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4. Introduction

This report examines the operation of high-efficiency,

T

e
T R R T e

single- and double-drift GaAs IMPATT diodes. The mechanisms responsible

for high efficiency in these devices have already been identified and ?
include depletion-layer width n'nodulu'c.ion,1 premature collection of |
i the generated electron pulse,2 and movement of electrons at velocities
higher than the saturated velocity during a portion of the RF cycle.3

Theoretical analyses of one-sided, high-efficiency GaAs diodes using

finite-difference numerical algorithms have been publiahed.“ Also,
i theoretical analyses of double-drift GaAs diodes were performed,5

however, the restrictive assumption was made that the doping profile
) on the n-side for an optimized double-drift structure is the same as

for an optimized single-drify structure, No results have been

; published which present detailed simulations of the various high-
efficiency double-drift structures and which show the effects of
depletion-layer width modulation and preccllection on efficiency

enhancement in these structures.

To simulate these diodes, both simplified analyses and the
finite-difference program developed by Bauhahn and Haddad" are used
in this report. By simulating many different structures for different
RF drives and current denfities, optimization criteria are developed for
GaAs diodes operating near 10 GHz.

The simplified analyses presented here provide an inexpensive

method of predicting the large-signal performance of the diodes which

[ W N,
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agrees well with results of the finite-difference simulation, as far
as frequency of operation and voltage modulation levels are concerned.
The finite-difference program' uses explicit upwind drift and implicit
diffusion current terms. It includes the variation of the following
parameters with electric field: electron and hole velocities, electron
diffusion coefficient, and electron and hole ionization rates.
Tunneling was not included in these simulations and is not considered
to be important for the structures considered here. The generation
term is explicit in the program. The boundary conditions are Dirichlet
for the majority carrier, and for the minority carrier the boundary
condition is either Dirichlet or a mixed boundary condition which
ensures that the total current (drift plus diffusion) is constant at
the boundary and equal to a specified reverse saturation current.
However, even when the mixed boundary condition is selected, the
minority boundary condition beéomes Dirichlet if the electric field
becomes negative at the boundary; in that case the boundary concencra-
tion retaines the value that was set when the electric field was last
positive, until the boundary field becomes positive again.

As is explained in Reference 4, the program employs a "staggered"
mesh with two kinds of mesh points, space-charge points, and field
points. This formulation has the advantage that the finite-difference
equations are conservative under electric field reversal.

The material parameters used for GaAs at 300°K and SOOOK"‘ are
listed in Table 1. The properties of the following GaAs IMPATT
structures are presented in the following order: uniformly doped
single-drift, single-drift high-low and low-high-low diodes,

uniforaly doped double-drift structures, hybrid double-drift sturctures,

2=
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| and double=Read doublé-drift -d16dés (high-loi: doping: profilé. on both

‘$1des of “thé-Jinetion)..

2. Approximate Analysis

Appfpximéf¢~méthédgAf@r}ahélyzing,higﬁheffiéienqy GaAs IMPATT
] @ diodes -are désirable, enpecially since ‘the cost per sglution of''the
finite-difference large-sijmal program tan be significant (as mush as ) ‘Z
$10‘fbr~dqub1e-@rift,gonéunqhéthrodgh structures), fhe»simﬁlifiéd, J
analysis is typigaliy;uued'to determiné -approximately the optimun RE
drive -for operation-of & particular ntructure-at -a-:particular -frequency;
then larqéésignal.rung are‘madeuand‘tuo,pdrgmotérs:adJQStediuhtil
optimum operation iw obtained., The slmplified: dnalysls could -also be
used to determine theé optimum: frequency, given -a: particular structure
.and the RI voltage amplitude,

In the simpllficd'nnalysts,wbho‘eléqtrlc field profile Ls
assumed to ‘be plecewisé llnear. The initial fléld profile is determined
'by. running the finlte-dlfference de program, Flgures 1 and 2 show
the field profiles included in the analysias. These profiles are

appropriate for the hybrid double-drift case with uniform doping -on

{
‘fg A g the p<sidé and:highslow doping on the n-sidé. Howevér; by making the

slope of the ségmént from x. =0 to x‘i»whé,equél t6 the slope from

X =W 80 xEW , it it seeén that the analysis. can be used for-
structures with uniform doping on both .sides: Also, by making~WbA
very small, the analysis is applicable to one=5ided, high=low or
uniformly doped structures..

In theé approximate analysis, it is assumed that the. field profile

moves: up and down, but that it retains piecewise linearity as the

i
'
'
|
I
4

términal voltage is changed: Thus dynamié spacé-chargée effects are

N
ot i
e <l
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ignored (dc space-charge effects are of course included in the

determination of the dec field profile). The terminal voltage is

RED S A0 < SRR

given by

vit) = Vdc + VRF sin (wt + m) (1)

where t = 0 corresponds to the half-cycle point. At t = 0, an electron
appears at some location xn(t = 0) > 0 and a hole appears at

xp(t = 0) < 0. (These positions are found from previous runs of the
complete finite-difference program, where the positions of the
generated pulse maxima at half-cycle were determined.) At t =0

the peaek field is Emax’ or =1 in Figs. 1 and 2. Therefore the
velocities of the electron and hole at xn(O) and xp(O) can be found

using the expressions in Table 1 since the electric field is known.

The particles are next advanced to new positions according to:

xn(At) xn(O) + vn(En)At

xp(At) xp(O) + vp(Ep)At

where the time step At is a small fraction of the cycle period and

En,E are, respectively, the fields at the electron and hole positions.
At t = At, a new terminal voltage is evaluated from Eq. 1.

] Then the value of n must be found such that the integral of the field

profile equals V(t). The equations that yield « for the profiles of

] Figs. 1 and 2 are:
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At this point, both the new particle positions and new electric field
profiles are known at the future time, fIlherefore new particle
velocities can be computed and the process is repeated. The particle
trajectories are computed until each particle enccunters a point where
the electric field goes to zero. The time of this event is stored and
at the conclusion of the run these two transit times are printed out,

along with the velocities of the depletion edges at the time of collection.

3. Single-Drift GaAs IMPATTs

3.1 Uniformly Doped Structures. Extensive runs for uniformly

doped, single-drift IMPATTs were not carried out in this study;
however, one case is prencnted here which illustrates the operation of
these devices in the precolle:tion mode.

The donor concentration for the device analyzed is 1.4 x 1016 op3
and the length of the epitaxial layer is 3.24 ym. Figure 3 shows the

de solution fo. J. = 1000 Afcm? and T = S00°K; it is seen that this

de
device is noopunch through under these conditions. The avalanche
width, defined &3 the point where the hole current drops to 5 percent
of its meximum value, is 0.75 um for tﬁis case. The depletion width
at dc is found to be approximately &.T5 um.

A series of large-signal solutions was obtained for this device

at differert frequencies and RF voltage amplitudes. The optimum

efficiency was 15.4 percent, obtained for f = 10 GHz, Jdc = 971 A/cm2

et gy
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and V__ = 30 V, which is approximately one half of the dc operating

RF
voltage., The device voltage and current waveforms for this solution

are shown in Fig. b,

The "injected current" shown in Fig. ba can be explained as
follows. If the convention is adopted that positive electron and hole
currents flow to the left while positive x is to the right, then the

particle continuity equations are:

L . (6 +R) + 1 Eﬂﬂ )
3t = ! R q 3% (90.
and
al]
%% = (G +R) - % 3;a ) (9v)

where (,R are the pencration and recombination rates (em™3-5~!) ana
q is positive and equal to the electronic charpge., Adding Eqs, 9 and

integrating over the device length w gives

" (o, o !

= G '

q f [at + BL] dx 2q [ (G + R) dx + Ip(w)
0 0

- Jn(w) - Jp(O) + Jn(O) . (10)

It is now asswmed that “he device undergoes a periodic oscillation of
period T seconds. Integrating Eq. 10 from O to T seconds and dividing
by T shows that the term on the left-hand side is zero. Also, If Jdc

is the average current for the oscillation, the following is obtained:
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> % 1 T
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g o f [Jn(x Wot) Jp(x w,t)] at (11)

0
Substituting from Eq. 11 yiclds

T W
= L = =
} Jie = F I (q I (G + R) ax + Jp(x wit) + 0 (x = 0,t)f dt .
{ 0 0
{ (12)

g é
T f
ﬁ : If the inJjected current is defined as
g :
- ¥
;; i A w
roo b Jm(t) = q[ (6 + R) dx+Jp(x = w.t)+Jn(x = 0,t) ,
’ 1 B 0 .
\ (13)
i
H
; it is seen that one of the requirement: for having a periodic solution

is that the time average of the injected current must be equal to the

o o e e

average terminal current Jdc' The reason for calling the expression

in Eq. 13 the "injected" current is that it is a measure of the total

charge injected into the device; charge injected at the boundaries

v P

appears in the Jp,Jn terms and charge appearing through generation

e e ————

appears in the spatial integral of the generation-recombination term.
For IMPATTs, the generation term dominates in Eq. 13 and Jinj(t) is
essentially the total generation occurring throughout the device at
time t.

The current density plotted in Fig. bb is explained as follows.

At any particular time, the total current is constent at any point in

the device and is given by
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Jiotal = Jp(x) + Jn(x) tegr - (1k)

Integrating over the length of the diode and dividing by w yields

J = -l-Jw[J(x)+J(x)]dx+§-—[§-V] (15)
total w n P 3t : 2
0

The second term on the right-hand side is the displacement current and
does not contribute to rcal power flow. Therefore the terminal

current plotted in Fig. 4b is given by

[w [Jn(x) + Jp(x)] ax . (16)
0

Cy
"
< |~

ter

Although the displacement current term In Eq. 15 has been removed, some
displacement current muy appear in the terminal current calculated
according to Eq. 16. w denotes the total length of the diode that is
similated; for example, w is pgreater than 3 um for the diode of Vig, 3.
However the depletioa width of the dliode is only 2.75 um and furthermore
the depletion width changes during the RF cycle. Hence the displacement
term of Eq. 15 does not in general contain all of the displacement
current.

Figure 5 presents curves at three points in the RF cycle of the
electric field and particle distributions in the device. At 180
degrees in rig. 5a, the electron pulse has been generated and is
drifting to the right. 1In Fig. 5b at 252 degrees in the cycle, the
pulse maximum meets the depletion edge which is moving to the left since
the terminal voltage in Fig. 4 is decreasing. In Fig. Sc at 270
degrees, the 2lectron pulse has been collected in the undepleted

region. At this point of the RF cycle the width of the depleted region

<1h-
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is less than 2 um, considerably smaller than the dc¢ value of 2.75 um.
Hence this device is operating in the precollection mode.

Between 270 and 360 degrees in the cycle the depletion edge
moves from a position of 1.8 pm to 2.6 um. The corresponding time is
one quarter of the period, or 25 ps. Therefore the average velocity
of carriers in the undepleted region during this time period is
3.2 x 105 cm/s, considerably less than the saturated velocity for
electrons which is 5 x 10% em/s. Therefore it is seen that predictions
of the performance of precollection-mode devices based upon transit
times calculated using saturated velocities can be significantly in error.

A simple equation for the movement of the depletion edge is
derived as follows, w,ND(w) denotes the position of the depletion edge
and the doping at that position at a particular time, Aw denotes n

amall change in the depletion edge position, and AV denotes the small

change in terminal voltase brouéht about, by Aw. Then

qND(w)

€

wXxAE = wx (Aw) = av ., (17)

Therefore the rate of change of w is

dw > [\
a& © @ d (18)

For example, at the end of the cycle (wt = 2n), using w = 2.6 um,

Np(w) = 1.b x 1016 cm™3 and qv/dt = 21 x 1010 x 30, Eq. 18

Vir
yields éw/dt = 3.58 x 105 cm/s. The peak electron velocity at
T = 500°K, which occurs for a field of 4 kV/em, is 1.05 x 107 cm/s.

According to Eq. 18, to achieve the peak electron velocity in the

~16-
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undepleted region would require an RF voltage drive approximately 2.8

st

times the value for the solution of Fig. 4, which clearly is not

e
=

2,

pcesible for this structure. However, Eq. 18 also indicates that

)
o

reducing the doping level in the drift region would achieve higher
velocities and, in fact, it is shown later that near peak electron

velocities can be obtained for high-low and low-high-low doping

profiles, which is responsible for the high efficiencies in these

R T R R TR

structures.
z Examination of the terminal current density of Fig. b

% i shows that the current from 180 degrees to 270 degrees in the cycle
§ is small, because the positive current induced by the drifting pulse
% | 2 1s canceled by negative current in the undepleted region which is
; } ;( necessary for the movement to the left of the depletion edge. This

? | effect tends to increase the efficiency, since the optimum current
. ’ waveform would be a spike at 270 degrees. However, the effect is

counteracted by the movement of the depletion edge to the right from

prevrpy——rh

0 to 90 degrees, which increases the current during this portion of
the cycle. Therefore in uniformly doped IMPATTs the effect of
depletion-edge modulation is largely capacitive and does not

significantly effect the efficiency.

T

The approximate analysis illustrated in Figs. 1 and 2 can be

used to predict the RF performance of this device. The field
profile is chosen to match the electric field resulting from the de
solution shown in Fig. 3. From the previous RF solution it was
found that at 180 degrees in the cycle the maximum of the generated
electron pulse is located approximately 0.9 Xps wvhere x, is the

A
avalanche region width. The electron was injected at this location at

17~
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180 degrees in the approximate analysis, the diode was driven with

a 10~GHz signal, and various RF voltage amplitudes were tried until
the electron met the depletion edge with exactly a 25-ps transit time.
It was found that the proper transit time resulted when the RF
voltage amplitude was 50 percent of the dc voltage, almost exactly
the same as the large-signal result. The approximate analysis

works very well for thils case because, since the doping is relatively
high, space-charge effects brought ab: ut by the generated charge

are minor. Hence the neglect of space-charge effects in the
approximate analysis does not introduce significant error,

The approximate analysis could alternately have been applied
as follows. If it is assumed that maximum efficiency will result
from a voltage modulation of 50 percent, the RF voltage amplitude
could be set and the frequency varicd until the proper transit time
is obtained., The frequency resﬁltinn from this procedure would
again be 10 GHz.

3.2 Single-Drift High-Low GaAs IMPATTs. As was seen in the

last section, the doping level in uniformly doped GaAs IMPATTs is
too high to obtain near peak velocities for clectrons in the
undepleted region. However the drift region doping cannot be made
too small because the transit time would become too large and space-
charge effects become severe. The results of Bauhahn® indicate

that for operation at 10 GHz the optimum drift region doping is
approximately 5.5 x 10!5 em™3. If Eq. 18 is evaluated with the
same parameters as before but with ND(w) = 5.5 x 1015, the velocity
of electrons in the undepleted region at 360 degrees in the cycle

is found to be 9.1 x 10% cm/s, or just below the peak velocity.

-18-
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Thus it appears that Ny = 5.5 x 1015 em~3 is a good choice for

10-GHz operation.
The first simulation of a high-low structure was for a diode

previously analyzed by Bauhahn,® specifically diode No. 18 in

Bauhahn's report, vhere an optimum large~signal efficiency of

28.9 percent was reported. The dec solution for the structure with

J. =2250 A/cm? is shown in Fig. 6a and the doping profile,

de
in Fig. 6b, Figure 6c shows an equivalent low-high-low doping profile

for this diodej it is equivalent in the sense that if a de solution

is obtained for the profile of Fig. 6c, the resulting avalanche

width is the same as for Fig, 6b. Also, the electric field in the

drift region is the same for both profiles. The Qc given in Fig. 6c

is the integral of the doping in the high region, in this case

0.04 x 210" x 6.07 x 1017 cm™2, The high region can be fabricated

with a doping spike, such that the integral of the doping within the

spike equals Qc. For example, in this report the standard doping

spike is taken to have a Gaussian profile with 0,035 uym half width.

<
]
H
§
i
[l
{
i

‘fo realize the profile of Fig., 6c using such a spike, the height

would be approximately 6.53 x 10!7 cm~3 and it would be centered at

3.22 um.

The choice of Jdc = 1250 A/cm? was made as follows. For

highly efficient precollection of the electron pulse it is necessary

for the height of the generated pulse to be slightly higher than the

background doping at the point of collection. When this is true,

the electric field flattens out and takes on a small positive slope in

the vicinity of the pulse. This tends to bunch up the pulse as it

is accelerated into the undepleted region, producing a spike of

-19-
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current near 270 degrees in the cycle, exactly where it is needed

for high efficiency. Since the height of the generated pulse is

T R I, e TR B e g Sy A

directly proportional to Jdc’ there is a threshold dc current above
vhich the height of the pulse is greater than the background doping.
Figure T shows results obtained by Bauhahn® indicating that tnis

threshold current is approximately 1000 A/cm? for operation at

o X T

10 GHz. 1If Jdc is increased too much above this threshold value,

the efficiency drops since the dec power increases faster than the

B TR e ey T

generated RF power, Simulations at different Jdc values showed that
; optimum efficiency is obtained when the diode is biased slightly

: above threshold, at J, = 1200 A/em?,

Fipure 8 shows a larpge-signal solution obtained for the doping

.
R g A I 4 o DA T Y

profile of Fig. 6b. The diode terminal voltage and inJected current,

e
o e e

as defined by Eq. 13, are plotted along with the terminal current

defined in Bq. 16, The spike near 270 degrees is brought about by

)

the precollection mechanism previously described. TFigure 9a shows

LEC Xy

the state of the diode as the electron pulsc is accelerated into the

undepleted region. The pulse relaxes very quickly as it is collected,
of the order of the dielectric relaxation time since it enters a

| region of low field., This produces a reduction in current as observed

[ - -

-

in the terminal current waveform, As the terminel voltage recovers,

the field in the undepleted region increases such that the electrons

are extracted at velocities higher than the saturated velocity,

producing the second, broader peek in the terminal current. Figure 9b
shows the diode state as the electrons are being repidly extracted.

At this point the electric field in the undepleted region is approximately

e AR ey St T A BN

2 kV/em for which the electron velocity is approximately 7.8 x 108 cm/s.

The efficiency resulting from this simulation was 27.67 percent.
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Examination of the terminal current of Fig. 8 shows that the
current is rather large during the first half of the cycle which
reduces the efficiency. This is partially due to the movement of
the depletion edge to the right and is therefore capacitive current.
However near 90 degrees, since 4V/dt = 0, the capacitive component
disappears yet the current is still large. This csn be understood
by realizing that not all of the electron pulse is extracted at

higher than the saturated velocity; some electrons are left behingd

and are extracted at the saturated velocity. Since the transit time

f ; at saturated velocity is long, all the electrons are not collected
% until well into the first half or the following cycle. For this
? veason, it is next shown that reducing the length of the diode
: ; results in higher efficlency.
2» Table 2 presents reuults of simulations of this structure
f at various dec current densitie§ and RF voltages. All the runs are
5 for £ = 10 GHz and T = 500°K,
4 The next structure cxamined was the profile of Fig., 10a
which is the same as that of Fig. 6b except that the length is

shorter. The de solution for J,. = 1250 A/cm? and T = 500°K is shown
in Fig. 10b; it is seen that the device is slightly punched through
for this shorter length. TFigure 11 shows the terminal waveforms for
the optimum large-signal run obtained for this structure, Comparison
with Fig. 8 shows that, as expected, the terminal current is smaller
during the first half of the cycle when the diode length is reduced;
this results in higher efficiency. The ¢fficiency calculated for

the run of Fig. 11 was 29.35 percent. Table 3 shows the results

obtained for this structure at different RF voltages, all at f = 10 GHz
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i Table 2 g
% g
§* Large~Signal Results for the Structure of Fig. 6b with fzi
) .
1 T = 500°K and f = 10.0 GHz 4
$ "
g1, Ver Vae Prr n G B Jac gr !
4 () (v (W/em?) (Percent) (u/cm?) (v/cm?) (A/cm?) *§ i
R}
31.15 47.4 1.kox10% 16.96 -28.892 188.1k 1740 i 3
32.0 U3.3 1.35x10" 17.93 -26.408 19h.26 17h0 % ’
33.0 43.6  T.76x203  9.97  -1h.261 198.67 1780 {
29,0 48,0  1.10x10*  15.61  -26.257 193.77 1470 1 3
o 30,0 W1 1.77hx10  27.23  -30.h11 198.84 1480 !
; 31.0 k42,9 1.277x10%  20.11  -26.57 20h.2h  1h80 f
R
N 32,7 43.0 1.215x103 1.88 - 2.272 208.86 1500
N |
27.0 7.0 9.613x19% 16,52  -26.373 200.01  12k0 2
| 28,1 MWL 1.51x10%  27.67  -38.245 205.98 1230 ;
! 28.5 Wbl 1.525x10%  27.00  -37.55 206.48  12k0 }
. 20.0 W0 1.576x10%  27.00  ~37.482 205.47 1280 j
| 30,0 42,6 1.138a0% 21,93 -25.291 213.96 1220
; 26,0 hh.h 1,038x10"  23.34  -29.775 212.3h 1000

43.8 1.,130x10" 25.71 -30,994 215,34 1000

N
-~
o

28,0 43.0 1.096x10" 25.86 -27.953 219.55 985
2.5 40.9  3.954x103 9,84 - 9,087 231.57 983
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FIG. 10a YIELDING 29.35-PERCENT EFFICIENCY.
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Table 3

Large-Signal Results for the Structure of Fig. 10a

with T = 500°K and f = 10 GHz

RF G B n
(V) (g/em?)  (u/em®) (%)
1.0 -143.52  30.591 0.12
5.0 -119.4k 166,36  2.55

10.0 - 73.466 198.1 6.30
15.0 - 52.937 205.1k 10.21
20.0 - h1.502 208.85 1h.23
25.0 - 35.76 210.71 19.30
27.5 - 40.553 211.97 28.68
29,8 - h0.062 212.7 29,22
23.0 - 39.561 213.18 29.35
28,5 - 37.321 215.03 28.92

29.7 - 5.514 236.6 5.03

-29~

Yoo Jac PrP

(v)  (A/em?) (W/en?)
k6.6 1250 T1.736
n6.8 1250 1.49x10°
h6.9 1240 3.67x10°
86,9 1240 5.955x10°
86,9 12ko 8.3x10°
KG.2 1250  11.175x10°
Ny.2 1210 15.334x10°
53.8 1210 15.48x10°
§3.7 1210 15.508x10°
§3.3 1210  15.15Tx10°
bo.o 1210  2.432x10°
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and T = 500°K. Figure 12a shows a plot of negative conductance,
susceptance, and efficiency vs. RF voltage; [ig. 12b presents dc
voltage and RF power vs. RF voltage.
The next diode studied is similar to diode No. 12 in

Bauhahn's report,5 for which an optimum large-signal efficiency of
38.3 percent was reported. Figure 13a shows the low-high~low doping
profile for this structure and Fig, 13b presents an egquivalent
high=low profile. If a Gaussian doping spike of 0.035 um half

width vere used to realize the highly doped region of Fig. 13b, it
would be centered at 0.39 um with a height of 3.67 x 107 em™3, ‘The
high doping of Wig. 13a is less than the value given in Bauhahn's
report; this reduction was necessary to obtain the same electric
field profile reported there. The reason for this is that different
boundary conditions were used for these simulations than for the
simulations reported by Bauhahn. Bauhahn used Dirichlet boundary
conditions for both carrier concentrations; the simulations in this
report use Dirichlet boundary conditions for the majority carrier,
however, for the minority carrier a current boundary condition is
imposed such that the current at the boundary is equal to a specified
reverse saturation current, as explained in the introduction of this
report.

Figure 13c shows the de solution for Jdc = 1000 A/em? and

T = 500°K obtained with the doping profile of Fig. 13a. It is seen
that the diode is significantly punched through at dc, An important
parameter for these structures is Eto' defined as the electric field
value at dc at the beginning of the drift region on the n-side.

For Fig. 13¢, E, = 2.67 x 10° V/em. For the previous structure of

to

Fig. 10b, Eto vas 1.8 x 10% V/cm,

-30-
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;§ 304 Figure 1k shows the device waveforms for the most efficient
& ey
@% (n = 35.12 percent) solution obtained with £ = 8.5 GHz. The efficiency

% at 10 GHz is not as good because the device is too long for optimum

operation at 10 GHz. The peak in the terminal current near 180

e 3
AN

ke i o

PR AR O AR
T

degrees is induced by the generated electron pulse drifting away

2

from the avalanche region; at 180 degrees the device is punched

through., The dip in terminal current near 230 degrees is caused

PR VTN
R B
vt oy

by the inward movement of the depletion edge, when the device becomes

} : nonpunch through. Near 270 degrees the inward movement of the depletion

e

PeAvty

edge ceases and the pulsce is accelerated into the undepleted region,

.

? ; both effects causing a peak in the terminal current. As before, when

2 %? the electric field recovers in the undepleted region, the electrons

‘ ?: are extracted at faster than the saturated velocity. At the end of
:; the cycle the diode is punched through again; however, a significant

§ i current still flows because not all the electrons have been extracted,

%- » If this structure is operated at 10 flz the current at the end of the

»

E cycle increases, which reduces the efficiency.

Table 4 shows the results of the simulations of the doping

[N

profile in Fig. 13a at f = 8.5 GHz for ditferent RF voltages. To

obtain optimum efficiency at 10 GHz the diode was shortened, resulting

T ke

in the profile of Fig. 15a. The dc solution with Jdc = 1200 A/cm?

is shown in Fig. 15b, Figure 16 shows terminal waveforms for the

most efficient (n = 34,18 percent) solution at f = 10 GHz and Table S
shows simulation results for different RF voltages. Figure 1Ta shows

a plot of negative conductance, susceptance and efficiency vs. RF

A R R X R T EET

[ R T ACICHY YA S RCE L L

voltage for this structure; Fig. 17b shows dc voltage and RF power

vs. RF voltage. Comparison with Fig. 12 for the slightly punched

-33-
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‘ ég Table L
3
% Large-Signal Results for the Structure of Fig. 13a 1
:
2 with £ = 8.5 GHz and T = 500°K
VEF G B n Ve  Yae Prr
5 (v)  (sfem?) @/em?) (A (V) (A/em®)  (W/em?)
¢ 5.0 =-73.726 23.018 1.00 77.2 1190 921.51
& 10.0 =79.57% 105.18  L.27 T77.1 1210  3.9785x10’

15.0 =-63.358 13h.hh 7.6 76,9 1210 7.1276x10°

e
AT

e gantr

20.0 -51.762 1h6.16 10.91 76.7 12Lk0 10,352x10°*

Jo% £14

25.0 -h1,912 1.4.39 14,39 76.1 1200 13.097x10°

C 30.0 -35.95 157.62 17.72 75.% 1210  16.178x10°

Y 35.0 -31.184 159.63 21,15 Th.3 1220 19.10x10°

N 4.0 -27.51 160.7 2k, Th 2.7 1220  22.008x10°
B !
! ‘ , 5.0 -23,55h 162.28 28,54 0.4 1190  23.848x10°
’ 50.0 -21.943 161.87 33.98 67.3 1200 27.428x10°
L 55,0 -18.7h 1hk7.21 35.12 T70.3 1150  28.343x10° E
) 13
‘ i
i
|
;j;
2
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Table 5

Large-Signal Results for the Structure of Fig. 15a

with £ = 10 GHz, T = 500°K and B, = 2.68 x 105 V/em

VRF
w)

1.0
5.0

10.0

51.0
51.8
51.9
52.0

52.8

G B
(t/em?)  (8/cm?)
-125,84 79.127
-104,05  15h.96
- 70,45 183.3
- 51,58 193.3
- 40,985 196.63
- 34,05 198.2
- 28,863 199.2
- 24,386 200.0
- 21,73 200.0
- 18.997 200.0
- 16.686 200.92
- 16,729 201.07
- 17.04 201.23
- 19.52  199.92
- 19.121 200.19

24,69  220.63

n
(%)
07
1.4
3.76
6.27
8.78
11.35
13.98
16.63
19.5h
22.18
25.T1
27.24
29.05
34,18
33.79

-51.07
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vdc

(V) (a/cm?)

7.3
17.2
77.2
77.0
76.8
76.5
75.9
™.9
13.6
1.1
68.0
67.1
66.5
66.1
66.0
56.2

Jdc PRF
(W/em?)
1200 62.898
1,200 1.3x103
1210 3.522x103
1200  5.8026x103
1210 8.197x103
1230 10.64x103
1220 13.0x103
1200 14.937x103
1210  17.384x103
1220  19.23hx103
1190  20.857x103
1190 21,756x103
1180 22.862x103
1160  26.155x103
1160  25.851x103
1200 -34.416x103
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through case with smaller Eto shows that as the diode becomes more

punched through, the efficiency increases, the dc voltage rectifi-

Y N s

cation becomes larger, and the RF voltage range for which high

Sy

efficiency is obtained is reduced.
Previously published results’ indicated that GaAs IMPATTs

should not be punched through at any point of the cycle. This

-

R A e D BTN S 2, Febiaon,

argument is based on the fact that, for a given electric field

modulation in the avalanche region, the maximum RF voltage swing

—

s obtained for an under-punched-through structure; also the back-bias

effect ig reduced if nonpunch-throupgh diodes are used, The

-
SV

-t
P

simulations in this report consistently show that back bias is

o

indeed more sipgnificant for punched-through structure: and that the

Dt

ficld modulation in the avalanche region is greater. However,

allowing larger field modulations results in greater calculated

efficiencies, That thi: is true can be explained as follows. To ' 3
! achieve the precollection .iwode, according to the simplified anslysis
H (lgnoring space-charge effccts) the electric field profile of Fig. 15b !
I must drop at 270 degrees in the cycle so that the fiecld is zero at the
i location of the pulse maximum at that time, If Eto is raised but
the field in the avalanche region remains the same, the amount by
vhich the field must drop from the dec value at 270 degrees is
increesed. This produces an increase in RF voltage swing. However,
raising Eto also increases the de voltage which increases the de
power (Jdc remains the same for precollection). However, the dc
voltage increase is due to the increase of the electric field in the

drift region only, since the field in the avalanche region stays

{he same; in contrast, the RF voltage increase involves the entire

-4o-
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electric field profile, since the entire profile must drop to the
level required for precollection., Hence as the diode is made more
punched through, the RF voltage increases faster than the dc

voltage, which increases the efficiency. This effect becomes more
pronounced for double-drift GaAs IHPATTS, since then the field on the
p-side remains unchanged gs Eto is increased. (Of course the back-
bias effect must also be token into account which reduces both VRF
and V, &s predicted from a simplifiecd analysis.)

Another reason efficiency increases as Eto increases is related
to the length of the device, Obviously any punghed-through structure
lIs shorter than the corresponding nonpunched-through structure. As
previously mentioned, come electrons arc left behind in the pre-
collection process and must be extracted at savurated velocity., 1If
the device is too long, these electrons produce a significant current
at the beginning of the next cycle, thus reducing the efficiency.

The punched-through structure is shorier, reducing the current at
the beginning of the cycle and incrcasing the efficiency.

The increased back-bias effect in punched-through IMPATTs
can result in thermal instabilities., This problem is addressed later
in the report.

Because the range of RF voltage for which high efficiencies
are obtained is quite narrow, as shown in Fig. 1Ta, an attempt was
rnext made to modify the structure of Fig., 15a in order to stabilize

the mode over a wider RF voltage range. After collection of the

pulse near 270 degrees in the cycle, it is desirable that the depletion

edge nove at near peak velocity for as long a time as possible during

the last quarter cycle. If wc denotes the position of the depletion
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edge upon collection of the pulse and tc, the time of collection, then

it is desirable to have

2 ¢, (19}

= - )
W(t) wc + V(t tcl sy t e

where v denotes a velocity greater than the saturated velocity and less
than the peak electron velocity and w denotes the depletion-~edge
position., Since the diode waveform is known from previocus simulation
of the structure with a uniformly doped drift region and it is

assumed that the voltage waveform will not significantly change when
the structure is modified, Eq. 18 may be solved for the ND(x)

necessary to yield the desired depletion-edge movement. Since dV/dt = 0

at 270 degrees, the doping must be made smaller at the point of collection

in order to increase the depletion-cdge velocity soon after 270

degrees in the cycle. llear 360 degrees the dV/dt term approaches its
maximum value s0 ND(x) must re&ch a larger value near the right-hand
contact.
3 Figure 18a shows a doping profile resulting from the solution
of Eq. 18; it is similar to the profile of Fig. 15a except that the

! drift region doping has been tailored for more efficient extraction

of electrons. Figure 18b shows the dc solution for Jdc = 1200 A/cm?,

v

Figures 19a and b show large-signal results vs. BF voltage, It is

seen that tailoring the drift region doping has resulted in high-
efficiency precollection for a wider range of RF voltages. Also,

the maximum efficiency is slightly higher., Hence there is an advantage
to designing high-efficiency GaAs IMPATTs with a positive doping
gradient in the drift region. Figure 20 shows terminal waveforms

for this structure which yield the best efficiency,n = 35 percent.
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The next structnre studied wes similar to Fig. 18a except
that the avalanche region width was reduced by one-half. TFigure 2la
shows the resulting profile where the height of the highly doped
region was also adjusted so that the field in the drift region is the
same as for the structure of Fig. 18a. (Tt is necessary to increase
this doping because, since the avalanche region width is smaller,
the meximum electric ficld in the device is higher.) Figure 21b

shows the dc solution for this profile with J ¢ 980 A/em?, 1f

d
the highly doped region were realized with e Gaussian doping cpike

of 0,035 um half width, the height of the spike would be 5.5 x 10!7 cm™3
and it would be located at 0.2 ym. Table 6 shows the results of
large-sipnal simulation: of this structure; it is seen that halving

the avalanche width has increased the maximum efficicney from 35

to 38.3 percent. Figurc 22 shows plot: of the large-signal resulis

vs. RI" voltage for f = 9.5 Guz‘and T = 500°K.

The next structure cxamined was a modification of the structure
of Fig. 1%5a to show the effect of inercasing the doping in the drift
region. Iigure 23a shows the profile with ND in the drift region
increased to 7.8 x 10!5 cm~3; the device length is also increased so
that it is nonpunch through during the entire Rl cyecle. TFigure 23b
shows the dc solution for this structure. The maximwn large-signal
efficiency obtained was 22 percent since the generated electron
pulse is no longer higher than the background doping at the point of
collection; as previously explained, the pulse must be higher than
the background doping for efficient precollection to occur, This
result confirms that the optimum doping level in the drift region for

precollection at 10 GHz is approximately 5 x 10!° em™3,

o -46~
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Table 6

Large~Signal Results for the Diode of Fig, 2la

<5

50.5
51.0

5@

at T = 500°K and f = 9.5 GHz

G
(8/em?)

B n
(8/em?) (%)

-92.21k
-61.892
-35.895
-2h.1h7
-19.098

“15 . 397
~17.44

163.97
183.29
191.7

193.25
193.15
195.06
195.89
196.65
196.76
196.2k

200.52

1.64

4,37
10.05
15.84
22,72
27.04
28.92
31.83
33.L48
38.3

27.17
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Vdc
)

T2.1
72.0
2.7
70.8
68.3
65.7
6h. b
63.0
62.5
61.9
59.8

J

P

de RF
(A/emé)  (W/cm?)
977  1.1526x10°
98k 3.0945x10°
996  7.1788x10°
968  10.866x10°
985  15.279x10°
967  17.172x10°
962  17.932x10°
961  19.246x10°
956 20.0x10°
957 22,68x10°
979 15.919x10°
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4. Double-Drift GaAs IMPATTs

4.1 Uniformly Doped Structures. The approximate analysis

developed in Section 2 can be used to design uniformly doped,
double-drift GaAs IMPATTs. From the simulations of single-drift,
uniformly doped diodes it can be inferred that precollection of .the
electron pulse will occur on the n-side near 270 degrees in the
cycle. Therefore a reasonable desipgn procedure is to ensure that the
injected electron in the approximate analysis hes about a one-quarter
period transit time before it meets the depletion edpe. Also, it has
generally been found in these simulations that optimum efficiency

is approximately one-half V

occurs when V this value of voltage

RF de?
modulation may also be incorporated in the upproximate analysis.

Figure 24 shows an ~lectric ficld profile which re;uited from
the approximate analysis for operation at 10 GHz, From dc solutions of
similar structures, it was found that the peak field is approximately
4.0h x 105 V/em at 500°K. Also, it is a typical design procedure
to make the electric field on the left-hand side approximately 0,25 Emax;
this ensures that the device is punched through on the p-side for
most or all of the RF cycle. The lengths in Fig. 24 are obtained
from the approximate analysis, If a 10-GHz sinusoidal voltage of
magnitude Vdc/2 is impressed across the device, it is found that a
dc depletion width of approximately 2.1 um on the n-side yields an
electron transit time of 25 ps. As explained in Section 2, the electron
transit time is the time between the electron injection at the half-
cycle point and the time when the injected electron meets the
depletion edge on the right-hand side, where the electric field goes

to zero in the approximate model. A transit time of 25 ps is desired

for a 10-GHz signal beceuse the electron pulse should be collected
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near 270 degrees in the cycle for optimum operation. Of course, at
the time of collection the depletion width on the n-side is signifi-
cantly smaller than it is for the dc solution. (The initial electron
position at 180 degrees was determined from previous large-signal
simulations of similar structures; it was 0.2 um to the right of the
Juaction. The hole starting position was 1.4 um to the left of the
Junction, which was also determined from large-signal simulations.)
The length of the p-side was chosen so that the hole transit time is
45 ps, slightly less than half the period. The efficiency is
improved if the hole transit time is somewhat less than T/2, since
then the pulse is more thoroughly collected by thg end of the cycle.
(Due to back diffusion, some of the holes arrive after the pulse
maximum at the left-hand boundary.) An additional micron of
undepleted material is added on the n-side so that the diode is never
punched through on the n-side, '

A doping profile that yields a dc electric field similar to

that of Fig. 24 for J, = 1000 A/cm? is shown in Fig. 25a; Fig. 25b

dc
shows the dc solution for this structure at T = 500°K., Tab.e T
shows the results of large-signal simulations of this structure; the
optimum frequency was found to be 9 GHz rather than 10 GHz, although
better than 15-percent efficiency was obtained at 10 GHz. It is
believed that these results represent realistic efficiencies
obtainable from uniformly doped GaAs double-drift diodes at X-band.
Figure 26 shows the terminal waveforms for the optimum
solviion obtained with this structure at f = 9 GHz. Near 180 degrees

both pulses drift toward their respective contacts, producing a

positive induced current as shown in Fig. 2Taj; however, this positive
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Table 7

Large-Signal Results for the Double-Drift Diode of Fig, 25a

f VRF vdc

(GHz)  (v) (V)

9.0 70.0 116

10,0 T70.0 117

with T = 500°K

P, . J
R n G B de
(kW/em®) (Perrent) (8/cm®) (8/cm?) (A/cm?)
18.8 16.07 -T.67h 98.14 1010
17.733 15.47 -7.238 112.88 98k
18,118 15.43 -8.57T7T 111.1d 986
17.568 14,76 -9.76 109,17 979
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FIG. 26 LARGE-SIGNAL SOLUTION FOR THE DOUBLE~DRIF1 DIODE
OF FIG. 25a AT T = 500°K YIELDING 16.07-PERCENT

EFFICIENCY.
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current is offset by a negative current brought about by the inward
movement of the depletion edge on the n-side. Hence the terminal
current near 180 degrees is not very large., Near 270 degrees the
electron pulse is collected in the undepleted region while the hole
pulse continues d»ifting to the left as shown in Fig, 2Tb. The
large terminal current between 270 and 360 degrees in Fig. 26 is
brought about by both the outward movement of the depletion edge

on the n-side and the movement of holes onthe p-side. The current
due to the depletion-edge movement has a larpe capacitive component
but it is not entirely capacitive since the previously collected
electron pulse is slso beinpg extracted, As with the one-sided
uniformly doped GaAs structure, the doping on the n-side of double-
drift, uniformly doped diodes i3 too large to achieve greater than
saturated velocities,

4.2 Hybrid Double-Drift'Structures. This section considers

double~drift GaAs IMPATTs which are uniformly doped on the p-slde
with a high-low (or low-high-low) profile on the n-side. It iz not
possitle to simply append a uniformly doped p-side onto a doping
profile that has been optimized for a cae-sided GaAs IMPATT, ‘“This
is because adding the p-side significantly widens the avalanche
region, thereby lowering the peak electric field at the junction;
hence, the electric field profile on the n-side is quite different
from the one-sided case if the same profile is used in a hybrid

structure.

The approximate analysis developed in Section 2 can be used to

design hybrid structures. First, however, the dc program must be run

at the expected temperature and dc current density of operation in

-58-




order to approximately determine the maximum electric field. Also,
an estimate must be made of the positions of the electron and hole
pulse maxima at 180 degrees in the RIF cycle either through experience

running the large-signal program for similar structures in the frequency

range of interest or from an analytical expression for the injection
angle. Further, the value of Eto’ or the electric field at the
beginning of the drift region, must be assumed; initially it will -
be taken as approximately 1.8 x 10% V/em. The procedure is then
to optimize the structure such that the proper transit times are
obtained for both carriers, On the n-side the electron pulse is
precc llected due to the inward movement of the depletion edge, much
like the mode of operation in one-aided precoliection diodes.

Therefore the electron transit time on the n-side should be

approximately 0.25 T. (As previously, the electron transit time in
the approximate analysis [i defined as the time interval between
injection at half-cycle and the instant the Injected electron meets
the depletion cdge on the right-hand side.,) On the p-side, the ;
hole pulse is collected in the normal IMPATT mode; optimum efficiency ;
is obtained when the hole transit time is approximately 0.4 T.

Figure 28a shows a hybrid doping profile designed to be
nonpunch through during the entire RF cycle; Fig. 28b shows the de

solution for J, = 1500 A/cm? and T = 500°K, It will be recalled

de
that for the one-sided case the threshold dc current density for
precollection at 10 GHz was approximately 1000 Afcm?. However,

for the hybrid structure the avalanche region width is considerably
wider and hence the generated electron pulse is wider, Therefore

a higher J R is necessary so that the height of the electron pulse

d

=-59-
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is greater than the background doping at the point of precollection,
which raises the field in front of the pulse and results in more
‘efficient collection of the pulse. The broader generated pulses and
higher required Jdc' as well as the presence of the p-side where
precollection does not occur, reduce the efficiencies obtained from
hybrid structures below those obtained with one-sided precollection
mode IMPATTs,

If the maximum dc electric field profile from running the de
program is appfoximately known (and the hole and electron positions
at 180 degrees‘rrom large-3ignal runs are known), the approximate
analysis can be used to determine the dimensions of Fig. 28a for
10-GHz operation as follows. A 10-GHz RF voltage waveform of
amplitude vdc/2 is impressed across the device and the lengths are
adjusted until the proper transit times are obtained for the
injected hole and electron, i.é., approximately 40 ps and 25 ps,
respectively., The electric field on the left-hand side ls set to
0.25 Emax during the adjustments. It was found that the dimensions
of Fig. 28a yielded a hole transit time of 36 ps and an electron
transit time of 25 ps.

Figure 29 shows terminal waveforms for the most efficient RF
solution obtained at 10 CHz with n = 18.72 percent. The VRF/Vdc
ratio for this solution was 0.6, whereas 0.5 optimum voltage modulation
was assumed in the approximate analysis., It is seen that there is
a significant terminal current flowing during the first half-cycle.
To see vhy this is the case, Fig. 30 shows the electric field and
particle concentrations at two points in the cycle, 306 degrees and

0 degrees (or 360 degrees). In Fig. 30a the electric field reaches a
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o a

)
PHRSE ANGLE, OEGREES
LARGE-SIGNAL SOLUTION FOR THE DIODE OF FIG. 28a

AT T = S500°K WITH n = 18.72 PERCENT, V__ = 62.5 V,

RF

Jie = 1470 A/ M2, V ¢ © 104 V, G = - 14,73 ¥/cm?2,

d d
B = 98.12 y/cm?2 AND f = 10 GHz.
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small constant value in the undepleted region at approximately

[T &
I Sa e Bal

4,75 um; in Fig. 30b the depletion edge is at 7 um. The time
k]
Hd
% intervael corresponding to this depletion edge movement is (360 - 306)
by
5 x T/360, or 15.0 ps. Therefore the average velocity of the depletion

5

edge duriag this time interval is 1.50 x 107 em/s, which is 50 percent

Fied

P
308 L

greater than the peak electron velocity. At 306 degreec the electric

ST

field in the undepleted region is 2.34 kV/em which corresponds to an

electron velocity of 8.67 x 105 cm/s. Hence the "knee" of the electric

e LY

field is moving considerably faster than the electrons., TFor this

reason many electrons are left behind in a high field region where

vt

—

they are extracted at saturated velocity. This effect is brought

e

about by the increased space charge in the device, Since the
threshold dc current density for efficient precollection is now

approximately 1500 A/cm? rather than 1000 A/em® for the previous

one-sided case, the width of the depleted repgion on the n-side is
¥ 1 increased; therefore, the depletion edye must move faster to cover
a longer distance in the came time period. One way to reduce the
| current during the first half-cycle is to reduce Eto for the dc
i solution of Fig. 28b which is accomplizhed by increasing the doping
in the "high" region on the n-side in Fig. 28a, as in the doping
profile of Fig. 3la. Figure 31b shows the dc solution with
Jdc = 1500 A/em? and T = S00°K for this case. It is seen that the
depletion edge is now at 6,3 um instead of 7.0 um for the previous
case., Figure 32 shows the most efficient solution obtained for
this structure at 10 GHz. Although the terminal current during the

first half-cycle is somewhat reduced, the efficiency is reduced

because the voltage modulation is now only 0.477. The fact that

—6li-
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discussed for the one-sided case; this is because reducing Eto reduces

o decreases with Eto is intuitively expected, as previously

the RF swing of the entire electric field profile, but the dc field

profile is only affected in the drift region on the n-side. There~

fore the RF voltage decreases faster than the dc¢ voltage, as is seen
by comparing Figs. 29 and 32.

To inerease the efficiency, the diode of Fig. 28a can simply
be made shorter, and hence punched through, so that the transit time
is shorter for any carriers that are extracted at saturated velocity.
In Fig. 33a, the length has been reduced to 6,0 pm; Fig. 33b shows

the dc solution for this structure with J. = 1500 A/cm? and

de

Vdc = 117.6 V. The optimum RF solution for this structure at

10 CHz resulted in n = 22,49 percent, VRF = 61,0V, Vie = 101V,
e = 1450 Aem?, G = ~ 17.8, and B = 106.5 g/cm?,
To further increase the éffic' Y Eto may be increased,

which is accomplished by reducing the magnitude of the highly doped
region on the n-side in Pig, 33a. However, it is expected that

increasing E, will result in a greater back-bies effect, as was

to
the case for the one-sided structures, Figure 3ka shows a doping
profile designc so that E,, = 2.23 x 105 V/em; an equivalent Gaussian
doping spike for the highly doped region with half-width 0,035 um
would have a maximum value of 4.05 x 10!7 and would be located about

x = 3.1 um. Figure 34b shows the dc solution with J, = 1500 A/cm?

de
and Vdc = 130 V. Table 8 presents the results of RF simulations of
this structure at T = 500°K, and Fig. 35 shows the most efficient

solution obtained at 10 GHz. As expected, the VRF/vdc ratio is larger

than before, cqual to 0.72. Also the current in the first hait..cycle

-67~
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Table 8

Large-Signal Results for the Hybrid Structure of Fig. 3ha

VrF
V)

10
20
30
ko
50
60
70
76
17
78
79
80
82
8k
86
88
89
11
11
11

with T = 500°K

G B n
(/em?)  (s/em?) (%)
-55.621 62,701 1.43
-4y, 376 83.96  L.61
-3k4.897 9k . h8u 8.2k
-28.047 100.13 11.98
-23.507 103.35 15.86
-19.624  105.86 19.76
-16.155 107.66  23.52
-14.,921 108.93 27.61
-14.587 109.23  27.67
-14.301  109.k9  27.16
-13.82%  109.96  26.90
-13.645 110.0  26.59
-12.118 111.65 25.51
-10.347 113.38 23.36
- 9.0035 114,36 20.57
- 5.7764 117.36 1h.38

-263.4

-15.1k 100.98  27.75
-15.094  115.93 26.98
-15.07%  93.233 27.18
-TC-

vdc
W)

129

128

122
118

112

107
107

108

J

P

de RF f
(A/em?)  (W/cm) (GHz)
1500  2.7806x10° 10
1500  8.8745x10° 10
1510  15.703x10' 10
1510  22.436x10° 10
1520 29.257x10° 10
1510  35.321x10° 10
1500  39.5¢7x10° 10
1450  43.089x10° 10
1460  143.281x10° 10
1500  43.501x10° 10
1500  43.135x10° 10
1540 43.661x10° 10

1510  L40.739x10° 10
1490  36.502x10° 10
1550  33.293x10° 10
1510  22.365x10° 10
1510 44.88x10° 9.5
1580 k. 742x10°  10.5
1520 L4, 684x10° 9
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FIG. 35 LARGE-STGNA™ ..QLUTION FOR THE HYBRID STRUC "URE
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is significantly reducsd due to the shorter length of the device.
Figure 36 shows the results for f = 10 GHz and T = 500°K plotted as

a function of VRF' The negative conductance curve of Fig. 36a
decreases monotonically, whereas the negative conductance curve of
Fig. 12a has a local maximum near the maximum efficiency point.
Therefore these results indicate that it would be easier to operate
the double-drift diode as an oscillator at the maximum efficiency
point than the single-drift diode. The monotonically decreasing
character of the conductance for the double-drift diode is due to the
presence of the p-layer. In Fig. 36b it is seen that the dc operating
voltage drops by'almost 20 percent f{rom the dc value, This is worth
noting since the device heats up con:lderably for small VRF’ where
the efficiency is much less and the dec power is increased.

In the doping profile of Fipg. 37a, the doping in the highly

doped replon is further reduced so that E, ls increased to 2.68 x 105 V/em,

to
The equivalent Gaussian doping spike for this case would have a
maximum value of 3,187 x 10!7 em=3., Fipgure 3Tb presents the dec
de T 1500 A/em?, T = 500°K and Vge = 141.6 V. Table 9
presents the results cf the large~-signal simulations for f = 10 GHz

solution for J

and 1 = 500%; it is ceen that by increasing Eto’ the maximum large-
signal efficiency is increased to over 29 percent. The VRF/Vdc ratio
is now 0.81 at maximum efficiency compared to 0.72 for the previous
case with smaller Eto' The dc operating voltage dreps approximately
20 percent from VRF = 0 to VRF = 92 V, as seen in Fig. 38b; Fig. 38a
shows that the higl.-efficiency mode has become more critical for this

ctructure, that is the efficiency curve is more peaked and the

negative conductance curve is starting to increase near the maximum

-T2~
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Table 9

Large-Signal Results for the Dicde of Fig. 3Ta

RF
~)

10
20
30
ko
50
60
70

85
87
88
89
90
91
9
92
93
9l
95
96
98
99

at T = 500°K and I = 10 GHz

G B
(8/em?)  (v/cm?)
-56.712  62.006
-hk,932 83,553
-35.161  9h4.36
-28.585 99.703
-23.558  103.25
-19.52 105.95
-16.522  107.9%
~-14,15  109.41
-13.078 110.2
-12,272 110.86
-11,616  111.47
-12,035 110.98
-11,535 111.5
-11,k9  111.81
-11,69  111.45
-11.832 111.k46
-10.689  112.55
- 9.954 113.28
- 9.65 113.56
- 8,776T 11k4.17
- 5.870k 116.65
- 1.k408 120.12

®
1.34
k.27
7.61
11,05
14,56
18.06
21.43
2k, 69

25.77
25.85
26.19
26.52
29.00
28.10
29,08
28.11
26.52
26.25
23.83
17.L4

4.68

vdc

[}
1k1
140
138
136
133
130
126
121
118
117
116
115
11k
113
113
113
112
11
111
110
109

105

Jac PrF
(Afem?)  (W/em?)
1500  2.8351x10}
1500  8.9854x10°
1500  15.821x10°
1520  22.867x10’
1520  29.4l46x10°
1500  35.135x10°
1500  40.478x10°
1520  45.276x10°
1570  47.241x10°
1550 46.44x10°
1500  4b.9Thx10°
1580  17.663x10°
1540  U46.T715x10°
1460  47.572x10°
1530  48.k01x10°
1530  50.071x10°
1470 b6.224x10°
1490  43.974x10°
1490 43.545%10°
1540  4o.4k1x10°
1490  28.188x10°
1430 7.06x10°
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efficiency point. Therefore it appears that further increase of

Eto will not be advantageous. Figure 39 shows the diode waveforms
for the large-signal solution for which 29.0-percent efficiency was
obtained. The dip in the current near 270 degrees is brought about
by the inward movement of the depletion edge as it comes to meet the
electron pulse, ‘The large RF voltapge modulation possitle for this
structure resﬁlts in higher efficiency than for the previous hybrid
double-drift structures.

The effect of varying the uniform doping on the p-side in
hybrid structures is examined next. Previously, the doping was set
so that at dc the electric field at the left-hand boundery was
approximately one~fourth the maximum electric field value, It
is not clear what would happen if the doping were increased resulting
in a lower field at the left~hand side, The avalanche width would
be decreased which should be béneficial; on the other hand a portion
of the p-layer may become undepleted during the RF cycle which would
introduce loss due to the low mobility for holes.

Figure 40a shows a doping profile that was simulated to test

the effect of ,; it is identical with the profile of Fig. 3ka

Ad
except for NA which was set so that the diode is Just punched through
at dc, as shown in Fig. 4Ob. For the structure of Fig. 3ka, the
maximum efficiency obtained was 27.67 percent. Figure 41 shows the
vaveforms at maximum efficiency for the just punched through structure
of Fig. U0a, where n = 24.93 percent. The results of this large-
signal simulation show that much of the p-side is undepleted near

270 degrees in the cycle. Therefore it is desirable to design the

p-side to be well punched through at dec.
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B = 116.9 U/cm?)
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Simulations were also carried out for a structure with lower
NA than that of Fig. 34a so that the field on the left-hand side was
‘one~half the maximum electric field at de. The maximum large-signal
efficiency obtained was 27.28 percent, only slightly lower than for
the diode of Fig. 34a; however, the range of VRF for which high
efficiency is obtained was reduced. These results indicate that
designing so that the field on the left-hand side is 0,25 Emax at
de is desirable, but this field value is not a critical factor.

4.3 Double-Read Double-Drift Structures. The double-drift
diodes considered up to now were uniformly doped on the p-side which
resulted in a large avalanche region width. This section conuiders
strugtures with high-low, Read doping profiles on both gides of the
Junction. Such a structure can theorctically achieve higher
efficlencies than hybrid double-drift IMPATTs.

Fipgure 42a shows the fi;st double-=Read structure that was
studied. For this case the highly doped regions on both sides of

the junction are equal. The dc solution with J, = 1250 A/cm? and

de
T = 500°K is shown in Fig., 42b. The structure was designed so that
Eto (field at the beginning of the drift region) is approximately
the same on both sides. Also the electric field at the left-hand
boundary is designed above the value at the right-hand boundary so
that the diode remains punched through on the p-side throughout the
entire RF cycle.

Table 10 presents results of large-signal simulations with
f = 10 GHz and T = 500°K; it is seen that erficiencies of over 36

percent are obtainable. Figure 43 shows plots of the results vs.

RF voltage for the cases with Jdc near 1250 A/cm?. Figure 43a shows

-81-
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Table 10

Ko =
RN

Large-Signal Results for the Double-Read Diode of Fig. 42a

P

s

with T = 500°K and f = 10 GHz

Bf:
‘e ¢ B n o Vae  Jac PRF o
(V) (8femt)  (Wem®) (B (V) (Afem?)  (W/em?) ‘
10 -58.003 51.029 2,09 112 1240 2.9x10’

e R R AN

20  -48,057 88,187 6.96 111 1260  9.6112x10°
30  -37.325 101.32 12,05 110 1260  16,796x10°
b -29.556 107.9  17.27 109 1260  23.6ulx10°
50  -23.779 111.77 22.55 107  12ko  29,723x10°

60  -19.9 113.85 27.70 10k 1280  35.818x10°
65 -18.1%1 114,71 30.1k 102 1250  38.321x10°
70 -16.222 115.78 32.37 99.7 1230  39.Thixl0’
75  -15.835 115.68 36.26 96.7 1270  Lk.53hx10°

76 -14.782 116.52° 36,17 95.8 1230 k2.69x10°
-14,89 116.28 35.6 95.6 1300 Lk ,138x10°
78  -12.491 118,58 34.0k4 94.3 1180 37.997x10°

"
ek i e T % e R T
-3
-

8o -10.382 120.01 29.1k 92.0 1240 33.22x10°

75  -12.15 119,05 36.13 95.1 99 34.17x10°
K j 75 - 8.6066 122,13 372 93.6 753  2h.458xi0°
75 - 14.9939 125.3  31.17 92.1 489  1h.045x10°

15 -17.79%  113.7 33.57 98.2 1520 50,04U4x10°

‘ ' s

; 82 -65.84 1240
|

i

|

|

|

76  -19.93 110.54 31.25 98.8 1860  S5T.554x10° u :
75  -19.727 111.46 32.21 99.2 1ThO  55.479x10°
75  -18.539 112.92 33.08 98.6 1600 52.138x10°
75 -16.448 115.15 3W.55 97.6 1370  46.257x10°
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that the efficiency and nepative conductance curven for this device

are very well behaved. [Fljure L3b shows that the de operating voltage
decrcase: approximately 1h percent from VRF = () to the maximum
cfficiency point. Figure W4 shows the computed large-sisnal efficiency

as a functlon of de¢ current density for constunt Ve Tt 1o seen

that excellent efficlency is obtainced over a broad range of currcnt

~density. Figure 5 shows the device waveforms for the most efficient

large-signal simulation with n = 36.206 percent. It is seen that the
electron pulse is cfficiently collected resulting in a very small
current at 90 degrees in the cycle. Fipure 46 shows the electric
field profile and particle concentrations at two times in the cycle;
Fig. h6b is just before the pulse i: collected. The p~side is
always punched through during the cycle due to the space charpe of
the generated hole pulse. The gencrated electron pulse is larger than
the backpround doping, ns it should be for efficient precollection.
Figure h6a shows that the device iz nearly drained out by the end
of the cycle,

In the next structure of Fip. liTa, Eto was reduced to
1.8 x 105 V/cm on Loth uides so that tie diode is not punched through
on the n-side, as chown by the dc solution of Fig. 47b. Based on the
hybrid simulation results, it is expected that decreasing Eto will
decrease the efficiency of the device. The simulation results shown
in Table 11 confirm that the efficiency drops from over 36 percent
for the punch-through case to 26.41 percent for the nonpunch-through
case. Fipure 48 shows the waveforms for the VRF = 49 V solution;

the current at 90 degrees is considerably ldarger than for Fig. L5

because the n-side is longer and the pulse is not entirely collected

-85-



hax

*Bgfy "DIJ4 40 TMALONYLS

QvaAY-414N0d FHL ¥0d4 SHAILISNId INAHEND LNIHAILIQ HOJd A 0°6L = hm> ANV 2ZHD OT = F IV XONIIDILAL
«JPp
Jwasy OPp
008! 0091 00! 002! 000l 008 009 o0¢v
8¢
_ { _ | _ _
3
—2¢ ~
s
m
X
m
—9¢ =
—
ot

-y

#
o
e AR 0 N 0 e 5

N
FING 3N

! Sfaaz e 7

FEET T T L et R e R

i "DIA

_86-

il el O




=

G5 T 7

U A S PRSI A IR

et wS

FIG. U5

TERMINAL VOLTARGE
VOLTS

CURRENT DENSIT
KILORMPS/SQ-CM

a +

LARGE-SIGNAL SOLUTION FOR THE DOUBLE-READ STRUCTURE

OF FIG. L2a WITH T = 500°K AND f = 10 GHz RESULTING

156,60 2000

100.C
<z

Q

1.0

“00 W0 1800 270 3600

DOUBLE DRIFT
VRF=75.

JOC=1270. A/CMwx2
FREQUENCY = 10,0 GHZ

8.0

INJECTED CURRENT
KILOAMPS/SQ-CM

~* 1

i

!

]

{

!

U S |
124

S0
4.0

R TR a—A
PHASE ANGLE, DEGREES

A o

-

PHASE ANGLE, DEGREES

IN 36.26-PERCENT EFFICIENCY.

-£7-




Wt e Vb it ot s

gk b ren b b
V1 e e,

\‘;{,ﬁar

R

262.80 DEGREES

PHASE =

EGREES

0.00 D

PHASE =

- kS
w1 ey, *M’"

S

POV R

~J ¥3d SLI0A S0+32'1 ‘g3TA o
" L \ . NSRRI I
0..‘

b+ +~W¢---pmn+¢--pm+++~fom+ aiansb J0 34

X 3X X
oy Oim o B0 Ilc g B8 ‘om T g 3

W2 216D W3 ALISNZO 3T31iude -

W3 M3d S170A S0+30't  ‘On3T4 JI4.13373

“.. .®o ..';;2._- S AN I R T
7
., J/ -,
Y, / L E3
t o, " ., Ts is
(N . i -
Yy, ' b
Moerenrn ... 1
= S ————e oo )‘; 23‘
o £
| cong
« ¢ * o s
o * 3 0‘2
s -5
[ —
KA {
5 !
ax X t % X5
1 slml ss“' ',ﬂ'! .ln Z‘Oll “17

viC SIERC M3 J..LIS‘.-.-L AT0IHga

(a)




R

, - AV 062T = P

Iy NOLLITOS Oa (Q) v **% @aoneay AITA TTIAOMZ DNIAOQ AVEM-TIENOM (B) Ly DI
(9)
CHOW3IN “3INYISIO

£ QRY M,005 = I

ety e i &

! [ £ ] [ 24 [ n
§ 1 ik
M - B ®)
i 4
1 F® wo ‘x . . N .
i 1 /.  8rL 90 98'Z 99°2 o
3 F 1 g - T
o I 3 P
=
m t B P
o |
o 1 2 “ OVXET PN
] b 7 cad .
_ 3 i 2 o Oxss=N ! 8
-.nu‘ud h.vlum CIA .
" & . wo/A _oixg1s"'3 |
e 3, @ & 1 & s |
C 3 < I 1 5 3
L P 1 32 ,wo_oixgigce=(3as HOV3 NO) D |
& D e~ 2
i ﬁ 3
RO n 4 = “
w4 b o & t 3 i
b I N a
# [ o @ ,01x8s91="N="N
Y2 Iy >3] H | :
.w..m i gl 4 O
Ll b o N x
% “ $
.A.,WW.V ] no'l! ——_— lh'M
?ﬁ -
£
&
ok
35
8
23
a1k .

v .,
...t,xufsiﬁu&%%i;a;\ . /




T
*

o

et G

v g

- ¥
s
zf: ‘53 s ';_,‘,_a‘;?r-_ﬁ,“:,“, T e

ok

e, & A P
R Ry

gl o

BT

=

e o

NG A=

5t
H

Ll iigaa i

S,

R

i
H

¥
13
5%
1}%
&
{2
!
é
4

I
e
=
-

Tavle 11

Large-0ignal Results for the Double-Read Structure of Fig. UTa

at T = 500°K and f = 10 GHz

Var
(4]

5.0
k0.0
ha.0
hh.0
46.0

48.0

G B
(v/em?) (Y/cm?)
~51.758  45.8Th
-21.252 106,38
-20,527 106.7
~19.54h  107.6h
<19,233 108,85
«20,151 111.0k
-19.637 111.h8
-18.808 112.12

n
(%)
0.68

18.67

19.68

20.58

22,46

26.02

26.4

26,45

-390~

vdc

V)

16.5
73.9
73.8
73.6

Jdc

(A/em?)

Prr

(W/em?)

1250
1230
1250
1250
1240
1240
1250
1240

646.93
17.001x10°*
18.105x%10°
18.918x10"
20,348x10°
23.21ux10’
23.575x10°

23.51x10°
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EFFICIENCY.
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at the end of the previous cycle. Also the VRF/vdc ratio is smaller

then for the punch-through case which contribiites to lower efficiency.

The n-region can be shortened by decreasing Eto further vhich would

reduce the current during the first half of the cycle; however, the

Ver/ V4

still be well below that obtainable from the punched-through device.

c ratio would also be further reduced and the efficiency would

5. Incorporation of Dynamic Temperature Effects in JMPATT Simulations

Up to now it hes been agsumed that the diode temperature
remains constant as VRF’ Jdc and f are varied in the large-signal

IMPATT simulations. This is not quite true since the diode temperature

is given by

T = 300+ (1 - n)vchchth R (20)

NS F

where T i3 the temperature in °K, n is the fractional efficiency,

T

is the dc operating current in

v c is the dc operating voltage, Jdc

d
A/cm?, and Ry, is the diode thermal resistance in (°K=cm? ) /W,

! -

“; ;g It is seen that as the efficlency and dc parameters of the large-
%% signal solution vary, the diode temperature will also change.

A4 §§ That this effect should be included in the IMPATT simulation
ig became apparent when a series of large-signal runs were carried out
%F at constant dc operating voltage. The structure of Fig. 2la was

previously simulated for Jdc varying between 900 and 1000 A/cmz, as

E N

shown in Table 6, At the maximum efficiency point, the dc operating
: voltage was 61.9 V. The large-signal IMPATT program was modified to

run at constant dc voltage and this structure was again simulated for

T

different RF voltages but with V, = constant = 61.9 V. Therefore in

this mode of operation, Jdc adjusts itself to whatever value is

-92-
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consistent with the given voltage drive. Table 12 shows the resulté-
obtained and Fig. 49 shows a plot of efficiency and negative

conductance vs. VR It is seen that the diode does not begin to

Fo

conduct until V F = 40 V is reached., However ali the simulations

R
in Table 12 were run at a constant temperature of T = 500°K; this

is obviously ngt consistent with Eq. 20 since below VRF = 40 V the
device is not dissipating power and should therefore be at room
temperature.

At this point, the program was modified as follows., The
capability of reloading the diode material parameters was incorporated.
The A and b coefficients in the ionization rate expression given in
Table 1 were assumed to vary linearly with temperature between the

values given at 300°K and 500°K based on the results of Hall and

Leck.8 The low-field mobillties were assumed to vary as
(T = w (300/1)" (21)

where My is the value at 300°K in Table 1, T is the temperature in °K
and n is an exponent chosen so that p(500°K) agrees with the value in
Table 1. All the other material parameters in Table 1 were assumed
to vary linearly with T such that the values at T = 300°K and T = 500°K
agree with the values given in Table 1.

The algorithm may be described as follows. At the start of
the simulation a material parameter temperature Tp and thermal

resistance Rt are assumed and an RF solution is generated at Tp

h

yiglding values for n, Vdc and Jdc' T is then calculated according
to Eq. 20; in general, T # Tp. At this point the material parameters

are reloaded at a new temperature T; and a new RF solution at Té
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Table 12
Large-Signal Results for the Diode of Fig., 2la Using a Constant

De Voltage of 61.9 V and T = 500°K

VEF G B £ YJae Per
(V) (Wem?) (B/cu®) n (%) (GHz) (A/em?) (W/em?)
5.0 =~0.0 10,0 -0.0

k5,0 - 2,255 217.49 16,35 10.0 226  2,2832x103
47.0 - b,1614 217.09 21,47 10.0 3W6  4.5962x103
49,0 - 7.425 215.4  27.13 10.0 531  8,9136x103
51,0 -1hk.,861 210,0 34,80 10.0 897  19.326x103
51,0 -17,623 196.0% 38,34 9.5 966  22,919x103
52,0  9,1273 171.55 =~ 4,43 10,0 4500  -12,34x103

53,0 30.809 13%.45 <11.,01 10.0 6350 -43,27x108
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yields n', V' and J! T' is calculated next as follows:

de de’
' - n"yr 0
™ = 300+ (1-n )vchchth . (22)
where in general T' ¥ Té. Now from the parameter
AT T -7
AT, Z TV o T (23)
p P P
a measure is obtained 6f how the temperature according to Eq. 20
varies as a function of device temperature Tp. If T iz assumed to
vary linearly with Tp, the following expreasion is obtained:
T ™D - TT!
T = [—-———-Tp - T}.}llw + ——P-———-ETP T (2k)

where Tv and Tpv are variables representing the temperature
caleulated according to Eq. 20 and the material parameter temperature,
respectively. If Eq. 2h iz set equal to Tpv’ a new material

parameter temperature T; is obtained which is a guess (assuming

% linearity in the T vs, '1‘p relation) of the required device temperature:
5
5
¥ 11 =
£ Tp TP - + T . (25)
7 p P
&
g
§ The material parameters are reloaded at T; and a third KI* solution is
g calculated yielding n", Vgc and ch. The following is then calculated:
P
' "o - pM)yn gv
: T 300 + (1 - n")Vy I3 Ry o (26)

¥

Most of the time it is found that T" = T; to within an acceptable

tolerance and the simulation is terminated, If TV # T;, the process is

continued until a thermally consistent solution is obtained.

~
sk :é‘:;p:-.\y R g
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For example, the structure of Fig, 15a is counsidered which was

previously run at constant T = S00°K and constant J. = 1200 A/cm?.

de
‘The best efficiency (see Table 5) was obtained for Vie = 66.1 V

and Voo = 51.9 V. A series of simulations with constant Vie = 66.1V
was carried out for this structure with varisble temperature. The
diode thermal resistance was chosen to be consistent with the optimal

solution just mentioned, i.e.,

500 - 300 - 200 ! ' (27)
a'ae (% - 0.3n8)(86.1)(1260)

Ben ™ T3 -nv
80 that the solution for V = 51.9 V gshould yield T = 500°K and
n = 34,18 percent as before.

Table 13 shows the results up to the maximum efficiency point;
Fig. 50 shows plots of these resultn at f = 10 GHz which show
that the device heats up from Qpproximntely k50%K at dc to 500°K at
maximum efficiency. Theze curves are in sharp contrast with those of
Fig. 49 where the temperature was constant at T = 500°K., It is seen
that entirely erroneous results may be obtained if the temperature
variation is not included. From Fig, 50a it is seen that operating
the diode at constant Vdc considerably flatt+n3 out the negative
conductance curve which would be advantageous for amplifier applications.
However, as shown in Fig. 50b the dc current increases very rapidly
near the maximum efficiency point so that probably some sort of
current limiter would be required to prevent burnout.

) The structure of Fig. 15a was next simulated at constant

J, = 1200 A/cm?® but with variable temperature. The diode thermal

de
resistance cannot be chosen consistent with the maximum efficiency
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Table 13

Large-Signal Results for the Diode of Fig. 15a

with f = 10 GHz, vdc = 66,1 V and

Ryp = 3,963 x 10™3 (°K-cm?/W)

VRr G B Tae Fap
V) (vfem®) (vfcm’) n (%) (Afem?) T(%K) (W/em®)
5.0 =56,805 183.1 1.76 610  #57.7 0.711lx10°
10,0 -4k.336 189.92 5.28 640  LS6.4L 2.2167x10?
15.0 =33.617 19h.95 8.93 6kl  U56.4 3.7819x10°

20,0 -28,13 197.0 12.63 678  U455.0 5.626x10°

25,0 -23,805 198.29 16.3 693 455.0 T.46Tx10°

TEABL W o T TR RIS s e

5.

30.0 -21.382 198.9 19.65 T4l  U456.5 9.622x1%°

R St 2

40.0 -17.59 200.43 24.97 852 L68.7 1k.0T2410%
45.0 -16.938 200.96 27.62 939  LT7.5 17.1k9x10°

L b
P A ogiyas

48.0 -16,255 201.69 28.53 993  484.7 18.725x10°

WS
e

50,0 -16,017 202.05 29.38 1030 491.9 20.021x10°

g

51.9 -19.42 199.92 34.18 1160 500.0 26.155x10°?
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solution as before, since for constant current bias the diode heats
up as V is reduced so that it would burn out using the R h
the simulations of Table 13. (The diode heats up because the

efficiency in Eq. 20 decreases and there is still significant de

power flowing.) Instead, the thermal resistance was chosen consistent

with the dec solution at T = 500°K so that

R 00 - 300

= = -3 - 2 3
th 12007(77. 3 2.1544 x 1073 (°K-cm?/W) (28)

Table 1k shows the simulation results and Fig. 51 presents
plots of these results. These curves should be compared with those

of Fig. 17 for the same J, but constant T = 500°K. The maximum

de
efficiency is approximately the same, but the efficiency curve of
Fig. 5la is much better behaved than that of Fig. 1Ta due to the
temperature variation. Flgure 51b shows that the device cools down

with increasing V_., when constant current bias is used since the

RF
efficiency is increasing. For high-efficiency GaAs IMPATTs, it is
quite important to design the thermal resistance properly. Since
Vdc significantly increases with decreasing VRF and n significantly
decreases, Eq. 20 predicts that the diode can easily burn out below
the optimum VRF value if Rth is too large. For example, this diode

burns out using constant current bias if the R,, used for the constant

th
voltage bias case, 3.96 x 103 (°K-cm?/W), is used instead of

2.154 x 1073 (°K-cm?/W).
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5.0
10.0
15.0
20.0
25.0
30.0
35.0
36.0
37.0
38.0
39.0
40.0
1.0
42.0

43.0

Table 14

Large-Signal. Results for the Structure of Fig. 15a

with £ = 10 GHz, J

de

= 1200 A/em?

= 2,154 x 10=3 (°K-cm2/W)

and Rth
(U/gm’) (U/gm*) n (%) (Ajg;’)
-103.67 155.31 1.4l 1190
- 73.83 179.59 k.11 1190
- 59.054 184.85 T7.72 1180
- 49,955 187.52 11.51 1220
- 42,162 190.08 15.82" 1200
- 37.902 189.44 21,23 1210
- 34,311 187.39 27.45 1240
- 32,99 187.25 28.94% 1220
- 31,389 187.45 30.85 1180
- 32.225 185.19 33.55 1220
- 29.919 187.68 34.09 1180
- 27.738 189.83 33.49 1200
- 27,21 192.99 32.64 1190
- 22,587 196.51 30.91 1190
- 21,173 198.48 30.17 1190
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(2]

7.2
75.5
72.7
71.0
69.1,
66.1
61.8
60.4
58.9
57.0
56.6
55.2
54.6
54,2
5k .7

P

T (%K) (w/izz)

500 1.296x10°

490 3.692x10°
L73.3  6.643x10° -
461.9  9.991x10°
451.9  13.175x10°
435.33 | 17.056x10°
417.35 21.015x10°
412.35 21.377x10%
407.35 21.486x10°
400.35 23.266x10°
400.35 22.753x10°

395 22.19x10°

395  21.188x10°

395 19.922x10°

400 19.574x10°
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6. Effects of Material Perameters

The simulations presented in this report so far have used

.the ionization rates determined by Hall and Leck® and the particle

velocities from the references presented in Bauhahn's report.®
Recently, new measurements of ionization rates and hole velocity in
GaAs were published by ngtheon.9 Table 15 shows the new material
parameters based on the Raytheon results, If the ionization rate
expression is evaluated and comparcd with the values given in Table 1,
it is found that the ionization rates published by Raytheon are
slightly lower than the Hall ﬁﬁd Leck rat?s. For example, at T = 300°K,
E = 1000 kV/cm, the Hall and Leck lonization rate is 1.478 x 105 cm=!,
vhereas the Raytheon ionization rate is 1.202 x 10% cm~!, To study
the effect of the lower ionization rates, the values in Table 15 were
incorporated in the simulation and & one-sided, high-low diode very
similar to the structure of Fig. 6 was simulated. Previously, a
maximum efficiency of 27.9 percent wa: obtained using the Hall and Leck
rates; using the rates reported by Raytheon, a maximum efficiency of
27.25 percent was obtained. This comparison indicated that the
reduction in ionization rates has a negligible effect on the calculaced
results.

More significant is the lower hole saturated velocity in Table 15.
Of course, for one-sided diodes, incorporation of these values has
negligivle effect on the results. However, for double-drift diodes the
length of the p-side must be reduced irn order to obtain similar results.
Comparison with Table 1 shows that the widths of all the p-layers
sinulated so far would be reduced by & factor of approximately 0.8

if Raytheon's saturated hole velocity is incorporated.
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Table 15
Material Parameters for GaAs Based on Raytheon's Results
a (E) = up(E) = A exp [-(b/E)?]

T A b vpsa’(.

(°K (em=1) V/em (em/s)
300 1.612 x 105  5,k2 x 105 8.0 x 106

' 500 1.838 x 105 6.47 x 105 5.2 x 106
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7. Power Qutput from IMPATT Devices

The simulations in this report were carried out for normalized

(per unit area) cases, so that ahsclute impedance ard power levels

have not been specified. In this section, achievable thermal resistances

for single- and double-drift IMPATTs are used to estimate the power
output from various devices already studied. It is importent to note
that the results presented here are at the maximum efficiency points
for the various structures, Higher powe:r output; (i.e., under
pulsed conditions) can be achieved if very short pulses are utilized
and where device heating is not a problem.

Table 16 presents a summary of the cases considered in this
section. In the diode type column, SD denotes gingle drift and DD
derotes double drift; PT and NPT denote punch through and nonpunch
through, respectively. DR denotes double Read and HYB denotes hybrid.
For each structure, large-signal results for the maximum efficiency
point are given. In Table .6, the dicde area is chosen such that the
negative resistance exhibited by the diode is - 1 @ for each case; this
is because we are assuming a circuit load resistance of 1 & which is
reasonable in practice., Hence the output powers given in Table 16
are the meximum which could be achieved for this value of load
resistance if the required thermal resistance can be obtained. eR
is thie required thermal resistance for CW operation so that the
device temperature does not exceed 200°c.

For the one-sided, uniformly doped IMPATT structure of Fig. 4,
an area of 2.73 x 10™* em?® corresponds to a device negative resistance
of - 1q. If the external circuit can match the diode at this

impedance level, the resulting CW RF power is 2.28 W and the diode
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_value of thermal resistance can be achieved.

thermal resistarnce required for opération at $00°K is 15:95 (%K/W).

Examination of the thermal resistarice éurve in Sze!® shows that this

For the one-sided, high-low, nonpunch=through diode for which
large-signal results are presented in Table 2, the most efficient

solution was with V. = 29.0 V, for which n = 27.9 percent. Again,

RF

matching to 1-0 resistance, the resulting values are P_. = 13.5 W (CW),

RF
A =8.59 x 10™" cm?, RTH = 5.73°K/w. According to Sze, this value of
thermal resistance is reasonable.
Next, the cne-sided, low-high-low, punch-through diode for
vhich large-signal results are presented in Table 6 is considered, —~

Going through the same procedure yields P_. = 10.2 W (CW) and R

TH °
is reasonable

RF
12.18°K/N at the most efficient point; this value of RTH
according to Sze's curve. It is noted that the predicted CW power is
less than for the previous high-low, nonpunch-through diode; this may
counter one's expectation, since the efficiency for the punch-through
diode is considerably higher. The discrepancy is explained by noting
that the current density for the simulation of the nonpunch-through
structure vas J, = 1280 A/cm?, while for simulation of the punch-
through structure it was J, = 957 A/em?., If the punch-through

structure were simulated at a higher J, , it would be capable of

de
generating as much power as the nonpunch-through structure; also the

RTH requirement would be less stringent (higher) for the punch-through
structure since the efficiency is higher (dissipated power is lower).

The simulations of Table 16 were not carried out with the goal

iﬁ mind of evaluating the maximum power generating capabilities of

<107~
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each structure, but rather of predicting maximum. efficiencies obtainable
at 10 GHz. Therefore a direct comparison of power -levels is not always
meaningful, as seen in the previous paragraph. The results in Table 16
do indicate the power expected for each structure under the particular
conditions of the simulation.

Next, the povwer output from double-drift IMPATTs is considered.
These diodes cannot typically be matched to 1-0 resistance because the
required thermal resistance is unrealistically low for CW opera£ion.
The thermal resistance for double-drift diodes is given approximately
by: !t

N by T be T

+ R+ —4 4= ¢ 22 (29)
4 PKG " yonpd?  300ma?

Rey = 3K

hs

where d is the device diameter in cm, Khs i5 the thermal conductivity
of the heat sink material in W/Fm-oK, RPKG is the portion of the thermal
resistance due to the package and bonding (°K/W), z‘ is the buffer or
substrate thickness (cm), T‘ is the average temperature (°K) of the
buffer layer, 22 is the active layer thickness (cm) between the
Junction and the buffer layer, and Tz is the average temperature (°K)
of the active layer,

For these calculations, the thermal conductivity of a diamond
heat sink is taken as 11.7 w/cm-oK and that of a copper heat sink
is 3.9 W/cm-oK.“ Also, RPKG is assumed to have the constant value of
2.1 °K/N.“ It is assumed throughout that the buffer layer thickness
zl = 107" cm and that the average buffer layer temperature is Tl = 450K,
The active layer is assumed to be the p-layer and the thickness & is

2
reduced by the factor 0.8 from the values specified in the figures,

-108-
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consistent with the recent measurement®of saturated hole velocity in
GaAs discussed in Section 6. The average temperature in the active
-layer is assumed to be '1‘l = 500°K.

The first term in Eq. 29 is the spreading term, which occurs

at the interface between the diode and heat sink. This component of

the thermal resistance can he reduced by using multiple mesa arrays
or ring geometries.!? Figure 52 illustrates the reduction of the
spreading term which is possible by using a ring geometry.!! In these

calcﬁlations if a ring structure is used, it is assumed to reduce the

e 2 VRS
RaSUT ! &

spreading term by the factor 0.55, which is readily achievable accord-

solution obtained at 10 GHz is n = 15.47 percent, V. = 117 V and

de
= 984 A/em®. The reduced p-layer thickness for this structure is

£

"I ing to Fig. 52.

% % For example, if the active region lengtht = 2.5 x 10™ cm

1M E) 2

£ % is chosen, Fig. 53 presents RTH as a function of device diameter for
% § different heat sink materials and device geometries. First, the
B :

8 uniformly doped, nonpunch-through double-drift structure is considered
I
i e for which large-signal results are given in Table 7. The most efficient
1
g

¥

T

t = 3.0 x 107" cm. Since the operating temperature is 500°K,

E
|
i

500 2 300 + (1 - 0.1547)(1L7)(98K)w (d2/U)Ryy, . (30)

It is noted from Table 16 that if the device is matched to 1 @ circuit
resistance, a thermal resistance of 3.63°K/w is required with a diode

diameter of 10.57 mils; however, Fig. 53 shows that at this diameter,

a thermal resistance of 3.63°K/W is not achievable. To find the

expected power output, Eqs. 29 and 30, which constitute two equations
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| ‘ (1) COPPER HEAT SINK, CIRCULAR GEOMETRY; (2) COPPER
HEAT SINK, RING GEOMETRY; (3) DIAMOND HEAT SINK,

CIRCULAR GEOMETRY; AND (4) DIAMOND HEAT SINK, RING

GEOMETRY. (l-‘ =2,5%x107" cm AND ¢ = 107" cm)
}

=111~




oo

4
XL

TS 2 TR T
% %m%%g;vﬂggfmyqgﬂgﬂyww*WMWW%waw%m;,i,%mwm

%Iy, 3 .
“ AT Metae g

R P
LT e gy

T T L S P
o D r!‘-vo’h?‘m f}%\}"«‘%“&l‘%ﬁhﬁww}.& TR i

A A e

L . .
R Y s

P

2

,,
~
RS P

TR

ps
PR

ey gy
ek

et st n

s

v
e v Y

-
g .-

.
[l T rre——

for the two unknowns RTH and d, are sclved simultaneously. The
maximum expected power is obtained with the equality sign in Eq. 30.
Table 17 shows the maximum expected RF power for the double-
drift structures for different heat sink materials and mesa geometries.
For the uniform double-drift diode under the most favorable conditions,
5.91 W CW output power is expected, or nearly twice the power achievable
with the uniform, single~drift diode.
Next, the nonpunch-through, hybrid double-drift diode of Fig. 28a
is considered. The solution for this device yielded n = 18,72 percent,

Vie = 104 v, and J, = 1470 A/em?. The reduced p-layer thickness

de
used in Eq. 29 is & = 2.4 x 10=* cm. The equation corresponding to
H

Eq. 31 for this device is:

300 + (1 - 0.1872)(1oh)(1u*{o)w(a*/h)aTK . (31)

ity

500

Simultareous solution of Eqs. 29 and 31 yields the maximum expected
generated powers shown in Table 17.

From these results, it appears that there is hardly any
advantage to using a hybrid nonpunch-through structure instead of a
uniform structure, However, it is again stressed that these two
structures were driven with considerably different d¢ current densities,
and the goal was to find the maximum efficiency point rather than the
maximum power point. It is quite possible that using a lower Jdc
for the double-drift hybrid simulation would result in higher expected

P this is explained with reference to Eq. 31. If Jdc is decreased

RF
by some factor and everything else remains the same, the device area

could be increased by the inverse factor, which would result in the
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same PRF' However in the region of Fig. 53 where RTH decreases

rapidly with diameter, the area.could be increased much more than by

the inverse factor, resulting in a greater PRF' Of course, the situation
is complicated by the fact that n, vdc’ etc.,, change as Jdc is
varied. The important point is that the values given in Table 17
are not to be interpreted as the maximum possible CW power points,
but rather as typical values obtained from simulations near the
maximum efficiency point.
A similar procedure was carried out for three punch~through

double-drift hybrid structures at different levels of punch through~-the

slightly punched through hybrid of Fig. 33a, for which Eto =

Ll RLIROA

1.7 x 10* V/cm; the punch-through hybrid of Fig. 3ba, for which

Eto = 2,23 x 10% V/em; and the strongly punch-through hybrid of

Fig. 37a, with E = 2.68 x 10°% V/em. From the results given in

S e

4 3
R

; Table 17, it is seen that it is advantageous to design the hybrid
§' to be punched through. In fact, nearly twice the power of the
?f ) nonpunch-through hybrid can be obtained by the punch-through hybrid.
i;¢ %ﬁ Next, two double~Read structures were examined--the punch-
ig through structure of Fig. 42a and the nonpunch-through structure of
g% Fig. 47a. It is seen that the punch-through double-Read structure
o

is capable of generating more power than any other structure considered
at 10 GHz. It may be surprising to compare the generated power for

the nonpunch-through double Read with that of the punch-through

hybrid. The efficiencies are about equal, but the double Read can
generate significantly more RF power. This is explained by noting

) from Table 16 that V. = 107 V for the punch-through hybrid and

i de
) VdC = T1.6 V for the nonpunch-through double-Read structure. Since

-11b-
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V, 1is significantly smaller for the double Read, it can operate

de
with a larger area than the punch-through hybrid. Since RTH

- rapidly decreases with area, the ratio of the device areas is much

larger than the Vdc ratio; hence, the double Read can operate at

higher power levels.,

8. Summary and Conclusions

The properties of various types of doping profiles for both
single- and double-drift GaAs IMPATT diodes operating near 10 GHz
have been investigated. From the results given in Table 17, the
structures may be rated as follows, in order of increasing power
generating capability and efficiency: single-drift uniform nonpunch-
through, single-drift Read nonpunch-through, single-drift Read
punch-through, double-drift uniform nonpunch-through, double-drift
hybrid nonpunch-through, double-drift hybrid punch~through, double-
Read nonpunch-through, and double-Read punch-through. It is hoped
that these results will provide proper guidelines for designing
such devices. Tables 16 and 1T provide a summary of the power levels

which can be expected from the various structures considered here.
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