGURE 1.4-2 CERMACHIP™ CONSTRUCTION
PIN DIODE

METAL CONTACT

- SI02

P+ REGION CYLINDRICAL
. REGION OF
N- OR | REGION JUNGTION
PLANE REGION

THERMAL SiO»
PASSIVATION

METALLIC CONTACT

OF JUNCTION

N+ SUBSTRATE

METALLIC CONTACT

Figure 1.4-4 shows the construction of a beam-lead
PIN diode. A beam-lead diode is a planar PIN diode
with both contacts on the same side of the silicon
wafer. During the metallization process, a large-area,
thick gold beam is attached to each active contact.
The silicon between devices is then etched away,
leaving a planar chip with two co-planar beam-like
contacts to the device. The device is particularly
suited for series mounting in hybrid IC circuits. The
principal advantages of beam-lead devices are that
they can be made extremely small with very low
junction capacitance, and that the mounting config-
uration results in a minimum of lead inductance.

PIN diodes are available as chip devices or mounted
in a variety of microwave packages. A typical cross-
section of a passivated mesa PIN chip in a ceramic
package is shown in Figure 1.4-5. The semiconductor
diode chip is soldered to the package with AuSi
eutectic solder or AuGe solder. A gold-to-gold
thermocompression wedge bond is used to attach
the gold lead from the package flange to the top chip
contact and back to the package flange. The
packages provide a hermetically sealed environment
for the chip which permits easy mounting in coaxial
and waveguide circuits. The electrical effect of the
package is to add a shunt package capacitance (Cp)
across the junction and a lead inductance (Lg) in
series with the junction. Both of these effects limit
bandwidth and must be accounted for in circuit
designs. Cp and Lg vary from package to package.
and are typically a few tenths of a picofarad and a
few tenths of a nanohenry, respectively. Chapter 6
will provide a detailed discussion on package
parasitics.

FIGURE 1.4-3 PLANAR CONSTRUCTION PIN DIODE

SILICON CHIP
ANODE BEAM CATHODE BEAM

/
CONTACT \ l_——l _// CONTACT
I

N

p+=

FIGURE 1.4-4 BEAM-LEAD CONSTRUCTION
PIN DIODE
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1.5 EQUIVALENT CIRCUITS

Figure 1.5-1 shows the equivalent circuit for a
packaged PIN dicde in the forward and reverse
biased states.

Figure 1.5-1(a) shows the equivalent circuit for a
reverse-biased PIN diode as a capacitor in series

with a resistor. The capacitance (Cj) is given simply by:

. _ €A
C]—W1

(1-8)

where W1 is the width of the I-layer. This expresses
what is to be expected for all reverse voltages
greater than the device’s punchthrough voltage.
However, for PIN diodes, most RF frequencies are of
shorter period than the dielectric relaxation time and
Equation 1-8 is valid for all reverse voltages down to
zero volts. The diode series resistance (Rg) is the

GOLD PLATED
KOVAR

CAP WELDED IN
DRY BOX IN
INERT
ATMOSPHERE

STYLE 30
PACKAGE

EQUIVALENT CIRCUIT

CERAMIC

DIE
EUTECTICALLY
BONDED TO
GOLD PLATED
PEDESTAL

FIGURE 1.4-5 INTERNAL CONSTRUCTION OF A
PACKAGED DIODE SHOWING
EQUIVALENT CIRCUIT

Ls Ls
L , 4
Cp = Cj Co
Rs Re(l£)
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sum of all the resistances of the undepleted silicon
regions and the contact resistance of both ohmic
contacts. For well designed PIN diodes, Rg ranges
from 0.2 to 3.0 ohms, depending on junction size.
Thus, the PIN diode can be represented as a fixed-
value, low-loss capacitor in the reverse-bias state.
For appropriate values of capacitance, the reverse-
biased PIN diode blocks RF transmission when
placed in series with a transmission line, and
permits RF transmission when placed in shunt with
a transmission line.

Figure 1.5-1(b) shows the equivalent circuit of a
forward biased PIN diode as a resistor (Rf) which is a
function of the DC forward current (If). In forward
bias, both holes and electrons are injected into the
I-layer. The mobile carriers form a conductive plasma
whose resistivity depends on the carrier density
obtained from the injection process. Because the

forward currant iniacte carriare into the l.region to
iorwarg current injecis carriers Inic ne -region 1o

modulate its conductivity, the effect is known as
conductivity modulation.

The forward resistance (Rf) may be expressed as:
Rf = R| + Rsgf (1-9)

where Rj is the resistance due to the |-layer and Rgf
is the resistance of the heavily doped semiconductor
regions and their ohmic contacts. The Rgf term is
basically the same parameter as the Rg which occurs
in the reverse bias model. The more abrupt the P+ N-
and N-N + transitions are, the more closely Rgf will
equal Rg. Rsf can be minimized by using heavily
doped P+ and N+ regions, limiting their thickness
to a minimum and by using low-resistance contacts.

For an abrupt-junction model PIN diode, the intrinsic
region resistance, R|, is given by:

- _Wy?
R 2 T (1-10)
where W1 is the I-region width, I the DC forward
current, i is the average carrier mobility and 7_is the
carrier lifetime in the intrinsic region. To minimize
R}, one needs high quality intrinsic layers in order to
maximize z and 7. R| increases as W12 Since W1 is
directly related to the breakdown voltage, one should
not use higher Vp diodes than necessary to maintain
a low R|. Equation 1-10 shows that R| can always be
made insignificant by increasing lf. However, in order
to minimize DC control power, to simplify diode
driver designs, and to minimize switching speed, it is
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desirable to have I as low as possible. By combining

equations 1-9 and 1-10:
W12
2'fﬁTL

For a PIN diode, Rt decreases with increasing It to

approach Rgf asymptotically. The variation of Rf with

If can be used to make current controlled RF
attenuators. For sufficiently large I, so that Rj is
low, the forward-biased PIN diode can be used in
series with a transmission line to pass microwave
power or in shunt to block microwave power. For
low-voltage PIN diodes, If = 10 mA is sufficient to
have Rf = Rgf, while for high voltage PIN diodes an
If of 150 to 200 mA is needed to have Rf = Rgj.
Hines® has proposed a figure of merit for PIN diodes
similar to the cutoff frequency figure of merit used
for multiplier varactors. The Hines figure of merit,
fcs, is given by:

fos =+ (1-12)

27 Cj VRfRS

To maximize fgg, it is desirable to have Cj, Rf and Rg
as low as possible. In practice, a tradeoff between Cj
and the resistance values must be made to obtain
optimum performance for a given switching or phase
shifting application. For the case of Rf = Rg,
Equation 1-12 reduces to the equation for cutoff
frequency for a varactor diode.

The fundamental ability of the PIN diode to change
from a low value of resistance under forward bias to
a low loss capacitor under reverse bias, leads to a
wide variety of RF switching, phase shifting and
attenuating applications for PIN diodes.

1.6 TRANSIENT PROPERTIES
When a PIN diode in an equilibrium reverse-bias
state is switched into the forward-bias state, the

transient occurs very rapidly. Carrier injection begins

almost immediately, and the carrier concentration in

the intrinsic regions grows to an equilibrium value. A

finite amount of charge must be transferred in order
for the junction to reach its equilibrium forward-bias
value. The speed of the transient depends primarily
on the time constant of the PIN diode and bias net-
work, with an almost negligible delay due to the
diode’s junction effects.

(3) M.E. Hines, “Fundamental Limitations in RF Switching and
Phase Shifting Using Semiconductor Diodes”, Proc. IEEE.,
Vol. 52, No. 6, June 1964,

Rsf (1-11)

The situation is different when a forward-biased
diode in equilibrium is suddenly switched into
reverse bias. The steady state final reverse current
will be the device’s leakage current (I;s). However,
immediately after switching the diode can support a
high value of reverse current I, from the charge that
is stored in the I-region. To support a value of Iy, the
carrier concentration slope adjusts itself to supply
the current by diffusion from both edges of the
I-region. The stored charge depletes itself by two
mechanisms. The first is the charge removal caused
by Iy, which results in regions depleted of charged
carriers starting at each end of the I-region and
growing towards the center. The second is the decay
of the injected carriers by recombination in the
I-region. This recombination proceeds with a time
constant, 7|, which is the average lifetime of a
charge carrier in the I-region before it recombines.
Figure 1.8-1 shows a typical switching transient of
PIN diode when switched from a given I to a given
Ir. The diode is supplying the reverse current Iy from
its stored charge which has built up during forward
bias. It is to be expected that this reverse current
can only be supported for a finite amount of time
before the charge is depleted and the diode goes to
its equilibrium state of reverse voltage and reverse
leakage current. The length of time the current I can
be sustained is called the storage time (7g). Out of
necessity, 7g is a function of both I¢ and I, since the
first parameter determines the amount of stored
charge and the second determines its rate of
removal. The specific relation is given by:

2
erf <T_S> - 1 .
7L 1+ 1/ (1-13)
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FIGURE 1.6-1 SWITCHING TRANSIENT OF A
PIN DIODE
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If a hole electron pair is created in the intrinsic layer,
7L is the average time which elapses before the hole
and electron are annihilated by recombination with
an electron and hole respectively. For If/lf = 0.2, 7g
is approximately equal to r|_. By tradition, the
standard method for measuring 7|_ in diodes is to
observe the switching transient for the case I/ls =
0.6. Over the years the value of rg for I/l = 0.6 has
become known as the carrier lifetime. The exact
value of currents at which a measured 7g is called 7
is not critical, for the value should be regarded as a
relative, rather than an exact parameter. In
comparing diodes from one or more sources, one
must be sure the test conditions for r|_ are the same
in order to make a valid comparison of
specifications.

After a time in the switching transient, an additional
time to establish the equilibrium space-charge region
is needed. This time intervai is designated ¢ for
transition time. Unless the PIN diode has very graded
junctions or there are a large number of deep traps,
7t is usually very much smaller than 7g. Thus, 7g is
the dominant factor in determining the switching
time from forward to reverse bias.

Because the transient is a function of both It and I,
any real discussion of PIN diode switching time
must include not only the PIN but also its driver.
Drivers with high values of I, or with spiked leading
edges of their waveform are used to minimize
reverse switching time. The fundamental lower limit
is the transit time of the diode, or the minimum time
it takes for a carrier to transit the I-region at
maximum saturated velocity us. The transit time is
given by:

Transittime = 1t = Wi o _.W_L(sec) (1-14)
ks 107

for W1, the I-region width in centimeters. In this
manner, the width of the I-region and/or the
breakdown voltage determine the minimum speed
with which the diode can be switched. Since high Vp
diodes are needed to handle high RF power, it
should be noted that the switching speed of a diode
decreases as its power handling ability increases.
Using conventional driver circuits, a typical 30 volt
Vp PIN diode can be switched in 4 nanoseconds,
while a typical 1500 Vp PIN diode can be switched in
one microsecond.

1.7 POWER HANDLING
There are two factors which limit the amount of
power a PIN diode can safely handle. The first and

most common limitation is the maximum junction
temperature at which the device can operate with full
reliability. The second factor is the peak voltage that
the device can be subjected to without causing
damage to the junction.

The instantaneous voltage across a PIN diode
junction is the algebraic sum of the DC bias voltage
and the RF voltage. In the forward direction for
slowly varying voltages, the diode will start to rectify
to prevent high voltages and electric fields from
occuring across the junction. For rapidly varying
voltages, a voltage as high as VRFpeak — Vpias can

be impressed on the diode without causing
conduction. However, in the reverse direction, the
maximum instantaneous reverse voltage which may
be applied is

Vmax = VRFpeak * Vbias (1-15)

where Vpjas is the DC reverse bias impressed on the
diode. If Vmax exceeds the breakdown voltage, the
PIN diode will go into avalanche breakdown. For PIN
diodes, the avalanche breakdown consists of high
current density filaments since the PIN diode often
exhibits DC negative resistance in the avalanche
region. The temperature in the high current density
filaments can easily reach levels which are descruc-
tive to the silicon, thus forming molten channels
across the junction and permanently destroying it.
The maximum value of Vmax which can be sustained
without risk of avalanche breakdown is a value just
below Vp. Under this condition, however, there is no
safety margin and it should not be used for reliable
designs. White* has proposed a very conservative
limit for Vmax of Vp/2. A circuit designer must
choose a relationship between Vyjgx and Vp that he
feels represents an acceptable margin of safety for
each particular application.

The junction temperature of a PIN diode is
determined by the ambient temperature of the circuit
and the power dissipated within the diode. The
dissipated power may be pulsed or CW. In either
case, the junction temperature must be maintained
below a maximum value. The specific junction
temperature that is reached in a given application
determines the MTBF of the diode for reliability
purposes. This subject will be discussed in detail in
Chapter 7. A temperature of 200°C is recommended
as the maximum safe operating temperature of the
junction.

(4) White, op. cit.

9
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The major parameter for determining junction
temperature for CW power dissipation is bjc, the
total thermal resistance in °C/watt. For a given
power dissipated (Pqg) the junction temperature (Tj) is
given by:

Tj = Ta + Pdbjc (1-16)

where T, is the ambient temperature. The value of
fjc is determined by the physical volume of the
active junction, the thickness and size of the diode
substrate and the material and geometry of the
package. Since most glass packages use long kovar
leads, low-capacitance, small-area diode chips in
glass packages have the highest values of Bjcs
typically around 600 °C/watt. Large-area, high-
capacitance chips mounted directly on copper heat
sinks have extremely low values of fj¢, typically
5°Clwatt or less.

For the junction-region thermal resistance (6)) the
following approximate expression is valid:

W1
Kth A

6 = (1-17)

where Kth is the thermal conductivity of silicon
(0.80 watts/cm °C) and A is the junction area. As
before, W1 is the width of the I-layer. Note that in
Equation 1-17, 6j is the l-region thermal resistance
only. The resistance that must be used in Equation
1-16 is the total thermal resistance 6jc which
consists of the sum of Equation 1-1') plus the
thermal resistances of the layers and interfaces
between the active region and the circuit heat sink.

For considering pulsed heating of the diode it is con-
venient to define a parameter called the thermal time
constant (rtp) of the active region. 7th is analogous
to the RC time constant of an electrical circuit of a
resistor and capacitor in series and is given by:

Tth = (Gj) (HC) (1-18)

where HC is the thermal capacity of the active
region. Considering the geometry of the active
region, HC may be expressed as:

HC = cpeV = cpeW1A (1-19)

where cp is the specific heat of silicon

(0.760 joule/g °C), ¢ is the density of silicon

(2.42 g/cm?) and V is the volume of the active region.
Combining Equations 1-17, 1-18 and 1-19, rtn may be

expressed as:
SpWie (1-20)
Kth
Notice that for the time constant of the active
region, the area has cancelled out and rtp is
independent of device area and depends only on
I-layer width squared. 7th is the time constant with
which the active region approaches its equilibrium
temperature, without any consideration for the
temperature distribution in the rest of the chip,
package and heat sink configuration.

Tth =

For pulse widths of 0.25 7th or less, the active area
of the device must absorb all the thermal energy
since there is no time for it to spread into the
surrounding material. For such short pulses the
amount of energy dissipated in the diode is:

Energy = PgAt (joules) (1-21)

where P( is the power dissipated and At is the pulse
duration. Since all the energy serves to heat the
small active region, it can also be stated that:

Energy = (HC) A T (joules) (1-22)

where AT is the temperature rise of the junction. -
Combining these two relations gives the following
expression for the short pulse temperature rise:

_ (Pg)(aY)
AT = T( C) (1-23)
The pulse length over which Equation 1-23 is valid
varies from 50 nsec for small low voltage PINs to
75usec for the highest voltage PINs.

For time intervals from approximately 0.25 7t to 3 or
more times 7th, the PIN diode junction temperature
follows an exponential curve given by:

17,
Ty =Ta + Pgtj (1 — e th (1-24)

Note that Equation 1-24 contains 6j, the junction
thermal resistance and not 6j¢ the total thermal
resistance. For cooling between pulses, the junction
temperature follows an exponential decay with the
same time constant rp.

For successively longer pulsewidths, the thermal
model must be expanded to account for the heat
spreading into the substrate and package. As the
pulsewidth increases, successive time intervals can
be modeled by an appropriate thermal time constant
until, finally, the equilibrium (Tj) governed by the
total thermal resistance (ajc) is reached.
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2.1 DISCUSSION

The purpose of this chapter is to analyze the inser-
tion loss and isolation performance of numerous
switch types. Throughout this chapter, the following
basic assumptions are made:

(1) When more than one PIN is required in a switch,
all devices are assumed to be similar.

(2) In all cases, it is assumed that no diode para-
sitics are encountered.

(8) The same curves will be valid for packaged PIN
diodes if the parasitics Cp (packaged
capacitance) and Lg (lead inductance) are tuned
out. (See Chapter 6.)

(4) The frequency range under consideration is from
10 MHz to 20 GHz. Plots are presented over the
entire frequency range for each switch type
unless electrical performance decays to a point
where switch parameters are unreasonable.

(5) For these analyses, the equivalent circuits of the
PIN diode for each bias mode are assumed to be
as shown in Figure 2.1-1.

(6) All transmission lines are assumed to be lossless.

(7) The curves apply to a characteristic impedance of
50 ohms except where otherwise specified.

Also discussed in this chapter is the power distribu-
tion in series, parallel and combination circuits.
Design curves indicating required breakdown voltage
and thermal considerations are presented. In Section
2.12 the performance of three multi-throw switches
using packaged diodes without parasitics being
tuned out will be discussed.

In order to avoid confusion, a schematic drawing of
each switch type discussed in this book, in each

operational mode is included in Figure 2.1-2. In each
schematic, a matched constant voltage generator is

[ I O
Cj

— 1

(A) REVERSE (NEGATIVE) BIAS

o -0

Rs

[} v,

(B) FORWARD (POSITIVE) BIAS

FIGURE 2.1-1 EQUIVALENT PIN DIODE CIRCUITS
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shown attached to the circuit. Each circuit is termin-
ated in a matched load. External biasing of each chip
or set of chips is to be in accordance with Figure
2.1-1. For future reference, Figures 2.1-3 and 2.1-4,
showing capacitance and inductive reactance as a
function of frequency, are included.

In addition to the generalized curves of this chapter,
the actual performance of 16 different Microwave
Associates PIN chip types is described graphically in
Chapter 10. The performance of each chip type is
analyzed in a series of 17 different switch designs
where applicable.

FIGURE 2.1-2 PIN SWITCH SCHEMATICS
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