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.. Introduction

This report examines the operation of high-efficiency,

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

for high efficiency in these devices have already been identified and

include depletion-layer width modulation, l premature collection of

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 published.4 Also,

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-drift 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 precollection on efficiency

enhancement in these structures.

To simulate these diodes, both simplified analyses and the

finite-difference program developed by Bauhahn and Haddad4 are used

in this report. By simulating many different structures for different

RF drives and current densities, optimization criteria are developed for
p

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

I



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 becomes Dirichlet if the electric fitld

becomes negative at the boundary; in that case the boundary concencra-

tion retains the value that was set when the electric field was last

1Z! 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 3000K and 500OK4'6 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,

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

-2-



Table 1.

,,aA,- Material Parameters,

n E 4

RV

v (E) v 1 OLi. - EI/v )
1)Potp pn;at

no n-.at ~r.,

1+

) )=20 cin2/s
p

1~c~(i) E) A exp -bE2

cm) nniat v psa (cm ) nnat
(OK) v - (cm/s) (V/cm) (cm/n) _VSJ (cm2/s) (V/cm)

a'300 5000 8x106  3.5L0 40 00 20 11-.10 3

500 4000 5Xl10 6  1.OX10)3  6.5xl06  200 20 5.8X10 3

T A b Dno
(OK) (cm') (V/cm) (ch)

300 2.0x105  5.5x105  187I500 2.3x10 5  6.9xl05  217
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and double-R~id ',douible-dift diodes '(ih.ow oin p~f'e b6th

sides- of th'ejinction)

~' At. _____ _ Analysis

Apprximae i~th~~ fr ~nlyzng, high -etficiency GaAs 'II4PATT

diodes -are Aesii abl1, epipecially since -the cost .per solution of the

Ifinite-difference large-signal p-g~i ca b infcat (as inu6h as

$10. for -double-drift, nonpunch-through atructure.9). The simli#e

'analysis is typically, used'to detern6n -apptoximately the, optmun 1W?

drive -for operation-.of -a-.particuJar ntructui'oat -a--particu~lar-frequency;

then large-signal -runs are made -and the ,parameters hd,usted unil

optimum operation -is- obtained. The pImpifiler analysis could-also be'-

used to determine, the optfimum frequo-ncy, piei a~atiu tutr

;and the IU" voltae- amplitude.

In the simpli fied' analyu W, -the- electric flid, prof ile Lo-

assumed to be piecewise, lineair. The fni il6d, -profile is dleterfriined

'by. running tMe fInI t6-dI'Cforencb dc, program. Pitgureas 1 and 2 show

-the. field profiles included in 'the 'analysisn. These profiles aire

appropriate for the hybrid double-drift case with uniform, dopin~g-on

the p~side and'high- low- doping on -,the n-side. ii6weveri by -mdkIhng the

slope of the segmenrt ,from x. _ -0 to x, "- w -equal to the slope fromn

C " w. to X = ww, it is. seen 'that the analysis, can be usedfo
nsn

structures w ith -unifom- doping on- both sides. Also, -by making V,
p_

very small, the adnalysis is applicable Ut one-side\ ,, -high-lo6w or

uniformly doped structures._

In the, approximate analysis,- it -is assumed that the, field profile

moves-- up and, down, but-that it, retains pieewise6 linearity as the

terminal, voltage -is changed. 'thus dynamic space-;charge- effects are
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ignored (dc space-charge effects are of course included in the

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

given by

V(t) = V + V sin (wt + r) ()
dc RF

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

x (t = 0) < 0. (These positions are found from previous runs of theP

complete finite-difference programi, where the positions of the

generated pulse maxima at half-cycle were determined.) At t = 0

the peak field is E, or a = 1 in Figs. 1 and 2. Therefore the
max

velocities of the electron and hole at x (0) and x (0) 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:

x n(At) = Xn (0) + v n(En )At'

(2)

Xp(At) Xp(0) + vp(Ep )AtJ

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

E n,Ep 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 a must be found such that the integral of the field

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

Figs. 1 and 2 are:

~-7-
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.. 4p

AE2 E )_2 max (F-i
+1 )E~n max s maxi + 2

AE n +a 2 
-V(t) 0 3

2 2S

For Fi.lb

E2  ( AE*ax + wE bE
2  _in

4 ~ ns '(t) 0

a SR ns max()

For FIg. ic

Q\W~ax ~ (w~ Id)- J!x ( - w)

2 2

j For Fi P 2a

2 D max ns n mx~

For, fip, 2b

Q2 2Mi1~ + ax(WE) + 2(F max~- () =0 U

S8



Fo fla 2c

- (8)xs s

'm ax S L )

At this point, both the new particle positions and new electric field

profiles are known at the future time. Iherefore new particle

velocities can be computed and the process is repeated. The particle

trajectories are computed until each particle encounters 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 22ped Structures. Extensive runs for uniformly

doped, single-drift IMPATTs were not carried out in this study;

however, one case is pret ,nted 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 cm 3

and the length of the epitaxial layer is 3.24 pm. Figure 3 shows the

dc solution fa.-Jdc = 1000 A/cm 2 and T = 500'K; it is seen that this

device is noi;,unch through under these conditions. The avalanche

width, defined a the point where the hole current drops to 5 percent

of its maximum value, io 0.75 pm for this case. The depletion width

at dc is found to be approximately 2.75 vrm.

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 Gliz, Jde = 9T1 A/cm2

d-9-
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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. 4.

The "injected current" shown in Fig. 4a 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:

!= G+ 10) + 1 _p (9a)
at q ax

and N'

an ( , + 1) - 1 _ _ 1 ( ))
at q ax

where (G , are the generation and recombination rates (cm 3-s 1 ) and

(I is positive and equal to the electronic chaorge. Adding Eqs. 9 and

integrating over the device length w girves

adx q (, + ) dx + J (w)

+ IJn

J (w) Jp(O) + J (0) (10)

It is now assumed that the device undergoes a periodic oscillation of

period T seconds. Integrating Eq. 10 from 0 to T seconds and dividing

by T shows that the term on the left-hand side is zero. Also, if Jde

is the average current for the oscillation, the following is obtained:

-ii-
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T

Jd - (X =O,t) + X (x O,t)] dt

0= =~ w't) + Jp(X w wt)] dt (ii)

Substituting from Eq. 11 yields

1 T
J de (q (G + R) dx + J (x = w,t) + Jn(X Ot) (t~P

0 0

r

If the injected current is defined as

inj (t) _ q (c,+ R) dx + J (x w,t) + Jn(x O,t)

0

it is seen that one of the requiremento' for having a periodic solution

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

average terminal current J 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

appears in the J pJn terms and charge appearing through generation

appears in the spatial integral of the generation-recombination term.

For IMPATI's, the generation term dominates in Eq. 13 and Jin (t) is

essentially the total generation occurring throughout the device at

time t.

The current density plotted in Fig. 4b is explained as follows.

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

the device and is given by

-13-



J = J(x)+ J(x) + (14)

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

Jtotal I ( Jn(x) (x) dX+--V . (15)

The second term on the right-hand side is the displacement current and

does not contribute to real power flow. Therefore the terminal

current plotted in Fig. 4b is given by

ter [jn (x ) + J(x)) dx (16)

0

Although the displacement current term In Eq. 15 has been removed, some

d4llacement current muy appear in the terminal current calculated

according to Eq. 16. w denotes the total length of the diode that is

simulated; for example, w Is greater than 3 tm for the diode of Fig. 3.

However the depletion width of the diode 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

•ii 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 e'ig. 5a, the electron pulse has been generated and is

drifting to the right. In 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. 5c at 270

degrees, the electron pulse has been collected in the undepleted

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

Jik
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is less than 2 tim, considerably smaller than the dc value of 2.75 Pm.

Hence this device is operating in the precollection mode.

Between 270 and 360 degrees in the cycle the depletion edge

' Io
moves from a position of 1.8 pm to 2.6 pm. 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 106 cm/s, considerably less than the saturated velocity for

electrons which is 5 x I06 cm/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,11 (w) denotes the position of the depletion edge
D

and the doping at that position at a particular time, Aw denotes a

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

change in terminal voltag.e brought about by Aw. Then

qUI D w)
w AE = w X - (Aw) . (17)

Therefore the rate of change of w is

dw C dV
d- = qw " - "(18)

D

For example, at the end of tre cycle (wt = 2r), using w = 2.6 Pm,

,N (w) = l.4 x 1016 cm- 3 and dV/dt = wV = 2n x 1010 x 30, Eq. 18D R

yields dw/dt = 3.58 x 106 cm/s. The peak electron velocity at

T = 500'K, which occurs for a field of h kV/cm, is 1.05 x l0 7 cm/s.

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

-16-



undepleted region would require an RF voltage drive approximately 2.8

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

pc -sible for this structure. However, Eq. 18 also indicates that

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

structures.

Examination of the terminal current density of Fig. 4b

shows that the current from 180 degrees to 270 degrees in the cycle

is small, because the positive current induced by the drifting pulse

is 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

0 to 90 degrees, which increases the current during this portion of

the cycle. Therefore in uni'ormly doped IMATTs the effect of

depletion-edge modulation is largely capacitive and does not

significantly effect the efficiency.

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 dc

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 xA, where xA is the

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

-17-



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 this case because, since the doping is relatively

high, space-charge effects brought abt 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 varied until the proper transit time

is obtained. The frequency resulting 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 GaA,; IMPATTs is

too high to obtain near peak velocities for electrons 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 Bauhahn6 indicate

that for operation at 10 GHz the optimum drift region doping is

approximately 5.5 x 1015 cm- 3 . If Eq. 18 is evaluated with the

same parameters as before but with N (w) = 5.5 x l015, the velocityD

of electrons in the undepleted region at 360 degrees in the cycle

is found to be 9.1 x 106 cm/s, or just below the peak velocity.

t-18-
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Thus it appears that ND 5.5 x 1015 cm-3 is a good choice for

lO-GHz operation.

The first simulation of a high-low structure was for a diode

previously analyzed by Bauhahn,6 specifically diode No. 18 in

Bauhahn's reportwhere an optimum large-signal efficiency of

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

J = 1250 A/cm2 is shown in Fig. 6a and the doping profile,

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

for this diode; it is equivalent in the sense that if a dc 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 Q given in Fig. 6c
ic

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

0.04 x 10-4 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 Q . For example, in this report the standard dopingC

spike is taken to have a Gaussian profile with 0.035 um half width.

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

would be approximately 6.53 x 1017 cM- 3 and it would be centered at

3.22 Pm.

The choice of Jdc = 1250 A/cm2 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

directly proportional to gdc' there is a threshold de current above

which the height of the pulse is greater than the background doping.

Figure 7 shows results obtained by Bauhahn 6 indicating that this

threshold current is approximately 1000 A/cm 2 for operation at

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

the efficiency drops since the dc power increases faster than the

generated RF power. Simulations at different J values showed that
dc

optimum efficiency is obtained when the diode is biased slightly

above threshold, at J 1200 A/cm2.
dc

Figure 8 shows a large-signal solution obtained for the doping

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

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

defined in Eq. 16. The spike near 270 degree,. is brought about by

the precollection mechanism previously described. Figure 9a shows

the state of the diode as the electron pulse 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. Tis produces a reduction in current as observed

in the terminal current waveform. As the terminal 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 peak in the terminal current. Figure 9b

shows the diode state as the electrons are being rapidly extracted.

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

2 kV/cm for which the electron velocity is approximately 7.8 x 106 cm/s.

The efficiency resulting from this simulation was 27.67 percent.

I-21-
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Examination of the terminal current of Fig. 8 shows that the

1current 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 dV/dt = 0, the capacitive component

disappears yet the current is still large. This cen be understood
1

by realizing that not all of the electron pulse is extracted at

higher than the saturated velocity; some electrons are left behind

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

at saturated velocity is long, all the electrons are not collected

until well into the first half ot the following cycle. For this

reason, it is next shown that reducing the length of the diode

results In higher efficiency.

Table 2 presents reuults of simulations of this structure

at various dc current densities and RF voltages. All the runs are

for f = 10 GHz and T = 500'K.

The next structure examined 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 Jdc = 1250 A/cm 2 and T = 500'K is shown

in Fig. lOb; it is seen that the device is slightly punched through

for this shorter length. Figure 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 efficiency 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

-25-
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Table 2

Large-Signal Results for the Structure of Fig. 6b with

T =5000K and f =10.0 GHz

VRF Vdc PRF G B dc
(y) (y) (w/cm2) (Percent) (tj/cm2) (U/cm2) (A/cm2 )iii

3115 47.4 1.40xlO4 16.96 -28.892 188.14 174o

32.0 43.3 1.35x10' 17.93 -26.08 194.26 1740

33.0 43.6 7.76x10 3  9.97 -14.261 198.67 1780

29.0 48.0 l.10x104  15.61 -26.257 193.77 1470

30.0 44. 1 i. 774x0 )' 27.23 -39.411 198.84 1480

31.0 42.9 1.277xi0 20.11 -26.57 204.24 1480
-I

32.7 43.0 1.215x10 3  1.88 - 2.272 208.86 1500

27.0 47.0 9.613x1 3  16.52 -26.373 200.01 1240 

28.1 44.4 1.51x10" 27.67 -38.245 205.98 1230

28.5 44.1 1.525xi0i 27.90 -37.55 206.48 1240

29.0 44.0 1.576xi0'" 27.90 -37.482 205.47 1280

30.0 42.6 1. 138x1I0' 21.93 -25.291 213.96 1220

26.4 44.4 1.038xI0" 23.34 -29.775 212.34 1000

27.0 43.8 1.130x10" 25.71 -30.994 215.34 1000

28.0 43.0 1.096xi01  25.86 -27.953 219.55 985 A

29.5 40.9 3.954xi0 3  9.84 - 9.087 231.57 983

-26-4'
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Table 3

Large-Signal Results for the Structure 
of Fig. la

with T = 500 K and f = 10 GHz

1RF G B dc Jdc pRF

(V) (U/Cm2) (V/cm) ( (V) (A/em,) (W/Cm2)
1.0 -143.52 3o,591 0.12 h6.6 1250 71.736-

5.0 -119.1h4 166.36 2.55 h6.8 1250 1.49xlO'

10.0 - 73.1,66 198.1 6.30 146.9 1240 3.67Xl0O

15.0 - 52.937 205.114 10.21 46,9 1240 5.955x103

20.0 - 41.502 208.85 14.23 h6.9 1240 8.3xlO'

25.0 - 35.7t6 210.71 19.30 146.2 1250 11.175xlO'

27.5 - 140.553 211.97 28.68 h4.2 1210 !5.334x10'

29.8 - 40.062 2*12.7 29.22 43.8 1210 15.48x10

23.0 - 39,561 213.18 29.35 13.7 1210 15.508x10'

28.5 - 37.321 215.03 28.92 43.3 1210 15.157xlO'

29.7 - 5.514 236.6 5.03 40.0 1210 2.432xlO'
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and T = 5000K. Figure 12a shows a plot of negative conductance,

susceptance, and efficiency vs. RF voltage; Fig. 12b presents dc

voltage and RF power vs. RF voltage.

The next diode studied is similar to diode No. 12 in

Bauhahn's report,6 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 equivalent

high-low pxafile. If a Gaussian doping spike of 0.035 um half

width were used to realize the highly doped region of Fig. 13b, it

would be centered at 0.39 wm with a height of 3.67 x 1017 cm 3 . The

high doping of Fig. 13a is less than the value given in Bauhahn's

report; this reduction was necessary to obtain the sane electric

field profile reported there. The reason for this is that different

boundary conditionmi were wed 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 Luch that the current at the boundary is equal to a specified

reverse saturation current, a explained in the introduction of this

*report.

Figure 13c shows the de solution for Jdc 1 1000 A/cm2 and

T = 5000K 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. 13c, Eto = 2.67 x 105 V/cm. For the previous structure of

Fig. lOb, Eto was 1.8 x l05 V/cm.
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0 Figure 1h shows the device waveforms for the most efficient

(n = 35.12 percent) solution obtained with f = 8.5 GHz. The efficiencyK
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

SXdegrees is induced by the generated electron pulse drifting away

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

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

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

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

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

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

the electric field recover-s 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

current still flows because not all the electrons have been extracted.

If this structure is operated at 10 Gilz the current at the end of the

cycle Increases, which reduces the efficiency.

Table 4 shows the results of the simulations of the doping

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

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

in the profile of Fig. 15a. The dc solution with Jdc 
= 1200 A/cm 2

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 5

shows simulation results for different RF voltages. Figure 17a shows

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

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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Table 4

Large-Signal Results for the Structure of Fig. 13a

with f = 8.5 GHz and T = 500 0K

VRF G B n Vdc Jdc PRF
(V) (U/cm2 ) (U /cm) ( V) (v) (A/cm2 ) (W/cm')

5.0 -73.726 23.018 1.00 77.2 1190 921.51

10.0 -79.574 105.18 4.27 77.1 1210 3.97 85x10'

15.0 -63.358 13).It 7.64 76.9 1210 7.1276xI03

20.0 -51.762 146.16 10.91 76.7 1240 10.352xlO

25.0 -11.912 14.39 14.39 76.1 1200 13.097xlO'

30.0 -35.95 157.62 17.72 75.41 1210 16.178xiO

35.0 -31.184 159.63 21.15 74.3 1220 19.10x10

40.0 -27.51 16o.,7 24-.7)4 2.7 1220 22.008xi03

115.0 -23.554; 162.28 28.54 70.1; 1190 23.8 48xi03

50.0 -21.943 161.87 33.98 67.3 1200 27.428xi03

55.0 -18.74 147.21 35.12 70.3 1150 28.343xi0'
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Table 5

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

with f = 10 GHz, T = 5000K and Eto = 2.68 x lOs V/cm

VRF G B n dc Jdc PRF

v (u/cm2 ) (U/cm') (%M (v (A/cm2 ) (W/cm2 )

1.0 -125.84 79.127 .07 77.3 1200 62.898

5.0 -104.05 1511.96 1.41 77.2 !.200 1.3x103

10.0 - 70.h5 183.3 3.76 77.2 1210 3.522x103

S15.0 - 51-58 193.3 6.27 77.0 1200 58026x103

S20.0 - 4o.985 196.63 8.78 76.8 1210 8.197x103

25.0 - 3h.05 198.2 11.35 76.5 1230 iO.6Ax103

30.0 - 28.863 199.2 13.98 75.9 1220 13.0x10 3

35.0 - 24.386 200.0 16.63 7h.9 1200 14.937x1O3

4o.o - 21.73 200.0 19.5; 73.6 1210 17.384x10 3

115.0 - 18.997 200.0 22.18 71.1 1220 19.23xi10 3

50.0 - 16.686 200.92 25.71 68.0 1190 20.857xi03

51.0 - 16.729 201.02 27.24 67.1 1190 21.756-L!03

51.8 - 17.0A 201.23 29.05 66.5 1180 22.862x103

51.9 - 19.h2 199.92 34.18 66.1 1160 26.155x10 3

52.0 - 19.121 200.19 33.79 66.o 1160 25.851x103

52.8 24.69 220.63 -51.07 56.2 1200 -3h.16x0 3
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through case with smaller E shows that as the diode becomes more

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

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

efficiency is obtained is reduced.

Previously published results 7 indicated that GaAs IMPATTs

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

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

modulation in the avalanche region, the maximum RF voltage swing

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

effect is reduced if nonpunch-through diodes are used. The

simulations in this report consistently show that back bias is

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

field modulation in the avalanche region is greater. However,

allowing larger field modulations results in greater calculated

efficiencies. That this is true can be explained as follows. To

achieve the precollection ..ode, according to the simplified analysis

(ignoring space-charge effects) the electric field profile of Fig. 15b

must drop at 270 degrees in the cycle so that the field is zero at the

location of the pulse maximum at that time. If Eto i-s raised but
the field in the avalanche region remains the same, the amount by

whicn the field must drop from the dc value at 270 degrees is

increased. This produces an increase in RF voltage swing. However,

raising Eto also increases the dc voltage which increases the dc

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

the same; in contrast, the RF voltage increase involves the entire'i-4o-



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 IMPATTs, since then the field on the

p-side remains unchanged a., E is increased. (Of course the back-

bias effect must also be taken into account which reduces both V

and Vdc as predicted from a simplified analysis.)

Another reason efficiency increases as Eto increases is related

to the length of the device. Obviously any punghed-through structure

Is shorter than the corresponding nonpwched-through structure. As

previously mentioned, some electrons are left behind in the pre-

collection process and must be extracted at saturated velocity. If

4
the device is too long, these electron: produce a significant current

at the beginning of the next cycle, thus reducing the efficiency.

The punched-through structure is shorter, reducing the current at

the beginning of the cycle and increasing the efficiency.

The increased back-bias effect in punched-through IMPATTs

can result in thermal instabllities. 'his problem is addressed later

in the report.

Because the range of 1F voltage for which high efficiencies

are obtained is quite narrow, as shown in Fig. 17a, an attempt was

next 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 move at near peak velocity for as long a time as possible during

the last quarter cycle. If w denotes the position of the depletion

c
e1 -l- I



edge upon collection of the pulse and t, the time of collection, then

it is desirable to have

w(t) = w + v(t- t - tc (19)

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 previous 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-edge velocity soon after 270

degrees in the cycle. Near 360 degrees the dV/dt term approaches its

maximum value so N (x) must reach a larger value near the right-hand
!D

contact.

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 J 1200 A/cm 2.
dc

Figures 19a and b show large-signal results vs. RF 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.

-42-
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FIG. 20 LARGE-SIGNAL SOLUTION FOR THE STRUCTURE OF FIG. 18a

WITH T = 5000K RESULTING IN 35.0-PERCENT EFFICIENCY.
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The next structirT studied wac si to Fig. 18a except

I that the avalanche region width was reduced by one-half. Figure 21a

rk shows the resulting profile where the height of the highly dopeO

region was also adjusted so that the field in the drift region is the

Isame as for the structure of Fig. 18a. (it is necessary to increase

this doping because, since the avalanche region width is smaller,

the maximm electric field in thc device is higher.) Figure 21b

shows the dc solution for this profile with J = 980 A/cm2 . If

the highly doped region were realized with a Gaussian doping spike

,P of 0.035 jim half width, the height of the spike would be 5.5 x 101 7 cm- 3

and it would be located at 0.2 lim. Table 6 shows. the results of

large-signal simulation" of this structure; it is seen that halving

the avalanche width has increased the maximum efficiency from 35

to 38.3 percent. FIgure 22 shows plots- of the large-signal results

vn. RP voltage for f = 9.5 (}Iz and T = 500*K.

The next structure examined wa. a modi fication of the structure

I of Fig. 15a to how the effect of increasing the doping in the drift

region. Vigure 23a shows the profile with 1I) in the drift region

increased to 7.8 x 1015 cm-3; the device length is also increased so

V that it is nonpunch through during the entire RF cycle. Figure 23b

shows the dc solution for this structure. The maximum 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 1015 cm 3 .

i....ii
I
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I

il N~ ll
!
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Table 6

Large-Signal Results for the Diode of Fig. 21a

at T = 500'K and f 9.5 GHz

VRF G B n dc dc PRF
(v)! (/cm 2 ) (U/cm 2) ) (v) (A/cmJ) (W/cml)

5.0 -92.214 163.97 1.64 72.1 977 1.1526xi03

10 -61.892 183.29 4.37 72.0 984 3.o945xi0'

20 -35.895 191.7 10.05 71.7 996 7.1788xl0'

30 -24.147 193.25 15.814 70.8 968 l0. 86 6xi0'

4o -19.o98 193.15 22.72 68.3 985 1'cz.29xlO'

46 -16.231 195.06 27.04 65.7 967 17.172x10'

48 -15.566 195.89 28.92 64.4 962 17.932xi03

50 -15.397 196.65 31.83 63.0 961 19.246xlO0

50.5 -15.685 196.76 33.48 62.5 956 20.OxlO'

51.0 -17.414 196'24 38.3 61.9 957 22. 6 8xi03

52 -11.775 200.52 27.17 59.8 979 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 design procedure is to ensure that the

injected electron in the approximate analysis has about a one-quarter

period transit time before it meets the depletion edge. Also, it has

generally been found in these simulations that optimum efficiency

occurs when V is approximately one-half V d; this value of voltage

modulation may also be incorporated in the approximate analysis.

Figure 24 shows an -lectric field profile which resulted from

the approximate analysi. for operation aL 10 GHz. From dc solutions of

similar structures, it was found that the peak field Is approximately

4A0 X 105 V/cm at 500°K. Also, it is a typical design procedure

to make the electric field on the left-hand side approximately 0.25 E ;

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 pm 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 because the electron pulse should be collected
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4near 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 pm to the right of the

IJunction. The hole starting position was 1.4 pin 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 the 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/cm2 is shown in Fig. 25a; Fig. 25b

shows the dc solution for this structure at T = 500'K. Table 7

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 Hz. 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

solrtion 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. 27a; however, this positive

-53-
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A

Table 7

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

with T 500'K

f VR Vd PR GB Jd

f ip dc Rill1 B de(Gz.. (V) (V ) (kW/cm2 ) (Per-ent) (U/cm2 ) (U/cm2 ) (A/cm2)

9.0 70.0 116 18.8 16.07 -7.671, 98.1 1010

10.0 70.0 117 17.733 15.h7 -7.238 112.88 984

i0.0 65.0 119 18.118 15.3 -8.577 lll.14 986

10.0 60.o 122 17.568 11. 76 -9.76 109.7 979
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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 drifting to the left as shown in Fig. 2T. 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 on the p-side. The current

due to the depletion-edge movement has a large capacitive component

but it is not entirely capacitive since the previously collected

electron pulse is also being extracted. As with the one-sided

uniformly doped GaAs structure, the doping on the n-side of double-

drift, uniformly doped diodes is too Itrge to achieve greater than

I saturated velocities.

4.2 Hybrid Double-Drift Structures, This section considers

double-drift ChAs IMPATTs which are uniformly doped on the p-slde

with a high-low (or low-high-low) profile on the n-side. It is not

" possible to simply append a uniformly doped p-side onto a doping

profile that has been optimized for a cae-sided GaAs IPATT. 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 tfie 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 de program must be run

at the expected temperature and dc current density of operation in

-58-
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order to approximately determine the maximum electric field. Also,

San estimate must be made of the positions of the electron and hole

pulse maxima at 180 degrees in the RI' 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 Et, or the electric field at the

beginning of the drift region, must be assumed; initially it will

be taken as approxlciately 1.8 x 105 V/cm. 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

prectllected due to the inward movement of the depletion edge, much

like the mode of operation in one-nided precollection 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 nalysia ho defined an the time interval between

injection at half-cycle and the instant the injected electron meets

the depletion edge on the right-hand side.) On the p-side, the

hole pulse is collected in the normal IPATT mode; optimum efficiency

is obtained when the hole transit time is approximately O.h T.

Figure 28a shows a hybrid doping profile designed to be

nonpunch through during the entire RF cycle; Fig. 28b shows the dc

solution for Jdc = 1500 A/cm2 and T = 5000K. It will be recalled

that for the one-sided case the threshold de current density for

precollection at 10 Gliz was approximately 1000 A/cm2 . However,

for the hybrid structure the avalanche region width is considerably

wider and hence the generated electron pulse is wider. Therefore

a higher Jdc is necessary so that the height of the electron pulse

-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 dc

program is approximately known (and the hole and electron positions

at 180 degrees from large-signal runs are known), the approximate

analysis can be used to determine the dimensions of Fig. 28a for

l0-GHz operation as follows. A 10-GHz RF voltage waveform of

amplitude V /2 is impressed across the device and the lengths are
de

adjusted until the proper transit times are obtained for the

injected hole and electron, i.e., approximately 40 ps and 25 ps,

respectively. The electric field on the left-hand side Is set to

0.25 E during the adjustments. It was found that the dimensions
max

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 GHz with n = 18.72 percent. The V F/Vdc

ratio for this solution wan 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 why 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

-61-
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V

small constant value in the undepleted region at approximately

4.75 0m; in Fig. 30b the depletion edge is at 7 pm. The time

interval corresponding to this depletion edge movement is (360 - 306)

x T/360, or 15.0 ps. Therefore the average velocity of the depletion

edge during this time interval is 1.50 x lO 7 cm/s, which is 50 percent

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

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

electron velocity of 8.67 x 106 cm/s. Hence the "knee" of the electric

field is moving considerably faster than the electrons. For this

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

they are extracted at saturated velocity. Thiis effect is brought

about by the increased space charge in the device. Since the

threshold dc current density for efficient precollection is now

approximately 1500 A/cm 2 rather than 1000 A/cm 2 for the previous

one-sided case, the width of the depleted region on the n-side is

increased; therefore, the depletion edge 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

solution of Fig. 28b which is accompli:;hed by increasing the doping

in the "high" region on the n-side in Fig. 28a, as in the doping

profile of Fig. 31a. Figure 31b shows the dc solution with

J = 1500 A/cm 2 and T = 500 0K for this case. It is seen that the
dc

depletion edge is now at 6.3 tim instead of 'i.0 vim for the previous

case. Figure 32 shows the most efficient solution obtained for

this structure at 30 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
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T = 500'K YIELDING n 15 PERCENT WITH Vdc = 96.5 Vs

G = - 20.547 U/cm 2 AND B = lO1.14 u/cm 2.
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V /V decreases with E is intuitively expected, as previouslyK' F dc to
discussed for the one-sided case; this is because reducing Eto reduces

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 increase 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 Jd = 1500 A/cm2 and

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

10 GHz resulted in n = 22.4i9 percent, VRF = 61.0 V, Vde = 101 V,

Jdc = 1h50 A/cm2, - 17.8, and B = 106.5 t/cm 2 .

To further Increase the effic y, Eto may be increased,

which is accomplished by reducing the magnitude of the highly doped

region on the n-side in 1Fig,. 33a. However, it is expected that

increasing Eto will result in a greater back-bias effect, as was

the case for the one-sided structures. Figure 34a shows a doping

profile designm. so that Eto = 2.23 x l05 V/cm; an equivalent Gaussian

doping spike for the highly doped region with half-width 0.035 Om

would have a maximum value of 4.05 x 1017 and would be located about

x = 3.1 im. Figure 34b shows the dc solution with J 1500 A/cm2

de

and V = 130 V. Table 8 presents the results of RF simulations of
de

this structure at T = 500 0K, and Fig. 35 shows the most efficient

solution obtained at 10 Hz. As expected, the VRF/Vdc ratio is larger

than before, equal to 0.72. Also the current in the first hali-icycle
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Table 8

Large-Signal Results for the Hybrid Structure of Fig. 34a

with T = 500'K

VRF G B n dc dc RF f

(V) (u/cm') (?3/cm2) ( V) v) (A/cmz) (W/cm ) (GHz)

10 -55.621 62.701 1.43 129 1500 2.7806x10 10

20 -44.376 83.96 4.61 128 1500 8 .8745xO' 10

30 -34.897 94.484 8.2 127 1510 15.703x10' 10

40 -28.047 100.13 11.98 124 1510 22.436 x103  10

50 -23.407 103.35 15.86 122 1520 29.257xlO' 10

60 -19.624 105.86 19.76 118 1510 35.321x10' 10

70 -16.155 107.66 23.52 112 1500 39.577xlO' 10

76 -14.921 108.93 27.61 108 1450 43.O89xlO' 10

77 -14.587 109.23 27.67 107 1460 43.241x10' 10

78 -14.301 109.49 27.16 107 1500 43.501x103  10

79 -13.824 109.96 26.90 107 1500 43.135x10' 16

80 -13.615 110.0 26.59 106 1540 43.661xi0' 10

82 -12.118 111.65 25.51 106 1510 40.739xi0' 10

84 -10.347 113.38 23.36 105 1490 36 .502xi0' 10

86 - 9.0035 134.36 20.57 1014 1550 33.293x10 '  10

88 - 5.7764 117.36 14.38 103 1510 22.36 5xi03  10

89 -263. 14

77 -15.14 100.98 27.75 107 1510 4 4 . 8 8 xlO 9.5

77 -15.094 115.93 26.98 107 1540 4 4 .7 4 2xl 10.5

77 -15.074 93.233 27.18 108 1530 4 4 .6 8 4x0l 9
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FIG. 35 IARGE-S GNA' ,.OLUTION FOR TIE HBRID STRU(" .URE

OF FIG. 3I4a AT T = 500'uK YIELDING n~ = 27.67 PERCENT.
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is significantly reduced due to the shorter length of the device.

Figure 36 shows the results for f 1 10 GHz and T = 5000 K plotted as

a function of VRF. The negative conductance curve of Fig. 36 a

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

p epresence of the p-layer. In Fig. 36b it is seen that the dc operating

voltage drops by almost 20 percent from the dc value. This in worth

noting since the device heats up co:iderably for small VRF, where

the efficiency is much less and the de power is increased.

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

doped region is further reduced so that E Is increased to 2.68 x 105 V/cm.
to

[ The equivalent Gaussian doping spike for this case would have a

maximum value of 3.167 x 1017 cm3 . Figure 3Tb presents the dc

s olution for J 1500 A/cm 2 , T = 500"K and V lhl.6 V. Table 9
jdc de

presents the results of the large-signal simulations for f 10 Gliz

and T = 500°K; it is seen that by increasing Eto' the maximum large-

signal efficiency is increased to over 29 percent. The V RF/V ratio

is now 0.81 at maximum efficiency compared to 0.72 for the previous

case with smaller Eto The de operating voltage drops approximately

20 percent from V = 0 to V 92 V, as seen in Fig. 38b; Fig. 38a
RF RF

shows that the hig,-efficiency mode has become more critical for this

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

negative conductance curve is starting to increase near the maximum
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Table 9

Large-Signal Results for the Diode of Fig. 37a

at T = 5000K and f =10 GHz

VRF G B n dc dc RF
(v (U/cm') (U/cm') (%) (V) (A/cm') (W/cm')

10 -56.712 62.006 1.34 141 1500 2.8351xlO'

20 -44.932 83.553 4.27 140 1500 8.9854xi0'

30 -35.161 94.36 7.61 138 1500 15:821xi03

4o -28.585 99,703 11,05 136 1520 22.867x10'

50 -23.558 103.25 14.56 133 1520 29.4 46xI0'

60 -19.52 105.95 18.06 130 1500 35.135x10'

70 -16.522 107.94 21.43 126 1500 4O.478x1O0

80 -14.15 i09.41 24.69 121 1520 45 .276xi0s

85 -13.078 110.2 25.55 118 1570 47.241xlO'

87 -12.272 11o.86 25.77 117 1550 46.44xl

88 -11.616 111.47 25.85 116 1500 44.974x1O'

89 -12.035 11o.98 26.19 115 1580 117.663x0'

90 -11.535 111.5 26.52 114 1540 46.715x10'

91 -11.49 111.81 29.00 113 1460 47.572x0'

91 -11.69 111.45 28.10 113 1530 48.401x10'

92 -11.832 111.46 29.08 113 1530 50.071x10'

93 -10.689 112.55 28.11 112 1470 46.224xI0'

94 - 9.954 113.28 26.52 111 1490 43.974xi0'

95 - 9.65 113.56 26.25 111 1490 43.545x10'

96 - 8.7767 114.17 23.83 110 1540 40.441x10'

98 - 5.87o4 116.65 17.44 109 1490 28.188x103

99 - 1.4408 120.12 4.68 105 1430 7.06xi0'
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efficiency point. Therefore it appears that further increase of

Ere 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 voltage modulation possible for this

structure results 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 boundary 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 beneficial; 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 11A; it is identical with the profile of Fig. 34a

except for N A which was set so that the diode is Just punched through

at de, as shown in Fig. 40b. For the structure of Fig. 34a, the

maximum efficiency obtained was 27.67 percent. Figure 41 shows the

waveforms at maximum efficiency for the Just punched through structure

of Fig. 40a, 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 de.
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DOUBLE DRIFT

VRF=91.
JDC=lq60. A/CHm2
FREQUENCY 1O1 GHZ
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FIG. 39 LARGE-SIGNAL SOLUTION FOR THE HYBRID DIODE OF FIG. 3Ta

AT T = 5000 K YIELDING n = 29.0 PERCENT.
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DOUBLE DRIFT

VRF=77.
JDC=1 60. A/CMww2

FREQUENCY 10.0 0HZ
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FIR. 41 LARGE-SIGNAL SOLUTION FOR THE STRUCTURE OF FIG. 4 0a.

(= 24.93 PERCENT, Vd= 100 V, G - -12.28 AND

B = 116.9 3/cm2)

I-80-



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

dc is desirable, but this field value is not a critica factor.

4.3 Double-Read Double-Drift Structures. The double-dpift

F diodes considered up to now were uniformly doped on the p-side which

resulted in a large avalanche region width. This section conaiders

struptures with high-low, Read dopIng profiles on both sides of the

Junction. Such a structure can theoretically achieve higher

efficiencies than hybrid double-drift IMPATTs.

Figure h2a .hown the first 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/cm2 and
dc

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 = 5000 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 J near 1250 A/cm2 . Figure 43a shows

-81-
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Table 10

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

with T = 500 0 K and f 10 GHz

RF G B Vdc PRF

M (u/cm') (U %) ('1) (A/cm2) (W/cm')

10 -58.003 51.029 2.09 112 124o 2.9x10'

20 -48.057 88.187 6.96 111 1240 9.6112x10'

30 -37.325 101.32 12.05 110 1260 16.796xi0'

40 -29.556 107.9 17.27 109 1260 23.644xI0'

50 -23.779 111.77 22.55 107 1240 29.723x0'

60 -19.9 113.85 27.70 1O4 124o 35.818x10'

65 -18.141 114.71 30.14 102 1250 38.321x10'

70 -16.222 115-78 32.37 99.7 1230 39.741xi0l

75 -15.835 115.68 36.26 96.7 1270 44.534xi0

76 -14.782 116.52 36.17 95.8 1230 42.69xi0'

77 -14.89 116.28 35.6 95.6 1300 4.138xlO'

78 -12.491 118.58 34.04 94.3 1180 37.997x10'

80 -10.382 120.01 29.14 92.0 1240 33.22xiO'

82 -65.84 124o

75 -12.15 119.05 36.13 95.1 994 34.17x1l

75 - 8.6966 122.13 34.72 93.6 753 24.458x10'

75 - 4.9939 125.3 31.17 92.1 489 14.045x10'

75 -17.794 113.7 33.57 98.2 1520 50.o44xlO3

76 -19.93 110.54 31.25 98.8 1860 57.554xi0'

75 -19.727 111.46 32.21 99.2 174o 55.479x10'

75 -18.539 112.92 33.08 98.6 1600 52.138xJO3

75 -16.448 115.15 34.55 97.6 1370 46.257x10'
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that the efficiency and negative conductance curven for this device

are very well behaved. P.igure l 3 oIown that the dc operatin, voltage

decreases approximately 1; percent from VR , = 0 to the maximum

efficiency point. Figure ;h1 shows tlh- computed large-signal efficiency

au a function of dc current density for constant V RF. Tt in seei

that excellent efficiency is obtained over a broad range of current

denity. Figure 145 shown the device waveforms for the most efficient

large-signal simulation with n = 36.26 percent. It is seen that the

electron pulse is efficiently collected resulting in a very small.

current at 90 degrees In the cycle. Figure 46 shows the electric

field profile and particle concentrations at two times in the cycle;

Fig. 1i6b is junt before the pulse i:: collected. The p-side i:;

always, punched through during the cycle due to the space charge of

the generated hole pulo:. The generated electron pul'se is larger than

the background doping, r it siould be for efficient precollection.

F'igure )46a shows that the device in nearly drained out by the end

of the cycle.

In the next structure of Fig. hi7a, Eto was reduced to

1.8 x l05 V/cm on both -.ides so that tie diode is not punched through

on the n-side, as shown by the dc solution of Fig. 4Tb. 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 13 confirm that the efficiency drops from over 36 percent

for the punch-through case to 26.4l percent for the nonpunch-through

case. Figure 48 shows the waveforms for the VRF = 49 V solution;

the current at 90 degrees is considerably larger than for Fig. 45

because the n-side is longer and the pulse is not entirely collected
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FIG. 45 LA RGE-SIGNAL, SOLUTION FOR THE DOULE -!HAD STRUCTUFRE

OF FIG. 42a WITH T = 500°K AND f = 10 GHz RESDLTING

IN 36.26-PERCENT EFFICIENCY.
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2I

Table 11

Large-Signal Results for the Double-Read Strudture of Fig. 474.

at T = 5000 K and f a 10 (U!z

VRF G B n dc de PRF
v.! .(../. '_) / ,'.._) M .V) .A/C. (w/c,,')

5.0 -51.758 45.874 0.68 76.5 1250 646.93

4O.O -21.252 106.38 18.67 73.9 1230 17.001xi03

42.0 -20.527 106.7 19.68 73.8 1250 18.105xi0'

ih4.o -19.54h 107,64 20.58 73.6 1250 18.918x10

146.o -19.233 108.85 22.46 7.G 1240 20.348xI03

48.0 -20.151 111.04 26.02 71.7 1240 23.214xl0'

49.0 -19.637 111.48 26.41 71.6 1250 23.575xi0'

50.0 -18.808 112.12 26.A5 71.6 1240 23.51x10'
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at the end of the previous cycle. Also the V /V rat-to is smaller
RF dc

than for the punch-through case which contributes to lower efficiency.

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

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

VRF/V ratio would also be further reduced and the efficiency would

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

_. Incorporation of Dynamic Temperature Effects in I4PATT Simulations

Up to now it has been assumed that the diode temperature

rema'!ns constant as VF , J., and f are varied in the large-signal

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

is given by

T (300 + (I - )VdJ th20)

where T L the temperature in 'K, n In the fra&tional efficiency,

Vc in the dc operating voltage, J is the dc operating current in

A/cm , and Rt is the diode thermal re:istance in (K-cmZ)/W.
th

It is seen that as the efficiency and dc parameters of the large-

signal solution vary, the diode temperature will also change.

That this effect should be included in the IMPATT simulation

became apparent when a series of large-signal runs were carried out

at constant dc operating voltage. The structure of Fig. 21a was

previously simulated for Jdc varying between 900 and 1000 A/cm2 , as

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

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

this mode of operation, Jdc adjusts itself to whatever value is
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consistent with the given voltage drive. Table 12 shows the results

obtained and Fig. 49 shows a plot of efficiency and negative

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

conduct until V = 40 V is reached. However all the simulations

in Table 12 were run at a constant temperature of T = 5000 K; this

is obviously not consistent with Eq. 20 since below VHF = 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 0 K and 5000 K based on the results of Hall and

Leck.8 The low-field mobiltties were assumed to vary as

(T)= (300/T) , (21)

where P is the value at 300 0 K in Table 1, T is the temperature in OK

and n is an exponent chosen so that P(5000K) 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 = 3000 K and T = 5000 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 T and thermalP

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

yielding values for n, Vdc and J dc T is then calculated according

to Eq. 20; in general, T 0 T . At this point the material parametersp

are reloaded at a new temperature T' and a new RF solution at T'
p p
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Table 12

Large-Signal Results for the Diode of Fig. 21a Using a Constant

Dc Voltage of 61.9 V and T = 500K

VRF G B f Jdc PRF

(v) (Ym') WeU /c_) (%) (GHz) (A/cm') (W/cm')

40.0 -0.0 10.0 -0.0

45.0 - 2.255 217.49 16.35 10.0 226 2.2832x103

47.0 - 4.1614 217.09 21.47 10.0 346 4.5962x103

49.0 - 7.425 215.4 27.13 10.0 531 8.9136x103

51.0 -14.861 210.0 34.80 10.0 897 19.326xi03

51.0 -17.623 196.0 38'.3h 9.5 966 22.919x0 3

52.0 9.1273 171.55 -h4.43 i0.0 45O0 -12.34xi03

53.0 30.809 135.45 -11.01 10.0 6350 -43.27x103
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yields n', Vd and Jd'" T' is calculated next as follows:

TO 300 + (1 n'WI' (22)= - )dcJdcenth

where in general T' # T'. Now from the parameter

TO T'
AT = - (23)
AT T' - T

P P P

a measure is obtained of how the temperature according to Eq. 20

varies as a function of device temperature T . If T is assumed to
p

vary linearly with T the following expression is obtained:

T(TT- T' T'T - (
v pv I - T' "pv +T ( )

p pp p

where T and T are varlables representing the temperaturev pv

calculated according to Eq. 20 and the material parameter temperature,

respectively. If Eq. 2 in set equal to Tpv, a new material

parameter temperature T" i. obtained which is a guess (assuming
p

linearity in the T vs. T relation) of the required device temperature:
P

= ' -T'T" (5T - T + TO (5
p p

The material parameters are reloaded at T" and a third RF solution is
p

calculated yielding rl", V" and J" The following is then calculated:dc dc

V 300 + (l - ")V" J (26)= - n ;dc dc th.

Most of the time it is found that T" - T" to within an acceptable
*pp

tolerance and the simulation is terminated. If T" # V, the process is
co

continued until a thermally consistent solution is obt&,-ined.
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For example, the structure of Fig. 15a is cosisidered which was

previously run at constant T = 5000 K and constant Jdc .1200 A/cm2 .

'The best efficiency (see Table 5) was obtained for Vdc = 66.1 V

and V F a 51.9 V. A series of simulations with constant V = 66.1 V

was carried out for this structure with variable temperatu;e. The

diode thermal resistance was chosen to be consistent with the optimal

solution just mentioned, i.e.,

R 500 - 300 200

Rth ( - n)V dc.de (1 I0.3418)(66.1)(1160) (2)

so that the solution for V 51.9 V should yield T - 5000K and

n - 34.18 percent as be.foro.

Table 13 shows the results up to the maximum efficiency point;

Fig. 50 shows plots of the:ae results at f u 10 GHz which show

that the device heats up from approximately 4500K at dc to 5000K at

maximum efficiency. These curves are in sharp contrast with those of

Fig. 49 where the temperature was constant at T a 5000K. It is seen

that entirely erroneous results may be obtained if the temperature

variation is not included. From Fit. 50a it is seen that operating

the diode at constant Vdc considerably flatt-, out the negative

conductance curve which would be advantageous for amplifier applications.

However, as shown in Fig. 50b the de 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 z 1200 A/cm2 but with variable temperature. The diode thermal

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

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

with f v 10 GH%, Vcc a 66.1 V and

Rth - 3.963 x 10-3 (OKcm
2/W)

VHF 0 B Jdc PRF

(U/cm') (U/cm') n (%) (A/cm') I (W/cm')

5.0 -56.895 183.1 1.76 61o 457.7 0.7111xlo'

1O.0 -44.336 189.92 5.24 640 456.4 2.2167x1O0

15.0 -33.617 1914.95 8.93 641 456.4 3.7819x10'

20.0 -28.13 197.0 12.63 674 455.0 5.626x10'

25.0 -23.895 198.29 16.3 693 455.0 7.467xl0'

30.0 -21.382 198.9 19.65 741 456.5 9.622 x '

40.0 -17.59 200.43 24*.97 852 468.7 14.0h7.0'

45.0 -16.938 200.96 27.62 939 477.5 17.149x10'

48.0 -16.255 201.69 28.53 93 484.7 18.725xi0'

50.0 -16.017 202.05 29.38 1030 491.9 20.021xi0'

51.9 -19. h2 199.92 34.18 1160 500.0 26.155x10'
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Ott,

solution as before, since for constant current bias the diode heats

up as VRF is reduced so that it would burn out using the Rth for

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 dc solution at T = 5000K so that

Rth 1200-77.3 u 2.1544 x 10-3 (0K-cm 2/W) . (28)

Table 14 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 Jdc but constant T a 5000 K. The maximum

efficiency is approximately the same, but the efficiency curve of

Fig. 51a is much better behaved than that of Fig. 17a due to the

temperature variation. Figure .51b shows that the device cools down

with increasing VF when constant current bias is used since the

efficiency is increasing. For high-efficiency GaAs IMPATTs, it is

quite important to design the thermal resistance properly. Since

V d 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 Rth used for the constant

voltage bias case, 3.96 x 10-3 (OK-cm 2/W), is used instead of

2.154 x 10- 3 (°K-cm2/W).
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Table l1 4.

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

with f = 10 GHz, Jdc 1200 A/cm2

and Rt 2'.154 x 10 - 3 (°R-cm2 /W)
th

VdF G B Jd dc RF

(V) (U/cm2) (U/m') n (%) (A/cm') (V) T (°K) (W/cm')

5.0 -103.67 155.31 1.41 1190 77.2 500 l.'296xlO3

10.0- 73.839 179.59 4.11 1190 75.5 490 3.692x103

15.0 - 59.054 184.85 7.72 1180 72.7 473.3 6.643xlO'

20.0 - 49.955 187.52 11.51 1220 71.o 461.9 9.991x103

25.0 - 42.162 190.08 15.82 1200 69.1 4 1.9 13.175xi0'

30.0 - 37.902 189.44 21.23 1210 66.1 435.33 17.056xi03

35.0 - 34.311 187.39 27.45 1240 61.8 417.35 21.015x103

36.0 -32.99 187.25 28.94 1220 60.4 412.35 21'377x10'.

37.0 -31.389 187.45 30.85 1180 58.9 407.35 21.486x1O3

38.0 - 32.225 185.19 33.55 1220 57.0 400.35 23.266x0l,

39.0 - 29.919 187.68 34.09 1180 56.6 400.35 22.753xiO'

40.0 - 27.738 189.83 33.49 1200 55.2 395 22.19xiO3

41.0 - 2r.21 192.99 32.64 1190 54.6 395 21.188xl

42.0 - 22.587 196.51 30.91 1190 54.2 395 19.922x103

43.0 - 21.173 198.48 30.17 1190 54.7 4o0 19.574x0l
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6. Effects of Material Parameters

The simulations presented in this report so far have used

the ionization rates determined by Hall and Leck8 and the particle

velocities from the references presented in Bauhahn's report.
6

Recently, new measurements of ionization rates and hole velocity in

GaAs were published by Raytheon.9 Table 15 shows the new material

parameters based on the Raytheon results. If the ionization rate

expression is evaluated and compared with the values given in Table 1,

it is found that the ionization rates published by Raytheon are

slightly lower than the Hall 4d Lock rates. For example, at T = 300 0K,

E a 1000 kV/cm, the Hall and Leck Ionization rate is 1.478 x 105 cm" I,

whereas the Raytheon ionization rate io, 1.202 x 105 cmi . To study

the effect of the lower ionization rates, the values in Table 15 were

incorporated in the simulation and a one-sided, high-low diode very

similar to the structure of Fig. 6 wail 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

negligible effect on the results. However, for double-drift diodes the

length of the p-side must be reduced in order to obtain similar results.

Comparison with Table 1 shows that the widths of all the p-layers

simulated so far would be reduced by a factor of approximately 0.8

if Raytheon's saturated hole velocity is incorporated.
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Table 15

Material Paramieters for GaAs Based on Raytheon's Results

a(E) p (E) *A exp [-(b/E) 2]

T A bVpeat
(0K) (cm7 I (V/cm) (mn

300 1.612 x 105 5.42 x 105 8.0 x 106

{ I500 1.838 x 105 6.47 x 105 5.2 X 106
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7. Power Output from IMPATT Devices

The simulations in this report were carried out for normalized

(per unit area) cases, so that absolute impedance and 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 var'ious devices already studied. It is important to note

that the results presented here are at the maximum efficiency points

for the various structures. Higher power outputs (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 single drift and DD

denotes double drif t; PT and NPT denote punch through and nonpunch

through, respectively. DR denotes double Read and HYB denotes hybrid.

For each structure, large-sighal 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 A for each case; this

is because we are assuming a circuit load resistance of 1 Q which is

reasonable in practice. Hence the output powers given in Table 16

Sare the maximut which could be achieved for this value of load

resistance if the required thermal resistance can be obtained. 6R

i is the required thermal resistance for CW operation so that the

device temperature does not exceed 2000C.

For the one-sided, uniformly doped IMPA r structure of Fig. 4,

an area of 2.73 x 10-4 cm 2 corresponds to a device negative resistance

of -1 a. 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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thermal resistance required for operation it 500K is 15;95 (°K/W).

Examination of the thermal resistance curve in Sze" shows that this

value of thermal resistance can be achieved.

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 VRF = 29.0 V, for which n = 27.9 percent. Again,

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

A - 8.59 x 10" cm', RTH = 5.730K/W. According to Sze, this value of

thermal resistance is reasonable.

Next, the one-sided, low-high-low, punch-through diode for

which large-signal results are presented in Table 6 is considered.

Going through the same procedure yields P =10.2 W (CW) and RTH

12.18°K/W at the most efficient point; this value of RTH is reasonable

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 was Jdc = 1280 A/cml, while for simulation of the punch-

through structure it was J = 957 A/cm2. If the punch-through

dc 97Ac2

structure were simulated at a higher Jde' It would be capable of

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

in mind of evaluating the maximum power generating capabilities of
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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 power output from double-drift IMPATTs is considered.

These diodes cannot typically be matched to 1-n resistance because the

required thermal resistance is unrealistically low for CW operation.

The thermal resistance for double-drift diodes is given approximately

by:1
1

4t T 4t T
2 3 j , (29)

RTH wK-hd + RPKG 120wd 300wd

where d is the device diameter in cm, K i3 the thermal conductivity
hs

of the heat sink material in W/cm-°K, RpKG is the portion of the thermal

resistance due to the package and bonding (°K/W), 4 is the buffer or

substrate thickness (cm), T is the average temperature (oK) of the

buffer layer, t is the active layer thickness (cm) between the

junction and the buffer layer, and T is the average temperature (OK)

of the active layer.

For these calculations, the thermal conductivity of a diamond

heat sink is taken as 11.7 W/cm-°K and that of a copper heat sink

is 3.9 W/cm-°K.k1 Also, RpKG is assumed to have the constant value of

2.1 0 K/W.'' It is assumed throughout that the buffer layer thickness

Z= 10- cm and that the average buffer layer ttperature is T = 450°K.
a a

The active layer is assumed to be the p-layer and the thickness Z is

reduced by the factor 0.8 from the values specified in the figures,
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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 T = 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

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

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

ing to Fig. 52.

For example, if the active region length L 2.5 x 10" cm

is chosen, Fig. 53 presents RTH as a function of device diameter for

different heat sink materials and device geometries. First, the

uniformly doped, nonpunch-through double-drift structure is considered

for which large-signal results are given in Table 7. The most efficient

solu+ion obtained at 10 GHz is n = 15.47 percent, Vdc = 117 V and

J = 984 A/cml. The reduced p-layer thickness for this structure isp de
t 3.0 x 10 cm. Since the operating temperature is 500 K,

500 300 + (1 - 0.1547)(117)(984), (d'/ 4 )RTH (30)

It is noted from Table 16 that if the device is matched to 1 n circuit

resistance, a thermal resistance of 3.630K/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

e;:pected power output, Eqs. 29 and 30, which constitute two equations
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for the two unknowns RTH and d, are sclved simultaneously. The

maximum expected power is obtained with the equality sign in Eq. 30.

WI 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,

V 1 0 4 V, and J = 1470 A/cml. The reduced p-layer thickness

used in Eq. 29 is z = 2.4 x !0-4 cm. The equation corresponding to

Eq. 31 for this device is:

500 300 + (l - 0.1872)(10 4)(1470)w(dl/ 4)RTH . (31)

Simultaneous 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 dc 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 J

for the double-drift hybrid simulation would result in higher expected

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

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

could be increased by the inverse factor, which would result in the

P -112-



c', C8 "o -

t- 4CO

C C6 \,D

0 
C~

z4 0N

4 U
0 _ 0

$4H H

'4)

0

+0 -

6) 4 C' m -' 1 rV C6

00

$ 4 ,
0

+ ) $

4$

40 c. t- 0 * -

0 0

ao 0

0 0 0 0 0
0. Lf m 41

01 -1tr

E- =I
044 Q 1rQ4



same PRF" However in the region of Fig. 53 where RTH decreases

rapidly with diameter, the areacould be increased much more than by

the inverse factor, resulting in a greater P RF' 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

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

j slightly punched through hybrid of Fig. 33a, for which E =
to

.2 x 101 V/cm; the punch-through hybrid of Fig. 34a, for which

Eto 2.23 x 10 V/cm; and the strongly punch-through hybrid of

Fig. 37a, with E = 2.68 x 105 V/cm. From the results given in
to

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

nonpunch-through hybrid can be obtained by the punch-through hybrid.

Next, two double-Read structures were examined--the punch-

through structure of Fig. 42a and the nonpunch-through structure of

Fig. 47a. It is seen that the punch-through double-Read structure

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

dc 10Vfothpuc

V = 71.6 V for the nonpunch-through double-Read structure. Since
dc
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Vdc is significantly smaller for the double Read, it can operate

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 17 provide a summary of the power levels

which can be expected from the various structures considered here.
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