TRANSIT TIME DEVICES

Transit time devices, which include IMPATTs, TRAPATTS,
BARITTSs, and so on are solid-state sources of microwave
power. Among these devices, IMPATTSs are by far the most
important in view of their frequency range and power output,
and show great promise of increasing application in the
twenty-first century. We first present a detailed discussion of
IMPATT diodes, and then proceed to TRAPATTSs, BARRITTS,
etc., whose operation is restricted to lower microwave fre-
quencies.

IMPATT DIODES

IMPATT diodes have emerged, at the end of the twentieth
century, as very powerful solid-state sources of microwaves,
millimeter waves, and submillimeter waves, covering a wide
frequency spectrum. The reported frequency range of IM-
PATT oscillators extends from below X band (6 GHz) to the
submillimeter wave region. The CW power output from a sin-
gle device is quite high: reported results indicate 12 W at 6
GHz (1), 1 W at 94 GHz, and 2.2 mW at 412 GHz (2). The
vast frequency range and high power output should make the
IMPATT a highly suitable device to meet the ever increasing
communication needs of the world. IMPATTSs have been used
in microwave and millimeter-wave digital and analog commu-
nication systems and in radars for civilian purposes, and in
missiles for defense systems.

IMPATT is an acronym for impact avalanche transit time,
which reflects the mechanism of its operation. In its simplest
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form an IMPATT is a pn junction diode reverse-biased to
breakdown, in which an avalanche of electron—hole pairs is
produced in the high-field region of the device depletion layer
by impact ionization. The transit of the carriers through the
depletion layer leads to generation of microwaves or millime-
ter waves when the device is tuned in a microwave or milli-
meter-wave cavity as shown in Fig. 1. Microwave oscillations
from a simple p*nn* silicon diode reverse-biased to break-
down were first reported in 1965 by Johnston, Deloach, and
Cohen (3) from Bell Laboratories, but the same was earlier
predicted by Read (4) for a special doping profile (p*nin*). It
was later found that prn junctions of various doping profiles
based on any semiconductor would give rise to IMPATT oscil-
lations, and oscillations have been observed in Ge, Si, GaAs,
and InP diodes.

The thin depletion layer of an IMPATT diode is subjected
to high field at breakdown voltage, and the important high-
field phenomena underlying IMPATT action are (1) satura-
tion of drift velocity of charge carriers and (2) charge multipli-
cation by impact ionization.

Saturation of Drift Velocity

In most semiconductors the drift velocity increases linearly
with electric field according to Ohm’s law in the low-field
range, when the acoustic phonons are the main scattering
agencies. At high field (E > 10° V/m) the dominant scattering
mechanism is that by optical phonons arising from high-
frequency thermal vibrations of the lattice, and the drift ve-
locity of the charge carriers saturates as shown in Fig. 2 for
Si, GaAs, and InP (5-8). An approximate expression for the
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Figure 1. Schematic diagram of (a) basic IMPATT
structure, (b) dc operating point, (¢) microwave IM-
PATT oscillator.
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Ionization rates for IMPATT-related semiconductors (Ge,
Si, GaAs, and InP) have been measured by several workers
(9-12) and are shown in Fig. 3. Repeated multiplication of
charge carriers, like an avalanche, takes place by impact ion-
ization in the high-field region around a junction biased to
breakdown. When a small reverse saturation electron or hole
current enters either edge of the depletion layer of a reverse-
biased junction, the current is infinitely multiplied by the
high field around the junction and the junction undergoes av-
alanche breakdown as shown in Fig. 4.

The current multiplication factor is related to the ioniza-
tion rates of charge carriers in the depletion layer and is

given by (12)
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Figure 2. Drift velocity versus electric field for electrons in Si, GaAs,
and InP and for holes in Si and GaAs (after Refs. 5-8).

saturated drift velocity of charge carriers, V, is

8E,p 1/2

3rm*
where E,, is the optical phonon energy and m* is the effective
mass of the carriers. Thus the transit time required by charge
carriers to cross the depletion region is proportional to the

width of the depletion layer, since the velocity is constant at
high field.

Impact lonization, Carrier Multiplication,
and Junction Breakdown

At higher fields (10" V/m and above), a carrier may gain
enough energy from the electric field to reach the ionization
threshold, when it can make an impact on an electron bound
in the valence band and lift it to the conduction band, thereby
creating a mobile electron in the conduction band and a mo-
bile hole in the valence band. This process is known as the
creation of an electron—hole (e—h) pair by impact ionization.

The ionization rates «, and «, for electrons and holes are
defined to be the number of e~h pairs produced by an electron
or hole per unit distance of travel in the direction of the elec-
tric field and are very strong functions of the electric field.
The experimental results are approximately fitted with the
empirical formula

B,
Unp =An. p €Xp ( Ef") 1)

where A, , and B,, are constants for a semiconductor.

w_ 1
/0 @ dx = - (2)

where

o = a, exp [—/ (ot — ap) dx/:|
0
W = depletion layer width
M = current multiplication factor

(3)
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Figure 3. Ionization rate of electrons and holes in semiconductors
versus electric field: 1, InP; 2, GaAs; 3, Si; 4, Ge (after Refs. 9-12).
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Figure 4. A pn junction under avalanche breakdown showing pro-
files of electron and hole current density and the electric field o/,
J,s = electron and hole saturation current densities; W, = avalanche
zone; Wy,, Wy, = electron and hole drift zones; X, = avalanche center
(J, = J,); W = depletion layer width.

The breakdown condition is reached when M tends to infinity
and is given by

w
/ adx=1 (4)
0

If &, = o, = @, the breakdown condition is given by

w
/ adx=1
0

The variation of avalanche breakdown voltage V3, deple-
tion layer width W, and maximum field at breakdown versus
background doping concentration was studied and presented
by Sze and Gibbons (13) for a one-sided abrupt junction in
Ge, Si, and GaAs. The results indicate sharp fall of Vy and W
with increasing background doping.

The depletion layer of an IMPATT diode is commonly di-
vided into a high-field avalanche region of width W,, where
most of the multiplication takes place, and the lower-field
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drift region, where the field is high enough for carriers to
move with saturated velocity but not high enough for charge
multiplication along their path. It is usual to define the ava-
lanche zone width

Wa
W, by / o dx =0.95
0

so that 95% of the impact ionization takes place in avalanche
zone. Charge carriers emerge in large numbers from the ava-
lanche zone and interact with the field while crossing the
drift zone. This interaction leads to the generation of high-
frequency oscillations.

IMPATT STRUCTURES AND DOPING PROFILES

The doping profile of IMPATT diodes can be varied to produce
various field distributions and corresponding avalanche and
drift zones. The three basic types of IMPATTSs are (1) single
drift region (SDR), (2) double drift region (DDR), and (3) dou-
ble avalanche region (DAR) structures with flat doping profile
in active regions. The SDR diode consists of a single ava-
lanche zone and a single drift zone, and was first proposed by
Read with p*nin* structure. A simple SDR is usually realized
as p*nn*. The doping density for p* and n* regions is around
10%° atoms/cm?®, for p and n regions is between 10 and 10V
atoms/cm?®, and for an i region is around 10* atoms/cm?®. A
DDR diode has a p*pnn* structure that consists of two drift
layers, one for electrons and the other for holes, on either side
of the central avalanche zone. Electrons and holes emerge
from the central avalanche zone and move respectively to-
wards the positive and negative terminals of the device with
saturated drift velocity. The DDR diode produces more high-
frequency power than the SDR, as a contribution to the power
is made by each type of carriers in the corresponding drift
zone. A DAR diode has a p*nipn* structure that consists of
one drift zone sandwiched between two avalanche zones (14).
The electrons and holes from the two junctions at either end
travel across the central i region in opposite directions and
deliver power. Due to cancellation of mobile space charge in
the central drift region, the DAR has very little distortion of
field profile in the presence of a large mobile space charge.
Impurity charge bumps can be suitably introduced in the
depletion layer by molecular beam epitaxy (MBE) or by ion
implantation to produce high-efficiency low—high—low or
high—-low IMPATT diodes. The doping profiles are designed
so that the resulting electric field profiles may constrict the
avalanche zone. Thus one can have high—low or low—high—
low IMPATT diodes with SDR or DDR structures where the
avalanche zone can be suitably constricted by impurity bumps
to realize high efficiency. The doping profiles of SDR and DDR
structures with flat and low—high—low doping, as well as for
DAR and pin diodes, are shown in Figs. 5 and 6 with the
corresponding distributions of the electric field.

BASIC PRINCIPLE OF GENERATION
OF MICROWAVES IN IMPATT DIODES

Microwave generation in an IMPATT diode can be explained
using a simple SDR structure. In an SDR (Read or p*nn* or
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file of (a) Read SDR, (b) p*nn* SDR, (c) high—low SDR, (d)
low—high—low SDR.

n*pp*) the narrow avalanche zone situated at the junction
end of the depletion layer is followed by a drift zone. If a si-
nusoidal electric field is applied to a device biased to the
threshold of dc breakdown, an avalanche of e—h pairs is cre-
ated in the avalanche zone. The number of e—h pairs created
reaches its peak after the peak of the ac field has passed. This
is because the number of e—h pairs created is proportional to
the product of ionization rate of an individual carrier, which
is highest at the instant of the peak field, and the number
density of charge carriers present. Since the number density
goes on increasing as long as the applied field is added to the
dc field, the peak of e—h pair creation is delayed with respect
to the peak of ac field by a phase angle approximately equal
to 90°. This delay is called the avalanche buildup time. The
charge pulse thus formed is delayed by #/2 with respect to
peak of the ac field; it then crosses the drift zone with satu-
rated velocity and produces a constant induced current in the
external circuit during the time of transit, W/uv,.

Thus one gets a positive rectangular current pulse when
the ac field superimposed on the dc field is negative (Fig. 7).
The fundamental component of this current is therefore in
antiphase with the ac field, which causes a negative high-fre-
quency resistance. The avalanche buildup time delay together
with transit time delay leads to approximately 180° phase de-

(e) (d)

lay between the ac current and the applied ac voltage, leading
to a high-frequency negative resistance. That oscillations are
generated by IMPATT diodes in the microwave frequency
range can be understood by taking the example of a common
silicon (p*nn* SDR) device with n-region width w. The time
required to cross w with drift velocity v, is w/v,. Thus half the
time period of oscillations is given by w/v, and the frequency
by f = v,/2w. For a typical n-layer thickness of 5 um and drift
velocity of 10° m/s, we have f = 105/(2 X 5 X 107%) Hz = 10"
Hz = 10 GHz. Thus in principle 100 GHz can be generated
by simply taking an approximately 10 times thinner epitaxial
layer, i.e. 0.5 um.

SMALL-SIGNAL ANALYSIS BASED
ON ANALYTICAL APPROXIMATION

In order to understand the high-frequency properties of IM-
PATTSs, Read undertook a small-signal analysis of the SDR,
which was further improved by Gilden and Hines (15). For
the sake of analytical convenience, the ionization rates and
drift velocities were considered identical (o, = «, Vs = U
and small sinusoidal variations of electron density, hole den-
sity, and electric field were imposed on dc quantities. The di-



ode impedance is approximately given by (15)

Z= wp Tt R+ .
T 2Ave5(1 — 02 /w2) S wC w2/w? —1

(%)

)

where o is the angular frequency, wp is the width of the drift
zone, A is the diode area, R, is the parasitic positive series
resistance due to substrate and undepleted epitaxial region,
€, is the dielectric constant, C = €A/W is the total depletion
region capacitance, W is the depletion region width, and w, is
the avalanche resonance frequency given by w,
(2a’vedy/€,)'?, where o' = Sa/SE in the avalanche zone and J,
is the dc current density.

This shows that the diode resistance becomes negative
when o > w,. The diode reactance is inductive for o < w, and
capacitive for o > w,. The value of R, must be less than the
magnitude of the active negative resistance for oscillation to
take place. The schematic diagram and the equivalent circuit
of the avalanche zone of the Read SDR diode, the equivalent
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circuit of the Read diode for small transit angle, and the vari-
ation with frequency of the real and imaginary parts of the
active impedance are shown in Fig. 8 and 9. The avalanche
zone behaves as a parallel LC resonant circuit with resonant
frequency w, as shown in Fig. 8(b), where L, = W,/2J,a'A vq
and C, = ¢A/W,.

COMPUTER STUDIES OF THE DC AND SMALL-SIGNAL
PROPERTIES OF IMPATT DIODES OF ANY DOPING PROFILE

Computer studies are essential for understanding the proper-
ties of IMPATT diodes, as the analytical methods do not pro-
vide accurate information regarding the dc and high-fre-
quency parameters of these devices. Further, analytical
methods incorporate unrealistic assumptions regarding the
ionization rates and their field variation and also regarding
the extents of the avalanche and drift layers. Computer meth-
ods have been developed by several workers (16,17) that can

Figure 6. Structure, doping profile, and electric field
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Figure 7. Waveforms of RF voltage, avalanche current, and induced
external current in a Read diode (15).

provide accurate and realistic dc data on carrier current and
field profiles in the depletion layer. The high-frequency prop-
erties of the device can be computed from the dc data.

In this section we will present a simple computer method
for dc field and current profiles in IMPATT devices starting
from the field maximum in the depletion layer. The field pro-
file of IMPATT diodes generally exhibits a field maximum
near the metallurgical junction. Dc field and current profiles
for various IMPATT structures that involve simultaneous
computer solution of nonlinear Poisson and continuity equa-
tions can be obtained by starting the computation from the
field maximum within the depletion layer. The field maxi-
mum method is suitable for any arbitrary doping profile and
involves the determination of the location and magnitude of
the field maximum (18). In earlier methods, these equations
were solved numerically, starting from one edge of the deple-
tion layer. The location x; of one edge is adjusted by iteration
until the boundary conditions for the carrier current and the
electric field are satisfied at the other edge. However, the
matching of the boundary condition is difficult because the
relative changes of the electric field are extremely sharp at
the two edges of the depletion layer, and a slightly wrong
choice of x; may lead to numerical instability (17). The field
maximum method, on the other hand, leads to quick solution
for the boundary condition and is specially suitable for high
dc current density when the mobile space charge effect is
large.

With increasing dc current density there is not only a
change in the magnitude of the field maximum (E,) but also
a shift in its position (x,) away from the metallurgical junc-
tion. The shift depends on the inequality of ionization rates
of the two types of carriers and increases with dc current den-
sity; though small, it is important for satisfying the boundary
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Figure 8. (a) Schematic diagram of avalanche, drift, and inactive
regions of a Read diode. (b) Equivalent circuit of the avalanche zone
of a Read diode. (c) Equivalent circuit of a Read diode for small transit
angle. (Taken from Ref. 15 with permission from IEEE.)
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Figure 9. Resistance-reactance plot of a Read diode against fre-
quency. (Taken from Ref. 15 with permission from IEEE.)




conditions. Hence a simultaneous solution of the Poisson and
continuity equations is necessary to incorporate the effect of
mobile space charge.

Basic Equations

The basic equations that govern the avalanche multiplication
and the carrier current flow across the junction of an IMPATT
diode are the Poisson equation

dE v
and the carrier current continuity equations
ddJ
d—xp = apdy +apd, (7)
dd,
dx = —O[an — O{pJp (8)

where the symbols have their usual significance. Combining
Egs. (7) and (8), one can obtain

dP(x)
dx

= (an +ap) — (ap — O[p)P(x) 9

where P(x) = [J,(x) — J, (x)]/J. Determination of P(x) fixes
the values of J,(x) and J,(x) = 0.5J[1 * P («x)].
The numerical values of actual field dependence of the ex-

perimentally obtained values of ionization rates and drift ve-
locities can be used in the method.

Computer Method
At the field maximum point x = x, near the metallurgical
junction (x = 0), we have (dE/dx),-,, = 0 and

(Up - Un) - (2U/J)Upvn (ND _NA)lx:xO

Pxo) = Up+v
n

(10)

The boundary conditions for the profiles E(x) and P(x) at
the two edges of the depletion layer are given by E(—x;) = 0,
P(—x;) = —1 and E(x,) = 0, P(x,) = 1. The numerical calcula-
tion for the simultaneous solution of the equations starts from
the field maximum with assumed values of E, and x,. The
value of P(x,) is determined by E, and x, from Eq. (10). A
double iteration over the values of E, and x, is carried out
until the boundary conditions are satisfied at both ends of the
depletion layer. Once E, and x, are fixed for a particular dc
current density and doping profile, accurate E(x) and P(x) pro-
files are readily obtained. The method has been applied suc-
cessfully to study the space charge effect at high current den-
sity for single-drift and double-drift IMPATT diodes (18). The
values of E, and x, for different current densities are shown
in Fig. 10 for a symmetrical DDR (n*npp*) structure (18). Cor-
responding field and current profiles of the same device for
various current densities will be discussed later in connection
with mobile space charge effects.

The field maximum method is highly suitable for studying
the properties of DDR millimeter-wave diodes. Thus the elec-
tric field profiles of silicon DDRs for different window frequen-
cies of 94, 140, and 220 GHz along with the absorption fre-
quency of 60 GHz are shown in Fig. 11 for respective
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optimized current densities (19). It is seen that the magnitude
of the field maximum increases sharply with increase of fre-
quency while the width of the active layer becomes progres-
sively thinner at higher frequencies.

SMALL-SIGNAL COMPUTER ANALYSIS OF IMPATT DIODES

Small-signal analysis of an IMPATT diode provides insight
into the microwave performance of the device. If the ac field
in the depletion region is very small compared to the dc
breakdown field, the variation of ionization rate with electric
field can be assumed to be linear and small-signal solution of
time-varying Poisson and continuity equations can be carried
out by linearization, which represents the low-amplitude limit
of large-signal analysis. Gummel and Blue (20) presented a
small-signal analysis of the basic equations free from simpli-
fying assumptions regarding carrier properties. Following
their approach, two second-order equations can be derived for
the real (R) and imaginary (X) parts of the diode impedance
Z(x, w) for any point in the depletion layer:

d’R dR wdX w?
— + (@ —ap)— —2r——+|— —H|R
dx? dx v dx v2 11)
2
—2e2x -0
v ve
and
d*x dX wdR w?
=) or? H)X
dx? +@ ap)dx e dx +<v2 > (12)
+2agR+%=0
v €
where
U = /UnsUps, a:w (13)
v
I
r="g  H=7 (2515 Ty 5g @ = %) (14)
ve b q
vy=2"g E,-E-1 - 1
Ty o and E, e/(ND Nydx  (15)

Here 6E,/éx is the contribution by mobile space charge to the
field gradient.

From the dc field and current profiles, the space-dependent
quantities a,(x), a,(x), a(x), and H(x) for a given doping profile
and dc current density are evaluated and fed in as input data
for small-signal analysis. The edges of the depletion layer of
the diode, which are fixed by the dc analysis, are taken as the
starting and the end points for small-signal analysis (21).

The boundary conditions for R and X are given by

SR wX
% ms e
ns ns
sX R o (16)
éx Uns

at the boundary of the n side, and

SR X 1 X wR
= , — + =0
Ups€ éx Ups

(17)

éx Ups

at the boundary of the p side.

An iterative computer simulation program which can iter-
ate over initially chosen values of R(x) and X(x) is used to
solve the differential equations with the given boundary con-
ditions following a modified Runge—Kutta method (21).

The final solutions for the R(x) and X(x) profiles are then
integrated to determine the total negative resistance Zz and
reactance Zy of the diode. Thus

X

*2 2
Zp = / Rdx and Zy = /
—x,

—xq

=X dx. (18)

The diode impedance Z, is given by Zyw) = Zr + jZx, and the
admittance Yy is given by

1 1

Y,exo_ Y  _GyjB 19
=z 7.4z, (19)

The real and imaginary parts of the diode admittance can
be computed for various dc current densities and for different
frequencies to obtain G-B plots. The optimum frequencies for
peak negative conductance and the avalanche frequency at
which G becomes negative can be obtained from G-B plots.
The small-signal G-B plots give the frequency range of opera-
tion of the device as well as the optimum values for the cur-
rent density and the structural parameters for maximum out-
put. The small-signal G-B plots are also the limiting
conditions of large-signal G—B plots where the voltage ampli-
tude tends to zero and give the preliminary design of a diode
structure for operation within a given frequency range. The
small-signal G-B plots for a Si X-band DDR for various cur-
rent density will be discussed in connection with the effect of
mobile space charge.

The plots of negative resistance in the depletion layer of
IMPATT diodes show the relative contributions of various re-
gions of the depletion layer to the high-frequency power (20).
For double-drift diodes, R(x) plots exhibit two maxima in the
central part of the two-drift layer with a minimum in the ava-
lanche layer very close to the junction. For silicon (in which
a, > o,) DDR diodes, the maximum of R(x) in the electron
drift layer exceeds that in the hole drift layer in magnitude;
the opposite is the case for GaAs (in which «, > «,) DDR
diodes. It is also interesting to note that the avalanche region
makes an appreciable contribution (though smaller than that
of the drift region) to the high-frequency negative resistance.

The R(x) profiles for silicon double-drift diodes for millime-
ter-wave frequencies of 60, 94, 140, and 220 GHz are shown
in Fig. 12 for optimized current densities. Corresponding
G-B plots, breakdown voltages, and avalanche- and drift-
layer widths have been given by Pati et al. in Ref. 19.

LARGE-SIGNAL ANALYSIS OF IMPATT DIODES

Large-signal properties of IMPATT diodes were first studied
by Evans and Haddad (22) using an analytical approach with
simplifying assumptions. It was shown that the power output
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Figure 12. Space variation of diode negative resistance R(x) in the
depletion layer of silicon flat DDRs for various design frequencies at
optimized current densities.

depends strongly on the series load resistance presented to
the devices. When the ac voltage and carrier current have
appreciable swings around dc values in each cycle, numerical
solution of the Poisson and continuity equations is carried out
by dividing the depletion layer width and the time period into
a large number of space and time steps for accurate estima-
tion of large-signal properties. The boundary condition of this
complex problem is satisfied by a number of iterations taking
into account the load impedance with which the device is ter-
minated.

Scharfetter and Gummel (23), Chang and Hu (24), and Rol-
land et al. (25) carried out large-signal analysis of SDR and
DDR IMPATTSs and presented snapshots of the spatial pro-
files of electric field and carrier currents at quarter-period in-
tervals within a time period. The profiles indicate that the
position of the maximum electric field remains almost con-
stant around the junction, while its magnitude undergoes pe-
riodic fluctuations. The carrier density buildup takes place
during the second quarter period after the field maximum is
reached at the end of the first quarter period. The electron
and hole pulses are fully formed at the end of the second
quarter period. These pulses travel towards both terminals
during the next two quarter periods and are received there
when the cycle is completed. The field then begins to rise in
the charge-free depletion layer, and the cycle repeats.

Snapshots of an SDR large-signal oscillation are shown in
Fig. 13, and the corresponding G-B plots are shown in Fig.
14. The peak negative conductance decreases with increase of
voltage swing of the diode, thus giving a stable oscillation in
the device when the impedance of the load matches that of
the device.
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DC-TO-MICROWAVE CONVERSION EFFICIENCY

The transit of carrier pulses in the drift region after ava-
lanche buildup leads to a rectangular waveform of the current
whose fundamental component is in antiphase with the sinu-
soidal voltage across the device. For full modulation, the fun-
damental component of the carrier current is given by (4/m)I,
sin wt. The dc-to-RF conversion efficiency of the device is thus
given by the ratio of the output ac power to the input dc
power,

(20)

y— Pac _ /Zﬂ/w (4ly/7)sin ot -Vinsin ot dt _ 2 Va
P. Jo IV, 7V,

where [ is the dc current, V, is the dc voltage, and V, is the
ac voltage magnitude. The maximum field swing E, allowed
in drift region of silicon diodes is assumed to be one-half the
dc drift field E;, so that the electric field in the drift region
does not fall below that required for velocity saturation, i.e.,
E,, = % E;. The magnitude of the ac voltage is approximately
given by V,. = 3 (W, + Wy E,.

The efficiency of a silicon IMPATT diode for W, small com-
pared to Wy is given by Scharfeller and Gummel [23] as

1
2(§)VD_1 v, 1 1
aVa+Vy aVy+Vy, 714V,/V,

n = 21)

Thus to increase the conversion efficiency one needs to create
a narrow avalanche region by appropriately tailoring the dop-
ing profile. For GaAs diodes, a much larger field swing is pos-
sible, as the velocity becomes saturated at a much lower field
(10° V/m) than in silicon (2 X 108 V/m, which leads to a lower
efficiency). It has been theoretically estimated that the maxi-
mum efficiency is 15%, 21%, and 38% for X-band SDR (Si),
DDR (Si), and SDR (n-GaAs) respectively. The efficiency of 50
GHz Si DDR and SDR diodes has been measured and has
been found to be 14 and 10%, respectively (26). For GaAs SDR
diodes the measured efficiency ranges between 20 and 30%
(27). For a more realistic calculation of the efficiency, one has
to make a large-signal simulation of the device for different
voltage swings and load impedances at various dc current
densities. A calculation by Scharfetter and Gummel (23) for
Read silicon diodes indicates efficiency variation from 5 to
15% for V, varying from 10 to 30 V at a dc current density of
200 A/m?2

EFFECT OF MOBILE SPACE CHARGE

The power output and efficiency of the IMPATT decrease with
increase of dc current density when the flow of mobile charge
distorts the electric field profile and expands the avalanche
zone. The effect of mobile space charge and sharp expansion
of the avalanche zone for silicon DDRs has been discussed by
Sridharan and Roy (28) as shown in Figs. 15—17, for millime-
ter-wave Si IMPATTSs by Roy et al. (21), and for GaAs and
InP IMPATTSs by Banerjee et al. (29). The dc results indicate
that field profiles for flat-profile diodes get distorted and re-
main high over a wider portion of the depletion layer, as
shown in Fig. 15 for X-band flat-profile Si DDR. This leads to
an expansion of the central avalanche zone from 26% of the
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Figure 13. Profiles of hole and electron density and electric field at quarter-period intervals for
a Read diode at a current density of 200 A/m? oscillating at 12.4 GHz. Terminal voltage and
current indicated by phase plot. (Taken from Ref. 23 with permission from the IEEE.)

depletion layer at J, = 10" A/m? to 70% at the threshold of
108 A/m?, when the avalanche zone sharply expands as indi-
cated by the current profile in Fig. 16. This in turn leads to a
sharp deterioration of dc-to-microwave conversion efficiency
because of the decrease in drift zone widths on either side as
indicated in Fig. 17.

The small-signal G-B plot of an X-band DDR has been pre-
sented by Sridharan and Roy (30) for various values of dc
current density and is shown in Fig. 18. The small-signal
analysis indicates that the magnitude of the maximum nega-
tive conductance initially increases with dec current but begins
to decrease when the dc current exceeds the threshold value
for sharp expansion of the central avalanche zone.

DOUBLE AVALANCHE REGION DIODE AND CANCELLATION
OF SPACE CHARGE EFFECT

A double avalanche region (DAR) diode consists of two ava-
lanche zones spaced by a drift zone and has a p*ninp* struc-
ture. This structure was first proposed by Som et al. (31). Ac-
curate dc and small-signal analyses of it by Datta et al. (14)
indicate that cancellation of mobile space charge effect takes
place in the central drift region and the field profile is not
affected at high dc current density (Fig. 19). The negative con-
ductance occurs over several frequency bands and is unaf-
fected by space charge, which may make this device suitable
for high-power and high-frequency operation (31).
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3.5 Silicon
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Figure 15. Electric field profiles of symmetrical double-drift region
(n*npp™) silicon IMPATT for different values of dc current density.
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Figure 16. [J,(x) — J,(x)]/J profiles of a symmetrical DDR silicon
IMPATT for different values of dc current density.

LOW-HIGH-LOW DIODES FOR REDUCTION OF THE SPACE
CHARGE EFFECT AND CONSTRICTION OF THE AVALANCHE
ZONE

Low-high—low IMPATT diodes are emerging as more effi-
cient devices than normal SDRs and DDRs. In such diodes
impurity bumps of high doping density are incorporated by
the MBE technique in appropriate positions of the flat-profile
DDR or SDR, which decreases the effect of mobile space
charge on the field profile in the drift zone and constricts the
width of the avalanche zone, thereby increasing the efficiency
of the device. Pulsed DLHL silicon devices have been shown
to be capable of delivering large millimeter-wave power at 94
GHz at a dc current density of 10° A/m? (32).

HIGH-FREQUENCY CONSIDERATIONS

IMPATT diodes are the most powerful sources of millimeter-
wave power, and IMPATT sources have been developed for
atmospheric window frequencies of 35, 94, 140, and 220 GHz.
As the frequency of IMPATT operation increases, the width
of the depletion layer decreases, accompanied by a fall in
breakdown voltage and power output. The maximum power
output of an IMPATT diode falls off sharply at high frequen-
cies due to limitations regarding the attainable impedance
level in microwave circuit and the inherent limitations re-
garding the maximum electric field E,, at breakdown and the
saturation drift velocity V.. The maximum input power P, is
related to the frequency by

E2V2
Pm 2 _ _m’s
! 8n X,

(22)
where X; = 1/27fC and C = ¢, A/ W is the capacitance of the
depletion region. Thus the maximum input power decreases
as 1/f?, which indicates the electronic limitation of power out-
put at millimeter-wave frequencies. For the same circuit im-
pedance, the output power from an oscillator decreases with
increasing frequency as 1/f2. Higher breakdown voltage at the
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same frequency of operation provides higher power output,
and thus the DDR has an advantage over the SDR. InP, with
a lower ionization rate than Si or GaAs for the same electric
field, has higher breakdown voltage and should therefore be a
suitable semiconductor for powerful millimeter-wave sources.
But silicon remains the most important material for millime-
ter-wave IMPATTSs because of its advanced technology and
stability.
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diode for different values of dc current density.

5 108 5 107 2 3
Dc current density J, A/m?

At high frequencies (above 100 GHz), the value of the field
maximum sharply increases, which in turn increases the pos-
sibility of tunneling across the junction. Elta and Hadded (33)
suggested a mixed tunneling—avalanche transit time mode
(MITTAT) and a tunnel transit time (TUNNETT) mode. Their
calculations indicated that Si devices have higher tunneling
frequency limit (=400 GHz) than GaAs devices (=75 GHz)
and further that silicon devices between 400 and 500 GHz
and GaAs devices between 75 and 150 GHz would operate in
MITTAT mode.

At very high frequencies the depletion region of an IM-
PATT diode is very thin and the maximum electric field at
breakdown becomes very high (>10°® V/m). The ionization
rates of charge carriers tend to saturate at very high field
leading to a broadening of the injection current pulse. Also
the tunneling becomes a significant process in addition to
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Figure 19. Field and carrier current profiles of symmetrically doped
DAR IMPATT at various values of dc current density.



avalanche multiplication for very thin depletion layer, which
leads to a change in the appropriate phase delay. Thus the
saturation of ionization rates and the tunneling process re-
duce the power output of an IMPATT device at high fre-
quency. Further, at very high frequencies the skin depth be-
comes smaller than the substrate dimensions and the current
flow is confined within the substrate surface. Thus, the effec-
tive series resistance of the substrate is increased and the
efficiency is reduced due to the skin effect. These fundamental
limitations tend to sharply decrease the efficiency and power
output of IMPATTSs above 100 GHz.

Fabrication of IMPATT Diodes

Lower-frequency microwave (8—26 GHz) SDR diodes can be
fabricated by diffusion technique. An epitaxial nn* silicon wa-
fer with an n* high-conductivity (0.003 () -cm) arsenic-doped
substrate is subjected to boron diffusion at 1000—-1200 °C to
produce a p*nn* structure. For X-band diodes the n layer is 4
pm thick. After diffusion, the wafer is vacuum-coated on the
junction side, first with chromium and then with gold. Chro-
mium prevents short-circuit breakdown by migration of gold
atoms across the junction into the device at high temperature.
The transition in the nn* layer has to be very sharp to reduce
the positive parasitic resistance. For this, low-temperature
epitaxial growth is required for the nn* epitaxial wafers.
After vacuum coating at 10~® mm Hg, the metallic layers are
electroplated with gold to produce an integral heat sink of
thickness around 200 um. The substrate is then thinned to
10 um by mechanical polishing and chemical etching. The
substrate side is then vacuum-coated with chromium and
gold. A photolithographic technique is then applied to define
diodes with 100 um diameter on an integral heatsink 500 um
square. After chip separation with a diamond scriber, each
device is then encapsulated in a standard microwave package
by die bonding and wire bonding. Fabrication process steps
for X-band IMPATT diodes have been described in detail by
Mitra et al. (34) and are shown in Fig. 20.

IMPATT chips in the microwave frequency range (<30
GHz) are packaged in standard microwave packages. The
junction side of the chip is die-bonded to a gold-coated post of
oxygen-free high-conductively copper in a bonding machine
using heat, pressure, and ultrasonic vibrations. The metal cap
on the other side of the package is isolated from the post by
a ceramic cylinder. The other side of the chip is wire-bonded
to the rim of the cap by means of gold wires [Fig. 22(a)].

NOISE IN IMPATT DIODES

The random process of avalanche multiplication and creation
of electron—hole pairs in the avalanche zone of an IMPATT
diode is the main source of noise in such devices. Avalanche
multiplication not only multiplies the signal noise, but also
adds a substantial amount of noise to it due to the statistical
fluctuation of the multiplication factor. The noise at small sig-
nal level in silicon and GaAs diodes has been found to be 40
and 25 dB respectively. Silicon diodes have wider avalanche
zones (since «, is much greater than «,) than GaAs diodes.
GaAs diodes are thus less noisy, due to the smaller number
of ionizing events in the narrow avalanche zone. The noise in
avalanche transit time diodes has been thoroughly reviewed
by Gupta (35).
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THERMAL LIMITATIONS AND HEAT SINK

A large current flows through the active layer of an IMPATT
diode: up to 10" A/m? for X-band diodes and up to 10° A/m?
for W-band devices, with a breakdown voltage up to 80 and
20 V respectively. The power density is thus extremely high,
ranging from 8 X 108 W/m? for X band to 2 X 10 W/m?® for
W band. The continuous rise in temperature of the active re-
gion above ambient due to heat dissipation, without an appro-
priate heat sink arrangement, would cause the reverse satu-
ration current to rise exponentially, leading to thermal
burnout of the device. The temperature rise above the ambi-
ent should not be much above 100 °C, and an appropriate
heat sink is essential for these devices. The most commonly
used technique is to have an electroplated gold layer on the
junction side of the wafer, of thickness 20 to 100 wm. For
microwave diodes, the IMPATT chip is bonded to a gold-
coated copper post of the package by thermocompression
bonding. For millimeter-wave diodes, where heat dissipation
is much larger, the copper heat sink is replaced by type II(a)
diamond, which has a much larger thermal conductivity than
copper (5 times as large) at room temperature. The device
chip is bonded to the diamond heat sink by a bonding ma-
chine.

MILLIMETER-WAVE IMPATT DIODES

IMPATTSs are now the most important solid-state sources of
millimeter-wave power in the frequency range 30—-300 GHz.
From single flat-profile DDR device, CW powers of 1 W at 94
GHz and 50 mW at 220 GHz (36) have been obtained. Misawa
and Marinaccio (37) obtained 74 mW with 3.2% efficiency at
110 GHz from an abrupt-junction silicon diode. A double-drift
millimeter-wave silicon diode was first reported by Seidel et
al. (26), who obtained 1 W at 50 GHz with 14% efficiency.
Ishibashi et al. (2) obtained 2.2 mW from SDR silicon diodes
at very high frequency of 412 GHz and highest IMPATT oscil-
lation was reported to be 430 GHz.

In recent years, the molecular-beam epitaxy (MBE) tech-
nique has been increasingly used for IMPATT fabrication; by
that means very thin layers of appropriate doping can be
grown to realize flat and low—high—low DDR doping profiles.
Luy et al. (38) obtained CW power of 600 mW at 94 GHz with
6.7% efficiency from MBE-grown flat-profile DDR. Important
points concerning millimeter-wave DDR fabrication will now
be outlined.

Junction Formation

The silicon DDR is the preferred structure for millimeter
waves. For fabrication of p*pnn* devices, n and p layers are
epitaxially grown to the designed thickness on an n* arsenic-
doped low-resistivity (0.003 () -cm) silicon substrate. Using
boron diffusion, a p* layer is formed on the p side to provide
contact for the DDR. Ion implantation is also used to fabricate
millimeter-wave DDRs by multiple-energy ion implantation
to overcompensate a fraction of the n side grown epitaxially
on the n* substrate so as to form a pnn* structure. Boron
diffusion is then used to form the contact p* layer on the p
layer formed by ion implantation, to obtain the DDR device
with p*pnn* structure.
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It has already been stated that molecular beam epitaxy
is being used to realize thin layers of appropriate doping for
millimeter-wave IMPATT diodes. Due to relatively low tem-
perature of the epitaxial process, a steep transition in doping
concentration can be achieved, and precise control of thick-
ness and doping can be realized by the MBE technique, which
is now being used for fabrication of millimeter- and sub-milli-
meter-wave IMPATTS, both SDR and DDR. At very high fre-
quencies SDR silicon diodes are preferred for their simplicity
of fabrication. Various experimental reports are available on
fabrication of silicon SDRs in the frequency range 30-300
GHz, showing good performance with regard to power output
and efficiency.

e s00um ——

IMPATT chip
(h)

Series Resistance

Reduction of the positive series resistance is extremely im-
portant for millimeter-wave IMPATTSs. For this purpose the
device substrate has to be made as thin as possible by chemi-
cal etching. Typically a substrate for 35 GHz has to be
thinned to 20 um; for frequencies above 100 GHz it has to be
thinned to 5 um or less.

Metallization

Contact metallization is very important in the fabrication of
millimeter-wave IMPATTS, in view of their large current den-
sity (108 to 10° A/m?) and small junction area (diameter 10 to



30 wm). A three-component contact metallization is used with
600 A of chromium, a platinum barrier layer of 2000 A thick-
ness, and an evaporated gold layer of 3000 A, followed by 3
pm of electroplated gold. The evaporation has to be done in
ultrahigh vacuum for good contact.

Millimeter-Wave IMPATT Packaging

Between 30 and 100 GHz the device chip is usually bonded to
a selectively metallized diamond heat sink, which has a high
thermal conductivity, for flow of heat from the junction to the
ambient. The heat sink is sealed in a quartz ring with a num-
ber of gold ribbons bonded to the device and the top metal cap
(36) as shown in Fig. 21(a). For frequencies higher than 100
GHz a single- for double-metallized quartz standoff mounting
arrangement is used as shown in Fig. 21(a) and Fig. 22 to
reduce the shunt capacitance to 0.01 pF, which is sufficiently
small for operation up to 200 GHz. A direct contact method
in which a thin bias pin makes contact with diode chip has
been adopted at 100 GHz by Misawa and Marinaccio (37). At
higher frequencies a direct contact method has been adopted
(Fig. 22), which makes use of a wire welded on the tip of the
bias pin to contact the IMPATT chip (39). Copper and dia-
mond are both used as heat sinks for millimeter-wave chips.
But for high current density and CW operation, diamond is
preferred, because its thermal conductivity is 3 to 5 times
larger than that of copper between 500 and 300 K.

PULSED MILLIMETER-WAVE IMPATT DIODE

Pulsed millimeter-wave IMPATT diodes are becoming impor-
tant in solid-state transmitters for radar systems, missile
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Figure 21. Millimeter-wave diode package: (a) ceramic ring; (b) dou-
ble quartz standoff. (After Ref. 36.)
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seekers, etc. Pulse powers of 23 W at 35 GHz, 15 W at 94
GHz, and 3 W at 140 GHz have been reported (40). Experi-
mental reports of higher pulsed power output (42 W at 94
GHz) have since been presented (41) for a DDR device fabri-
cated by MBE.

The current density in pulsed diodes can be made much
larger than that for CW device for realizing high output
power, since the thermal dissipation is much lower for a short
pulse duration. However, with increasing current density the
electric field profile becomes distorted by the mobile space
charge, which leads to expansion of the central avalanche
zone and reduction of the conversion efficiency. Design of
pulse IMPATT diodes must therefore take into consideration
the space charge effect at high current density. Computer
studies have been made on DDR designs (32) to constrict the
avalanche zone and increase the width of the drift zones by
incorporating single or double impurity bumps on either side
of the DDR junction. Figures 23 and 24 show the doping and
field profiles for optimized double low—high—low (DLHL), sin-
gle low—high—low (SLHL), and flat-profile DDRs for operation
at 94 GHz. It is seen from the field profiles that the bumps
prevent the expansion of the avalanche zone for DLHL for
current densities as high as 10° A/m? From the small-signal
conductance—susceptance (G-B) plots in Fig. 25, it is seen
that the highest negative conductance is exhibited by DLHL,
followed by SLHL and flat DDR, in the W band. This is due
to the reduction of space charge effects in DLHL. Studies on
the optimization of the bump positions, the bump height, and
the bump shape have been made (32), which show that the
negative conductance decreases for DLHL and SLHL struc-
tures as the bumps shapes change from ideal rectangular to
the more realistic trapezoidal.

FREQUENCY CHIRP IN PULSED IMPATT OSCILLATORS

The temperature of an IMPATT junction increases with time
during the short current pulse, which leads to a change in
frequency during the pulse period due to the variation of di-
ode impedance.

For a flat current pulse the oscillation frequency decreases
due to rise in temperature. Since frequency increases with
bias current, the slope of the bias current pulse can be made
positive and its value can be suitably adjusted so that the
thermal and bias current effects may cancel each other, lead-
ing to zero chirp (39).

GaAs AND InP IMPATT DIODES

GaAs has emerged as a highly suitable semiconductor for IM-
PATTSs in the lower microwave frequency range, where the
efficiency of GaAs device has exceeded that of silicon devices.
Goldwasser and Rosztoczy (42) reported high-efficiency GaAs
low—high—low SDR diodes delivering 2.9 W with 35.6% effi-
ciency at X band. Iglesius et al. (1) reported 12.5 W output
at 6.1 GHz with 26.6% efficiency for SDR Schottky barrier
high—low GaAs diodes. Alderstein et al. (43) reported 710 mW
output for a GaAs Read diode with 9% efficiency in the 36—38
GHz range. Vasudev (44) reported 40 W of pulsed power from
GaAs double drift IMPATTSs at 9.4 GHz with 10% efficiency.
At higher frequencies the power output of GaAs diodes is very
low. Chang et al. (45) reported fabrication of a Read type
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GaAs IMPATT diode by VPE and obtained CW power of 5
mW with 0.5% conversion efficiency at 130 GHz. It can be
stated that GaAs high—low and low—high—low diodes exhibit
higher efficiency than any other IMPATT below 30 GHz.

The fabrication of ion-implanted single-drift flat-profile
p'nn* InP IMPATT diodes operating at X band was reported
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Figure 24. Field profiles of millimeter-wave silicon (a) DLHL, (b)

Figure 23. Schematic diode structure and doping profile of SLHL  SLHL, and (c) flat-profile DDR IMPATT diodes (J = 1 X 10° A/m?,

and DLHL DDR IMPATT diodes.

T =673 K).
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Figure 25. G-B plots of millimeter-wave silicon DLHL, SLHL, and
flat DDR diodes at J = 1 X 10° A/m? and T = 673 K.

by Berenz et al. (46) in 1978. Singly ionized Be ions with 50
keV energy were implanted into n-type InP epitaxial layers
with sulfur as the chemical impurity on a tin-doped (100)-
oriented substrate grown by vapor phase epitaxy. The diodes
exhibited CW output power of 1.6 W with 11.1% efficiency at
9.78 GHz. In low-duty-cycle pulse operation 6.1 W peak out-
put power was achieved at 10.8 GHz with 13.7% efficiency.
Computer studies with ionization data of Ito et al. (10) for
GaAs were carried out by Banerjee (47) on GaAs, SDR, DDR,
and low—high—low diodes by the methods outlined earlier.
Similar computer studies have been carried out by Banerjee
for InP diodes (47). The results indicate that GaAs diodes
should exhibit higher efficiency than silicon due to the nar-
rower avalanche zone at microwave frequencies. The InP di-
ode should have higher breakdown voltage at millimeter-
wave frequencies due to lower values of the ionization rate
and should deliver higher power at those frequencies. GaAs
diodes should surpass silicon devices in the lower microwave
range (6—30 GHz), and InP diodes have great promise in the
field of millimeter waves. But silicon devices are more stable
and reliable and are based on a more mature technology, and
should therefore dominate as premier solid-state sources for
millimeter and submillimeter waves in the foreseeable future.

HETEROJUNCTION IMPATT DIODES

Heterojunction IMPATTSs based on GaAs/Al ¢Ga;As have been
reported in recent years (48) which indicate significant im-
provements in performance over conventional GaAs pn junc-
tions. The devices were grown using MBE technique and
show 2 to 3 orders less magnitude of leakage current prior to
avalanche breakdown and 2 dB power improvement at Ku
Band. The small leakage current and sharp avalanche break-
down lead to generation of sharp pulses in each cycle in the
heterojunction device, causing increased RF power and re-
duced phase noise.

CONTROL OF IMPATT PROPERTIES BY OPTICAL
ILLUMINATION OF THE ACTIVE AREA AND BY A
TRANSVERSE FIELD IN THE DRIFT REGION

Optical illumination of an IMPATT device enhances the leak-
age current entering the depletion layer and decreases the
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current multiplication factor of electrons and holes. It has
been shown theoretically for Read as well as double-drift di-
odes (49,50) that a decrease in current multiplication factor
will lead to an increase in optimum frequency for oscillation,
since the avalanche time delay will be shorter, and to a de-
crease in the magnitude of the negative conductance and the
output power. Experimentally, Cottrell et al. (51) and Vyas
(52) have observed an increase in the frequency of oscillation
by 10 MHz and a decrease in power output by 10% for X-band
devices upon illumination of the IMPATT active area. Vyas et
al. (53) have considered two mounts—/flip chip and top-
mounted (Fig. 26)—for optical illumination experiments and
have shown that electron leakage current is more effective
than hole leakage current in producing a change of the oscil-
lation frequency. Mazumder and Roy (54) extended computer
studies in the millimeter-wave range to the W band and
found that a large shift in the oscillation frequency can be
obtained by increasing the leakage current through optical
illumination for low—high—low DDR silicon and GaAs diodes.

Seeds and Forrest (55) reported optical injection locking of
IMPATT oscillators by illuminating the unpackaged IMPATT
device in a microstrip oscillator circuit with a laser beam am-
plitude-modulated at a microwave frequency; they obtained a
locking range of 1 MHz. Since then, a large number of investi-
gations have been carried out on optical injection locking of
IMPATTSs by shining laser beams on IMPATT chips.

It has been shown that the frequency of an IMPATT can
be controlled by the application of a field in the drift region
transverse to the junction field (56). This effectively increases
the transit time delay, since the direction of the drift velocity
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Figure 26. (a) Flip chip and (b) top-mounted SDR diodes with opti-
cal windows.
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of the carriers changes while the magnitude remains satu-
rated, and the carriers require more time to cross the drift
layer.

TRAPATT DIODE

The acronym TRAPATT stands for trapped plasma avalanche
triggered transit, which indicates the physics of TRAPATT di-
ode operation. It is a solid-state microwave device with very
high dc-to-microwave conversion efficiency (50—-60%), capable
of producing high power in pulsed operation. TRAPATT oper-
ation was first reported in 1967 by Prager, Chang, and Weis-
broad (57). Basically it is a reverse-biased p*nn* or n*pp*
junction with high punchthrough, i.e., the electric field is con-
siderable on the lightly doped side of the nn* or pp* transi-
tion, but abruptly becomes zero on the substrate side. The
frequency range of these devices is inherently limited to lower
microwave frequencies, and the noise is larger than that in
IMPATTS, although power output and conversion efficiency
are both high.

Computer simulation of the device (58,59) has established
that a transient avalanche zone is generated at the p™n or
n*p junction by a trigger pulse, which propagates like a shock
front through the depletion layer and fills it with a dense
plasma of electrons and holes. The plasma thus formed causes
a sharp decrease of the electric field behind the avalanche
shock front, which propagates from the junction end to the
other end of the depletion layer. The collapse of the electric
field leads to the trapping of the plasma, and the electrons
and holes now move towards the two ends with a much-
reduced plasma velocity determined by the low-field mobility.

The field recovers slowly at first as the trapped carriers get
out of the depletion layer with low plasma velocity, and then
rapidly as the remaining carriers leave the depletion layer
with saturated velocity due to the rise of field with the extrac-
tion of the plasma. The device thus oscillates between a high-
current low-voltage state and a high-voltage low-current state
after full recovery of the electric field in each cycle (60).

The propagation of the avalanche zone and formation of
the electron—hole plasma is shown in Fig. 27 at several in-
stants T, Ty, Ts, T, immediately after the device is suddenly
subjected to a voltage greater than that for dc breakdown. A
very high displacement current J flows through the depletion
layer at time 7', which produces an upward shift of the field
curve, since

(23)

= € —
5 At

and increases the field above the dc breakdown value. This
leads to the formation of the electron—hole plasma at time
T,. The spatial slope of the field in the depletion layer in front
of the plasma is determined by the doping density and is
given by the Poisson equation,

AE  q
“_2IN 24
Ax €g D 24

where q is the electronic charge, ¢, is the semiconductor per-
mittivity, and Np is the doping density of the n region.

The electric field variation in time and space in front of the
plasma is given by Eqgs. (23) and (24). Hence the velocity v, of

the avalanche shock front is given by

Ax  AE/At
At~ AE/Ax  gNp

U; =

(25)

For typical TRAPATT oscillator v, is about 3 times the satu-
rated drift velocity v,.

After the formation of trapped plasma, the depletion layer
is filled with a dense plasma of electrons and holes, and the
electric field is low, as shown in Fig. 27. Electrons and holes
begin to flow towards the positive and negative terminals
with low velocity uFE, where u is the low-field mobility and £
is the low field in the plasma. The initial slow recovery, as
shown in Fig. 27, indicates that the central region still con-
tains electron—hole plasma, whereas on either side only elec-
trons or only holes are flowing towards the terminals and the
electric field is rising due to the extraction of charge. The field
recovers then to a higher value as shown in Fig. 28(e), and
the remaining carriers are swept out of the active region,
leading to a fast recovery of the electric field. The process re-
peats, leading to the voltage and current waveforms shown in
Fig. 27(b) and 27(a).

A triggering pulse is needed to provide the necessary over-
voltage to drive the device into the trapped plasma state in
each TRAPTT cycle. This is provided by slug tuners in front
of the device, mounted at the end of a coaxial line. Whenever
a diode is driven to trapped plasma, the voltage across it sud-
denly falls. The resulting negative voltage pulse is propagated
along the transmission line and gets reflected from the near-
est tuner, placed half a wavelength away from the diode. The
return pulse changes sign and arrives one pulse after the
original pulse to provide the trigger to the diode for the next
trapped plasma state.

It has been found that a punchthrough diode is essential
for TRAPTT operation. The width W of the active region of
doping N, must be lower than Wy = eE/qN,, the depletion
layer width of the nonpunchthrough abrupt junction diode
with breakdown field Ey at one edge. The punchthrough factor
F = W/ Wy is 2 for typical TRAPATT operation.

The sum of the shock front period and the recovery period
is approximately half the total period, so that the frequency
of the TRAPATT operation is given by

9T where T = ZXZ + g (% + v_ls> (26)
The low value of the plasma velocity v, limits the operation
of TRAPATT to the lower microwave frequency range. In
practice, most of the experimental reports on TRAPATT oscil-
lators are in the frequency range 0.5 to 10 GHz. Thus 1.2 kW
output in the pulse mode has been obtained at 1.1 GHz by
Liu and Risko (61) with an efficiency of 60%, and peak powers
of 100 to 50 W have been obtained in the frequency range 4
to 8 GHz.

BARITT DIODES

The BARITT (an acronym for barrier injection transit time) is
a transit time diode that generates power with low noise at
microwave frequencies. It has normally a p*np* or metal-n—
metal (mnm) structure and is equivalent to a pair of diodes
connected back to back, one of which is forward-biased and
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Figure 28. BARITT diode: (a) p*np* BARITT structure; (b) low-bias
charge distribution; (c) field distribution at low bias; (d) field distribu-
tion after reachthrough; (e) drift velocity distribution after reach-
through. (After Ref. 64 with permission from Elsevier Science Ltd.)

the other reverse-biased. Microwave oscillation in mnm
BARITT diodes was reported by Colman and Sze (62) and Sze
et al. (63) and in p*np* BARITT diodes by Chu and Sze (64).
When the depletion layer of the reverse-biased junction
reaches that of the forward-biased junction, thermionic injec-
tion of minority carriers into the central n region takes place
across the barrier of the forward-biased junction. The injected
carriers are swept through the depletion layer by the reverse
field to the other terminal. The transit time of charge carriers
tends to be higher in BARITT structures because of the low-
field part of the n region, which limits the frequency range of
BARITT operation. BARITT operation for mnm structures
has been observed at 4—8 GHz.

The p*np* BARITT structure is shown in Fig. 28 together
with the dc field profile at low bias and at the reachthrough
voltage when the depletion region of the reverse-biased junc-
tion just reaches that of the forward-biased junction. The
widths of the junctions are given by

2¢,
= | V.-V 27
w, qND( bi 1) 27
for the forward-biased junction and
2€,
= [——(V,.+V. 28
Wy qND ( bi T 2) (28)

for the reverse-biased junction, where V,; is the built-in volt-
age, V, is the portion of the applied voltage across the for-
ward-biased junction, and Vj is the portion of the applied volt-
age across the reverse-biased junction.

At reachthrough, w; + w; = w and

1/2
qNDw2 —w (qNDVbi>
2€g €

Viey = (29)

After reachthrough the hole current is thermionically emitted
over the barrier, and for V > Vg, the current increases expo-
nentially with voltage. The transit time of injected carriers
for crossing in the drift region is given by

¢ dx Y dx
L= e[ &
Sy mE@ Sy v

w—a

& /‘a dx+
q.Np x Us

*R

(30)

Carriers are injected at a phase angle of approximately 7/2,

when the ac field reaches its maximum, and the carrier cur-

rent reaches the terminal after § of the time period for opti-
3

mum operation. Thus Ty = T = 3/4f, and the frequency of
oscillation can be written as

3 s
= - — 1
f 1 (31)

A detailed study of the small-signal impedance of p*np*
BARITTSs has been carried out by Weissglas (65) with current
density as parameter. The result indicates that the peak neg-
ative resistance reaches its maximum value at a rather low
dc current of 50 A/cm? for an n-region length of 7 um and
then decrease at higher dc current densities. The resistance
of the forward-biased p*n junction decreases with increasing
dc current and tends to short-circuit the junction capacitively
at high current. Thus the high-frequency negative resistance
begins to decrease at lower current levels for BARITT struc-
tures, which leads to low output power and low efficiency.

Microwave power has been observed for BARITT struc-
tures in the frequency range 4 to 8 GHz. The power output
varied from 2 to 8 mW for the initial mnm diodes reported by
Coleman and Sze operating between 4 and 6 GHz.

An output power of 152 mW has been observed in Pt
Schottky BARITT diodes at 8.6 GHz with a peak efficiency of
2.3% (66).



Unlike the IMPATT, the BARITT is a low-noise device,
since no random avalanche multiplication is involved in it.
The noise arises only from the shot noise of injected carriers
due to the random fluctuations of the velocity of the carriers
in the drift zone. An experimentally measured noise figure of
10 to 14 dB has been observed in a Si BARITT diode for a
current density of 17 A/em? around 7 GHz.

In BARITTS the field is low over a considerable fraction of
the drift region where the carriers move with nonsaturated
drift velocity determined by the low field mobility. Thus the
transit time is high and the field swing is limited, leading to
low frequency and low power output for BARITTSs.

In conclusion, it may be stated that the BARITT is a tran-
sit time device with good noise performance, but it can oper-
ate only below X band and can deliver only small output
power, with low efficiency.
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