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length of the bonding wires which at this frequency have

an inductive reactance of approximately 6 fl/O.001 in of

length. Future efforts on this mixer will be concentrated on

keeping these wires as short and as equal as possible.

These experiments have confirmed the theoretical pre-

dictions of Section II and demonstrated the usefulness of

the antiparallel diode pair as a harmonic mixer. Potentially

the most useful application of this circuit will be at milli-

meter wavelengths although careful balancing of the diodes

will be required to realize its full potential.
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Effect of Temperature on Device Admittance of GaAs

and Si IMPATT Diodes

YOICHIRO TAICAYAMA, MEMBER, IEEE

Abstract—The effect of temperature on the small-signal admit-

tance of IMPATT diodes with uniformly doped and high-low doped

(Read) structures is investigated experimentafly and theoretically.

Small-signal admittance characteristics of X-band Si p+-n-n+,

GSAS M-n-n+ (Schottky-uniform), and GaAs M-n+-n-n+ (Schottky-

Read) IMPATT diodes are measured at various junction temperatures

for different dc current levels. Small-signal analysis is performed

on GSAS YMPATT diodes of uniformly doped and high-low doped

structures, and the calculated resuks on temperature dependence of

the device admittance are compared with the experimental results.

Reasonable agreement is found between theory and experiment. It

is shown that GSAS IMPATT diodes are superior to Si diodes in ad-

mittance temperature characteristics and that the uniformly doped

structure has a small admittance temperature coefficient in magni-

tude, compared to the high-low doped structure. It is also shown by

calculation that the admittance temperature coefficient of a punch-

through diode is small in magnitude, compared to that of a non-

punch-through diode.

1. INTRODUCTION

RECENTLY, Si and GaAs IMPATT diodes with various

structures have been developed. In their applica-
tions to microwave oscillators and amplifiers, temperature

variation of operating characteristics, such as frequent y,

power, phase, and noise, is a serious problem. The tem-
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perature dependence of the device admitt ante of IMPATT

diodes is a fundamental factor for assessing the tempera-

ture characteristics of IMPATT oscillators and amplifiers.

Temperature dependence of small-signal admittance of

IMPATT diodes has been calculated by sevlwal authors for

restricted structures and operating conditions [1}E4].

However, those previous works are fragmental and do not

present a sufficiently detailed picture. Furthermore, no

experimental investigation to determine temperature ef-

fect on IMPAT~ diode admittance has been reported so far.

The purpose of this paper is to present a basic under-

standing of temperature effect on small-signal admittance

of IMPATT diodes with various structures, and to provide

an available guide for network and device design, con-

sidering the temperature effect. Small-signal admittance

characteristics of X-band Si p+-n-n+, GaAs M-n-n+

(Schottky, uniformly doped), and G:iAs M-n+-n-n+

(Schottky–Read) IMPATT diodes were measured at various

junction temperatures for different dc current levels.

Small-signal analyses of GaAs IMPATT diodes with the

uniformly doped and high-low doped (or Read-type)

structures were performed and the calculated results on

the temperature characteristics of GaAs IMPATT diode

admittance are compared to the experiments. Reasonable

agreement was found in the temperature dependence of

the device admittance between theoretical and experi-

mental results.
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II. CHARACTERIZATION OF IMPATT DIODES

In this section, first, a method of characterizing IMPATT

diodes is described and, then, the experimental results

showing the temperature effect on the small-signal ad-

mittance of Si p~-n-n+, GaAs M-n-n+ (Schottky-uniform),

and GaAs M-n+-n-n+ (Schottky–Read) IMPATT diodes

are presented.

A block diagram of the circuit used for diode admit-

tance measurement is shown in Fig. 1. The transforming

network includes package parasitic and diode-mounting

circuit and is assumed to be lossy and linear. Diode ad-

mittance .zd is obtained through bilinear transformations,

which are determined by the least square method for low

frequency and microwave measurements at several pre-

breakdown bias voltages [5].

The equivalent circuit of the IMPATT diode at prebreak-

down bias condition is shown in Fig. 2, where Cj( V)

represents the voltage-dependent junction capacitance,

and R, is the diode series resistance [6], which consists

of the resistance of the undeplcked region, and spreading

and contact resistances. Voltage-dependent resistance

R%(V) is defined to be zero at the breakdown voltage. In

the data processing, voltage-independent resistance R,O is

assigned to the transforming network. The resistance

Rti ( V) is large in Read diodes [7], while, in the GaAs

uniformly doped diode, Ru is negligibly small for deter-

mining the bilinear transformations. The series resistance

of the undepleted region is calculated by integration of

the carrier concentration multiplied by the carrier mobil-

it y. The doping profiles are calculated from the capaci-

tance-voltage data measuied at 1 MHz.

Junction capacitance Ci and series resistance R. of the

X-band GaAs high-low doped diode (Schottky–Read

type), as functions of reverse bias voltage before break-

down, are shown in Fig. 3. The doping profile is also shown

in the figure. R. is relatively large in the Read diode be-

cause o~ the high resistivity of the low-doped region.

A. Data Processing

In the measurement system shown in Fig. 1, diode im-

pedance .za is transformed into an input reflection coefi-

cient l?in through the ii-ansforming network. Assuming

the linear transforming network, the functional depend-

ence between I’ i. and Zd has the form of a bilinear trans-

formation

Fig. 1.

Fig. 2.

I

Block diagram of rnmAm diode measurement circuit.

1 R.= R,o+Ru (V)

::v) Zd(V)=Ru(V)+*
~ Cj(v)

Equivalent circuit of IMPATT diode before breakdown.
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Fig. 3. Junction capacitance and series resistance of X-band GaAs
high-low doped diode (Schottky–Read type) as a function of
reverse bim voltage before breakdown, aud doping proiile.

~ _Kzd+L
in —

MZ. + 1
(1)

where bilinear transformation coefficients K, L, and M are

complex constants. The numerical data processing, neces-

sary to determine coefficients K, L, and M, is based on an

extension of Kajfez’s least square method [5], [7]. In

contrast with Kaj fez’s case for the varactor diode, &

before breakdown is complex as

1
z.(V) = Ru(V) + .

j@Cj(V) .
(2)

For a number N (N > 3) of pairs of measured points

17nand Z., in a similar way to Kajfez’s discussion, we ob-

tain the following system of six equations

+ MiZ (Z2 + 2,2) r, = 2 (zrr, + z,r,)

– M2(Z> + 2,2) r. = Z(Z,I’, – Z,I’,)

K,ZZ, – Ki2Zi + L,N – M,Z (Z,rr – ZiI’i)

+ Mi2(Zirr + Z,I’,) = Zr,

K72Z; + Ki2Z, + LiN – MTZ (ZJ’, + Z,I’i)

– Mix (zrr, – Ziri) = ZrJ

K,z (Z7 + 2,2) r, + K,z (2,2 + Z,’) r~

+ L2 (Zrr, – Ziri) + Liz (Zirr + z,ri)

– M,z(Z2 + 2;2) (I’< + I’,’) = 2(17/ + ri2)Z,

K,2 (2,2 + 2,2) I’i – K;Z (Z: + 2,2) r,

+ L,z (Zir, + Z,I’,) – LiZ (Z,rr – ZJ’J

+ M,z (Z2 + 2;2) (r~ + I’,’) = 2 (1’2 + I’?) Z,.

(3)
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For simplicity of writing, the subscripts n have been

omitted from the above expressions. Subscripts r and i

denote real and imaginary parts, respectively. This system

of six equations can be solved by the use of a digital

computer.

The obtained bilinear transformation coefficients are

used to deduce the diode active impedance from the micro-

wave data measured at bias points beyond breakdown, as

Zd=
L – I’in

Mrin – K “
(4)

B. Experimental

X-band Si p+-n-n+, GaAs M-n-n+ (Pt Schottky barrier,

uniformly doped), and GaAs M-n+-n-n+ (Pt Schottky

barrier, high-low doped Read) diodes [8] have been in-

vestigated. Some physical parameters of the diodes are

listed in Table I. The uniformly doped diodes are not

punched through at breakdown and the high-low doped

diodes are punched through. The microwave measure-

ment was made using a 50-fl coaxial test mount, as shown

in Fig. 4. The mount is made of super Invar. Temperature

control was carried out by means of a thermopanel. The

method of junction temperature evaluation is described

TABLE I

PHYSICAL PARAMETF,RS OF IMPATT DIODES USED IN

EXPERIMENTS

Si p+-n-n+ GaAs Wn-n+ GaAs M-n+ -n-n+

1OX-8 EGN39-9 4H-4-16A-1 4H-4-16A-12

S(cm2) 2.6x10-4 3.7 X1 O-4 3.1 SX1O
-4

3. 58x10-4

CjB(pF) 0.73 0.60 0.67 0.78

-3
n (cm ) 7X1O’5 1.2X1016 see Fig .3

lfB(um) 2.7 2.5 4.3 4.4

VB (v) 69.0 54.6 42.2 46.3

VD (v) 84.5 69.7 — 71.5

S : junction area, C.
]B

: junction capacitance at breakdown,

n : doping level, IiiB : depletion region width at breakdown,

‘B
: breakdown voltage, VD : dc voltage for

= 140mA at junction temperature Tj = 200” C

DC CURRENT

i

dc current I
0

Fig. 4.

SIJ

FIN

L

Coaxial test mount for microwave measurements.
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in the next subsection. The reflection coefficjlent was meas-

ured with a network analyzer reflection test system.

Measured small-signal admittance characteristics are

shown in Figs. 5, 6, and 7, with de current and frequency

as parameters. It is seen that the Read diode has a rela-

-~~
-10 -8 -6 -4 .2 0 2

CONDUCTANCE (mmhos)

Fig. 5. Measured small-signal admittance of Si p+-n-n+ IMPATT
diode with dc current and frequency as parameters.
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Fig. 6. Measured smaU-signal admittance of GaAs M-n-n+ IMPATT
diode with de current and frequency as parameters.

CONDUCTANCE (rob/cm’ )

-60 -50 -40 -30 -20 -10 0 10 ~

180 4H-4-16 A-I

CONDUCTANCE (mmhos )

Fig. 7. Measured small-signal admittance of GaAs Schottky–Read
diode with de current md frequency @ parameters.
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tively narrow peak negative conductance versus frequency

and a relatively low negative Q (ratio of conductance to

susceptance), while the uniformly doped diodes exhibit a
$-20
:

wider frequency range with some reduction of peak con-

C

EGM39-9-2 L- 140mA

ductance value. In addition, GaAs IMPATT diodes have y-o -y.
larger negative conductance and lower negative Q, com- Ug

pared to Si diodes. zgo

C. Temperature Characteristics 80

D

—..—

Small-signal admittance measurements at various junc-
llOGHz

~

tion temperatures were made for different dc current ~ ‘o& or—”—”

levels on the three types of diodes. Diode junction tem- : do
perature was controlled with the thermopanel. The temper- a

~
ature was monitored by dc terminal voltage VD which had y—-—---”

%
been determined, in advance, as a function of junction

$ 20

temperature Ti for a given dc current 10, as
%0 (80 200 220 240

VD(Tj) = VB (Tj) + &c(Tj,~o)~o (5) TEMPERATURE (T)

where VB is the temperature dependent breakdown volt-
Fig. 9. Measured small-signal conductance and susceptance of

GaAs M-n-n+ IMPAm diode for 10 = 140 mA m a function of

age and RSC is the space-charge resistance. RSC was meas- junction temperature.

ured at 5 MHz [9].

In the admittance measurement, the junction tempera- =
ture was set at several points between 60”C and 240”C.

s

m

4H-4-16A-12 1.-140 mA

520

The small-signal conductance and susceptances of Si
. 90

g 8.0 “—”c

p+-n-n+, GaAs M-n-n+, and GaAs M-n+-n-n+ (Schottky–
z

Read) diodes for I, = 140 mA at several junction tem-
-&” “~z:

peratures are shown in Figs. 8, 9, and 10, respectively.
z
0
Oo

The temperature dependence of the diode admittance is w

characterized by temperature coefficients 13Qand f?B, de-

an

z —.—.—.
II OGHZ

z

fined as
&

40 go ..—.
m
g

1 AGd
OG = ‘—.—

1 ABd

Ga ATi ‘
& = ‘.—

Bd ATi
(6)

where

AG~ = G~( T,) – Gd( T,)

ABd = Bd(T2) – Bd(T1)

ATj = T2 – T1.

The temperature coeilicients obtained experimentally

for Si p+-n, GaAs M-n, and GaAs M-n+-n diodes are

shown in Figs. 11, 12, and 13, respectively. Measure-

ments were made at dc current levels of 10 = 60, 100, and

j .~
160- 180 200 220 .240

TEMPERATURE PC)

Fig. 8. Measured small-signal conductance and susceptance of Si
P+-n-n+ IMPATT diocle for-10 = 140 d as a function of junction
temperature.

“’ o~
140 ,60 ,WJ ~0 Z.ZO 240

TEMPERATURE (Z)

Fig. 10. Measured small-signal conductance and susceptance of
GaAs M-n+-n-n+ (Schottky–Read) diode for Io = 140 mA as a
function of junction temperature.
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\
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1=
V2 . 1401nA[20&]

>,,
0
~
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\ -,

FREQuENCY(GHZ)

Fig. 11. Measured admittance temperature coefficients of Si
p+-n-n+ IMPA~ diode for de current levels of 60, 100, and 140 mA.
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Fig. 12. Measured admittance temperature coefficients of GaAs
M-n-n+ IMPATT diode for dc current levels of 60, 100, and 140 mA.
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Fig. 13. Measured admittance temperature coefficients of GaAs
Schottky–Reacf diode for de current levels of 60, 100, and 140 mA.

140 mA. The coefficients were obtained at Tj = 100°C

for 10 = 60 mA, Tj = 150”C for 10 = 100 mA, and Tj =

200”C for 1, = 140 mA, setting ATj x 50”C. In the fig-

ures, ~~ is the peak frequency where the peak negative

conductance is obtained for 10 = 140 mA.

D. Discussion

from the viewpoint of frequency variation of the oscillators.

It is also seen that the GaAs high–low doped or Read

diode is inferior to the GaAs uniformly doped diode in

admittance temperature characteristics. The GaAs Read

diode is also inferior to the Si uniformly doped diode.

The inferiority of the Read diode, especially in its con-

ductance temperature characteristics, seems to be associ-

ated with its relatively high and narrow peak negative

conductance. These experimental results SII.OW reasonable

agreement with the calculated results which will be de-

scribed in the next section.

It should be noted that the active depletion region in

the non-punch-through diode extends with an increase of

junction temperature and of space charge-density or of

dc current. The expansion of the depletion region width

results in an increase of the series resistance Ru, and this

produces an error in the data-processed results. This error

may pose a slight problem in the Si p+-n diode which has

a somewhat larger resistance R., compared to that of the

GaAs M-n diode. However, in the above mentioned case,

deviation of the admittance is less than 1 ~lercent in mag-

nitude, and variation of the undepleted resistance with

temperature is about 5 X 10–4 !2/°C or less, which is not

much variation. Therefore, the depletion region extension

was neglected, though it can be compensated for, if ne-

cessary.

111. ANALYSES

Small-signal analyses of GaAs IMPATT diodes with uni-

formly doped and high-low doped structures were per-

formed, based on the model described by Gilden and

Hines [10].

The high-low doped structure is shown in Fig. 14(a),

where XOis the width of the high-doped (nl) region, W

the total depletion width, and L the sum of the width of

the high-doped and low-doped (n~) region The n+ region

is the very heavily doped substrate. Fig. 14(b) shows the

electric field distribution for the high–low doped structure.

Small-signal analyses were performed for GaAs diodes

using an equal ionization rate for elect [tons and holes

given [11] by

a = a~exp {–(b/E)2} (7)

where E is the electric field and

In all these diodes, the conductance temperature co-

efficients at a given dc current are positive at lower fre-

D

P+ n+

quencies, decrease with an increase of frequency, and

become negative at higher frequencies. The susceptance
g n,

temperature coefficients are positive for the most part of ii, “

the frequency range, decrease with an increase of fre-
,! x

0 x. L

quency, and get nearer to zero or become negative, in
(a)

9
some cases, at higher frequencies. With an increase of dc

L

#Ec -

current, the temperature coefficients enlarge in magnitude
Q

~:
in the main frequency range. x

In regard to the uniformly doped structures, the experi-
U 0 x. L

(b)

mental result shows the superiority of the GaAs diode to

the Si diode in the admittance temperature characteristics
Fig. 14. High–low doped structure considered in the text. (a)

Doping prolile. (b) Electrio-field prdile.
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am = 2.0 X 105 + 140.0 X (Tj — 25.o) cm–l (8)

b = 5.5X 105 +660.0X (7’i -25.0) V/cm. (9)

a- is assumed to increase linearly Withau increase of tem-

perature, at a rate of 7 percent/100”C, and so does b, at

arateof 12percent/100°C [11]. The velocity of electrons

and of holes are assumed to be equal and saturated in the

depletion region, and is expressed as

~., = 8 X 10’ – 1.14 X 10’ X (TJ,– 25.0) cm/s. (10)

It gives 8 X 10’ cm/s at Tj = 25°C and 6 X 10’ cm/s at

Ti = 200”C [2], and is assumed to decrease linearly with

an increase of temperature.

The small-signal impedance Z given by Gilden and

Hines [10] is

V,l
z=—

1

Ac,(J “ 1 – W2/W#

.(1 – COSL9,)+R,

“+x%+
(sin ed/ed + xA/ (~ – XA)

—

1- ur2/w2 )1 (11)

where XA is the avalanche region width, e, the dielectric

permitivity (c./eO = 10.9), A the junction area, CO,the

avalanche frequency, Rs the passive resistance of the un-

depletea region, and

Aes
cd =

W–XA”

The avalanche frequency CO,is given as

()

2a’VslJO 112
Cor =

G

where Jo is the de current density and a’ = da/dE at the

maximum field Ec. Note that a’ is temperature dependent.

RS is given by

L–W
Rs=—

enpA

where ~ is the low-field carrier mobility

density in the undepleted region.

and n the carrier

The critical field EO is Obtained from the avalanche

breakdown condition

/

w
a(E) d~ = 1 (12)

o

and the avalanche width XA is defined [12] as the dis-

tance over which 95 percent of the contribution to the

integral is obtained,& e.,

XA

1
a (E) d~ = 0.95. (13)

o

The electric-field distribution in the high-low doped

structure is given by

El(x) = E. –
e(nl — n,)

xl O<x <a%
es

e(nl — W)
EZ(Z) = E. – ~s

e(% — n.)
Xll — x,

~s

L < z (14)

where the space charge due to the dc current is assumed

to be uniform as

Jo
ne=—.

eV81

A. Diode Samples

(15)

The three types of GaAs IMPATT diodes listed in Table

II were investigated, which correspond to the samples

used in the experiments. Sample M-N1-1 is a non-punch-

through diode with uniformly doped structure. Sample

M-N1-2 is a punch-through diode with uniforndy doped

structure. Sample M-N1-N2-1 is a high-low doped punch-

through diode. A specific set” of calculated results is also

presented in Table II. The efficiency is very approximately

given [13] by

lVD–VA~=–.
n VD

where VD is the voltage drop across the active region, and

VA is the voltage drop across the avalanche region. The

value of W in sample M-NI-2 is the extrapolated value of

TABLE II

GAAS IMPATT DIODE PARAMETERS CONSIDERED IN ANALYSES

Uniformly doped High-low doped

M-N1-1 M-N1-2 M-N1-N2-1

Doping 1. OX1O16 1.0XI016 nl=2 .0x10 16

(cm-3) n2=4.0x10’4

L (Vm) 3.0 2.4 4.2

X.(m) — — 1.2

Jo (A/cm2) 200 400 200 400 200 400

Tj (“C) 150 200 150 200 150 200

W(Bm) 2.65 2.81 2.65 2.81 — —

X* (w) 0.772 0.806 0.772 0.806 0,479 0.496

vu (v) 57.1 62.7 56.6 61.3 59.2 69.7

n(%) 16.0 16.2 15.8 15.8 21.4 22.4

fM(GHz) 9.2 10.2 10.0 11.2 7.2 8.2

%
-17.7 -29.8 -16.9 -27.9 .25.2

(mhOs/cm2)

-43.2
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the distance where E = O. f~ is the frequency at which

the peak negative conductance GM is obtained.

B. Results and Discussion

Conductance and susceptance temperature coefficients

were calculated as

1
flG = —. G’(T’ + ‘T)2~TG’(T~ – ‘T) (16)

G.( Tj)

1
(k = — .B’(T’ + ‘T)2;TB’(T’ – ‘T) (17)

Bd(!f’j)

where AT = 25°C was adopted in the calculation. Calcu-

lated results, showing conductance and susceptance tem-

perature coefficients of GaAs IMPATT diodes, are presented

in Figs. 15, 16, and 17. Fig. 15 shows the admittance

temperature coefficients of the non-punch-through diode

with uniformly doped structure for dc current density

JO = 200 A/cm’ at junction temperature Tj = 150°C and

for JO = 400 A/cma at Tj = 200”C. Fig. 16 shows the

temperature coefficients of the punch-through diode with

uniformly doped structure, and Fig. 17 shows the temper-

ature coefficients of the Read diode with the high-low

doped structure. In the figures, normalized frequency

f/fM for JO = 400 A/cm2 is scaled in order to conveniently

compare the values with the experimental results.

Comparing the analytical results with the experimental

results, showing the temperature coefficients of the small-

signal admittance of GaAs IMPATT diodes of uniformly

doped and high-low doped structures, it is seen that both

results are in fairly good agreement, not only qualita-

X10-’ xl o-

5

H

M-NIH L-30/dPTF <l] 5

4
—.k=400A~fi200tw-28 IpmI
‘– 200Wd( 150 C.W-265@ 4

.7 3 3 .~

~2— 2%

;. 1 *Q—. Iz

go ~--- k
0>--------

: ., -..,
2
=

~ .2 .
‘Y

~ -3
_\, p?

‘Y, 3
-? t/ fM.400A 4
-5?6 07 06 09 10 1) 12 1,3’ (4 !?

1
6 6 10 12 14 155

FREQUENCY (GHZ)

Fig. 15. Calculated admittance temperature coefficients of non-
punch-through &lode with GaAs uniformly doped structure for
dc current densities of 200 and 400 A/cm’.

Fig. 16. Calculated admittance temperature coefficients of pnnch-
through diode with GaAs uniformly doped structure for dc current
densities of 200 and 400 A/cm’.
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Fig. 17. Calculated admittance temperature coefficients of Read
diode with GaAs high–low doped structure for dc current densities
of 200 and 400 A /emz.

tively, but also quantitatively. At a given dc current, the

conductance temperature coefficients are positive at lower

frequencies, decrease with an increase of frequency, be-

coming negative at higher frequencies. The susceptance

temperature coefficients are positive for the most part,

decrease with an increase of frequency, getting nearer to

zero or becoming negative in some cases at higher fre-

quencies. Regardless of structures, the temperature co-

efficients enlarge in magnitude with an increase of dc cur-

rent.

With regard to the effect of structures, it is seen that

the high-low doped (or Read) structure has considerably

larger admittance temperature coefficient in magnitude,

compared with the uniformly doped structure. In general,

it seems that a diode which is more like an ideal Read

structure is more sensitive to the variation of material

parameters and operating conditions. It is seen from Figs.

15 and 16 that the punch-through diode is superior to the

non-punch-through diode in device admittance tempera-

ture characteristics.

IV. CONCLUSION

Temperature effect on small-sigfial admittance of

IMPATT diodes with the uniformly doped and high-low

doped Read structures has been investigated experimen-

tally and theoretically. Small-signal admittance measure-

ments were made at various junction temperatures for

different dc current levels on X-band Si p+-mn+, GaAs

M-n-n+, and GaAs M-n+-n-n+ (high-low Schol,tky–Read)

IMPATT diodes. Small-signal analyses of GaAs IMPATT di-

odes were performed for uniformly doped and high-low

doped structures. The calculated temperature dependence

of device admittance were shown to be in reasonable

agreement with the experimental results.

It was shown that GaAs IMPATT diodes are superior to

Si diodes in device admittance temperature characteristics

from the viewpoint of frequency variation of the oscilla-

tors and that the uniformly doped structure has superior

admittance temperature characteristics, compared to the

high-low doped structure. It was also shown theoretically

that the admittance temperature coefficients of the punch-
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through diode are small in

non-punch-through diode.
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magnitude, compared to the 15] ~~c~;jfez, “Numerical data processing of reflection coefficient
“ IEEE Trans. Microwave Theory Tech., vol. MTT-18,

pp, 9&100, Feb. 1970.
[6] J. W. Gewartowski and J. E. Morris, “Active IMPATT diode
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