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Broad-Band Small-Signal Impedance Chwacterization of

Silicon (Si) P+-N-N+ IMPATT Diodes

MOTOHARU OHTOMO

Absfract—A method is described that permits a broad-band
small-signal characterization of an IMPATT diode mounted in a

package. From automatic-network-analyzer measurements on a

package-shaped metal dummy, an empty package, and the diode

under test biased below and above breakdown, the method allows

lirst determination of a coupling-circuit parameter, bonding-wire

inductance, and diode series resistance, and then evaluation of

junction admittance above breakdown.

Experimental results on silicon (SI) p+-n-n+ diodes over 2.5–15

GHz are shown. Nearly frequency-independent bonding-wire in-

ductance is observed. Avalanche frequency squared (~.z) is found

to be sublinear with respect to dc current density (Id), possibly

due to a variation of junction temperature (!!’i). An experimental
formIda forja2/~d is obtained in terms of 2“~.Detailed comparisons
of the measured junction admittance with an existing analytical
theory indicate a good agreement, if a suitable amount of saturation
current is postulated, and also suggest’that the estimated amount is
in excess of theprebreakdown saturation current.

I. INTRODUCTION

M ICROWAVE impedance measurements of IMPATT

diodes are important both for evaluating the diode

capability, and for designing optimum circuits. In order to

fulfill these purposes, not only small-signal measure-

ments [1], [2] but also large-signal ones [3]–[6] are

required. Nevertheless, the former are still useful in

investigating the fundamental diode parameters and in

examining the diode quality by comparison with analytical

theories [7], [8] or computer simulations [9].

For accurate evaluation of the active diode impedance,

the parameters of a coupling circuit between a measure-

ment reference plane and the diode port must be cali-

brated beforehand with adequate known impedances.

For instance, Dunn and Dailey [1] evaluated the bonding-

wire inductance, diode series resistance, and active

impedance after determining the impedance matrix outside

the diode package, by use of a package-shaped metal

dummy, an empty package, and a ceramic dkk. Mean-

while, Gewartowski and Morris [3], and Steinbrecher and

Peterson [2] employed variable junction capacitance of

the diode under test with series resistance variation cal-

culated [3] or neglected [2], for determining the circuit

parameters outside the active region. So far as the active

impedance is concerned, the method in [3] or [2] seems

to be more accurate, since impedance measurements on
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only the diode under test are enough and junction ca-

pacitance can usually be considered frequency inde-

pendent up to microwave frequencies of interest. Such a

method, however, is incapable of determining the series

resistance that has detrimental effects on diode efficiency

[10], unless the circuit loss is evaluated otherwise. In

practical applications, the value of bonding-wire in-

ductance’ also becomes necessary for considering the

transformation of diode impedance within a package. The

method in [1] seems attractive in these respects.

This paper presents an alternative method which

permits broad-band junction-admittance measurements of

an IMPATT diode as well as its series resistance and bonding-

wire inductance. As a means of calibration, the method

utilizes a metal dummy of a package shape, an empty

package, and variable junction capacitance of the diode

under test, which are partly common with those in [l]–

[3]. Here, however, an introduction of a unique measure-

ment reference plane and data reduction technique makes

it unnecessary to know the value of the empty package

capacitance. Furthermore, use of variable junction
capacitance will enable one to obtain an accuracy in the

active admittance of the same degree as in [3] or [2]

without the need of calculation or neglect of series-

resistance variation. A technique of compensating for a

small circuit is also presented. Then the small-signal

results obtained over 2.5–15 GHz are illustrated on

X-band silicon (Si) p+-n-n+ IMPATT diodes. The measured

active admittance is compared with that obtained by

similar methods, as in [3] and [2]. Finally, the measured

admittance is compared in detail with an analytical theory

by Hulin et al. [8] with special emphasis on the saturation-

current effect. An observed sublinearity in avalanche fre-

quency squared against dc bias current is also discussed
with respect to junction-temperature variation.

II. MEASUREMENT METHOD

A. Measurement Setup

Impedance measurements were performed with an auto-

matic network analyzer (Hewlett-Packard, model 8540)

over a frequency range of from 2.5 to 15 GHz at a signal
level = – 20 dBm to ensure a small-signal condition.

Fig. 1 shows the 50-Q coaxial test mount and the diode

package used. The dc bias was fed from the left of the

mount through a biasing network, which, however, was

included as a part of the analyzer during its calibration
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Fig. 1. (a) 50-Q coaxial test mount. (b) Package dmensions in
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Fig. 2. Equivalent circuit of test mount.

procedures. No diode oscillation occurred with this

configuration over the whole bias range. The equivalent

circuit of the mount is represented by Fig. 2 [11], [1],

where T1 and Tz are the reference planes chosen in the

coaxial line and at the outer surface of the package

ceramics, respectively, as shown in Fig. 1. The coupling

circuit between T1 and Tz can generally be decomposed

into a lossy and lossless circuit [12]. Elements to the right

of Tz represent package capacitance CA ( = 0.20 pF at 1

MHz), bonding-wire inductance L.,1 fringing capacitance

C~, series resistance R8,1 and junction capacitance Cj.

G and LA represent the additional conductance and

inductance, respectively, due to avalanche [9]. CA,

L., R8, G, and LA may not necessarily be frequency inde-

pendent. CB is very small, typically 50.05 pF as estimated

from the diode chip geometry. Since wC~R, <<1 holds

even at the microwave frequencies of interest, CB was

included in Ci as at lower frequencies by transferring it to

the right of R..

B. Principle of the Method—Lossless Case

If the coupling circuit is lossless, i.e., RI = O and

Rz = @ in Fig. 2, the position of TI can be chosen such

that X2.2 = O, giving

where 21 and Zz are the impedances seen to the right of T1

and Tt, respectively, and jXl is included here in jX1l. In
other words, at such Tl, 21 becomes infinite or reflection

coefficient I’1 is equal to 1 for 22 = O. Employing a

package-shaped metal dummy as a short (22 = O), the

position of TI can easily be determined.

I The diode-mounting stud also contributes to L.. The contribu-
tion, however, was estimated to be small, =0.06 nH, with an induct-
ance formula m [13]. R. also includes SO. 1-Q skm resistance [13]
of the four parallel-connected gold bonding wires with 25-Pm di-
ameter and = l-mm length.

Let 21P and 21( V) be the measured values of ZI for an

empty package and the diode biased at de reverse voltage

V, respectively. Then we have, from (1),

ZIP = jxll + x122.jcocml (2)

21(V) = jxll + x122

[

1
“ jUcA +

R.(V) +joL. + l/{G(V) + jl?(V)} 1(3)

where CAE is the empty package capacitance. If we can

assume CAE = CA, we have, from (2) and (3),

1/[21( v) – 21,]

= [R,(W + @L. + l/{G(V) + ,jB(V) j l/XB2. (4)

Especially for V < Vbr (breakdown voltage), (4) can be

decomposed into

Re { 1/[21( V) – 21,]) = Rs ( V) /XU’ (5)

Im { l/[ZI(V) – Z~P]) = [w-L – l/uCj( V) l/XE2 (6)

since G(V) + jB ( V) = jd7~ ( V). Equation (6) implies

that, at a fixed frequency, the plots of Im { l/[Z,(V) –

ZIP] I versus l/mCj( V) for various values of V should be

on a straight line whose slope and interaction with the

vertical axis are — l/X122 and 0JL,/X122, respectively. If Cj

measured at a low frequency (e.g., 1 MHz) is employed,

Xn’ and L. can be determined. R,(V) can then be eval-

uated from (5). Above breakdown, it is possible to evaluate

R.(V) + l/{G(V) +jB(V)) from (4). If R.(V) =

R.(V~,) is postulated as in [1]-[3], we have G(V) +

jB ( V). Note here that the value of CA or CAE at the micro-

wave frequency is not required in the preceding pro-

cedures.

Various assumptions made either explicitly or implicitly

so far will be examined. For a coupling circuit with a small

loss, the present method still applies after minor modifica-

tions, as shown later. The equivalent circuit of a packaged

diode shown in Fig. 2 has been frequently used and its

validity has been directly confirmed, for instance, in [6]

for a package that has a diode-mounting stud of a height

lower than that of the ceramics. The latter condition is

apparently satisfied by the present package. The frequency

independence of the junction capacitance up to microwave

frequencies is well established in IMPATT diodes [3], [6].

The package dimensions in Fig. 1 (b) evidently conform to

Getsinger’s criterion for a package to couple the coaxial
line via a radial line of the dominant E-type mode [11].

Moreover, the package height ( = 1.4 mm) is sufficiently

less than the spacing ( = 2.5 mm) between Tz and the outer

conductor of the coaxial line. Hence, the field configura-

tions associated with the metal dummy will still be similar

enough for the dummy to be regarded as a short of the

radial line. Generally, R,(V) is not constant above

breakdown, and the true values of G and B, denoted here

by G, and B,, respectively, are given by

G, = G+ AR.(GZ – B2) (7)
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B, = B + 2AR,GB

for AR,G and AR.B <<1, where AR, E

(8)

Rg(V) – R.(vbr).

These corrections are, however, expected to be small, as

illustrated later in Section III-B.

Package capacitance CA has a small variation

(x +0.005 pF) between different packages. By denoting

AC = CA – (7AE and retaining the terms to the first order

of AC/CA in (2) and (3), we have equations identical to

(5) and (6) except that X~~2, L., R,(V), and Cj(V) are

replaced by the following primed quantities:

Xl”z = x,,’ ( 1 – 2cJL.Ac) L; = L.(1 – (.02L.AC)

R.’(V) = R.(V) [1 + 2uAC{ULs – l/coCf(V) )]

C; = Ci + AC.

The junction capacitance measured at 1 MHz is just this

C/( V), which is evaluated as the difference between the

capacitances of the diode under test and the reference

empty package. Thus the previously described procedures
to evaluate X12,’, L., and R,(V) actually give the primed

quantities. The differences between them are, however,

usually expected to be small. For example, we have

I (Ls’ – L,)/L, I x 0.012 and I {R,’(V) – R,(V))/

R,(V) \ H 0.008 at 10 GHz for AC = 0.01 pF, L. = 0.3

nH, and Cj’ ( Vbr) = 0.7 pF. In fact, within the spreads of

the measurements, no dependence of L. on m’ was ob-

served (see Fig. 5), except when an empty package with

unusually large CAE was employed intentionally.

C. CircuiLLoss Compensation

The reflection coefficients I I’1 I for the metal dummy and

empty package in the actual circuit were found to lie

between 0.98 and 1, indicating the presence of a small

loss in the coupling circuit.’ A tectilque of removing the

circuit-loss effect is described below. In the coupling

circuit shown in Fig. 2, RI + jXI and R’ + jX’ correspond

to the points with minimum and maximum real parts,

respectively, on an impedance circle C, which is the locus of

Z1 for pure reactance Z, varying from – j w to j w [12].

Let us choose again the position of T, such that Z rl = 0°

for Z’ = O, and denote Z/s for the metal dummy and

empty package by R~ and Rp + jXp ( = Zip), respectively.

For example, R. = 4950 0 and Rp + jXp = 0.38 +

.i30.5 Q at 10.5 GHz, at which R~ was smallest among the

measured. Since circle C should contain R~ and Rp + jXD,

and also should lie on the right-half plane, RI and R2 are

restricted as follows:

OSR,SRD (=0.38Q)

0< R2– R.SRP

+ I x, I [1 x, I + 2( R&P) 1/2]/Rm ( = 1 Q)

where I Rp/Rm 1<<1 and I Xp/Rm 1<<1 are taken into

ZIf the circuit is lossless. both the sold-dated dummv and the
empty package with alumin’a ceramics ~tan j = 1 X 10”$ will give
I r, I >0.999 at 10 GHz.
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Fig. 3. Approximate circuit used for compensating for a small loss
in coupling circuit in Fig. 2.

account. Throughout this section, every numerical

example shown in parentheses is for 10.5 GHz. Thus we

have RI s 1 Q and Rz + R~ >>1 with little error. It can

be shown further that

I X22 I + (x122/&i) [(R2 – Rm)/RnJ1/2 <<1 ( S0.008 Q)

and

XI/(R’ – R,) ~ [(R2 – Rm) /Rm]112 <<1 ( S 1/70)

where a knowledge of Xl” w 3000 Q’ and \ XU + Xl I *

[ XP – Xu2aC.~ I << RJRJ (R2 – R~) ] 112, obtained

under the lossless assumption, is utilized. Hence, we are

allowed to take X22 = O without significant error in the

present case; or we can apply the same data reduction

technique as in the lossless case, if we use Z1’ ( V) and ZIP’

instead of Z1 ( V) and Zlo, respectively, in Fig. 2. Actually,

however, an approximate circuit in Fig. 3 was used due to

an indefiniteness in jX1. This is equivalent to bringing the

center of circle C onto the real axis, or to taking R’ = R~,

X1 = 0, and R, = Rp – XD2/ (R~ – R.) in Fig. 2.

Z;’ (V) and Z1.” can then be evaluated and used instead of

Z;(V) and ZIP’, respectively. The possible absolute error

in the left-hand side of (4) caused by this approximation

can be estimated to be less than 3 I Xl I/R~2 ( s 9 X 10–6

mho) for / Zl” ( V) I > R~. For I Zl” ( V) I s R~, the
relative error will be less than 3 I Xl I/R~ ( <0.04).

This technique of compensating for the circuit lOSS has

been found to reduec R, by s0.5 Q from the uncom-

pensated value and its spreads between frequencies, with

essentially no change in reactive quantities such as X~2

and La. Note that active admittance G + ,iB might be

evaluated fairly accurately without this compensation

technique, since the circuit loss then incorporated in R.

would be partly cancelled in obtaining G + jB from (4).

In Section III, Z<’(V) and 21,” are quoted without

double primes.

III. EXPERIMENTAL RESULTS

The diodes investigated are X-band Si p+-n-n+ IMPATTS

(Toshiba S3019) which have a nearly abrupt junction

with depth X3w 2 pm and surface impurity concentration

N W 1 X 1020 cm–3. Other parameters are summarized

in’T;ble I. Impedance measurements were performed with

the automatic network analyzer on a package-shaped
metal dummy, an empty package, and the diode under test

biased into various reverse voltages below and above

breakdown. The data printed out by the analyzer were

reduced with another electronic computer to evaluate the

following parameters.
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TABLE I
VARIOUS PARAMETERS OF THE SI IMPATT DIODES INVESTIGATED

Diode #1 Diode #2

Breakdown voltage, Vbr (volt) 63 70

Junctmn .apamtanc e at Vb,, Cjb (PF) 0.661 0 727

(m.=u..d ,* 1 MHz)

Junction area, A (10-4 cm2) 2.01 2.38

Depletion layer length at Vbr (!-tin) 3.1~ 3.42

Thermal resistance (“ C/W) 16.5 19.0

oscillation power output at 11 GHz (mW) 418 625

B,as current (mA) “ 98 119

Eff~czency (%) 5.8 6.3

Bonding -wire inductance, L, (nH) 0.335 Lo. ol 0.274 ~0,004

(averaged over 2.5-15 GHZ)

Series res~stance at Vbr (ohm) 0.67 &0. l 0.53 fo.09

(averaeed over 8-12 GHz)

A. Determination oj X322, L., and R.

At reference plane Tl, L rl of the empty package was

found to lie between 167.9° and 95.2° for frequencies

from 2.5 and 15 GHz. With an increase of bias voltage

from 1 V to Vbr> 171 for diode number 2, for examPle,

varied continuously from 0.929 L 27.0° to 0.990 L 108.4°

at 2.5 GHz, and from 0.933 L – 53.0° to 0.979 L – 22.6°

at 15 GHz.

Fig, 4 shows an example of imaginary and real part of

1/[21( V) – ZIP] versus l/&’j( V) at 10 GHz. The plots

of Im { l/[Zl(V) – 21,]) versus l/coCi( V) are seen to lie

very closely on a straight line as expected. In the computer

data reduction, X1.22and L. were evaluated from the line

determined by a least squares method. The standard

deviation (sigma) of the data from the line was found to be

very small, typically below 0.02 mmho for each frequency

of measurement. Therefore, in order to save measure-

ment time, it seems possible to reduce the number of

21( V) measurements without significant loss of accuracy.

Xr22 was found to be a nearly monotonically increasing

function of frequency, varying from 2600 to 3340 !22

for 2.5–15 GHz. Meanwhile, L. is seen to be nearly fre-

quency independent within the spreads of the measure-

ment as shown in Fig. 5. Its sigma is only 1.5 percent of

the average value ~..
The average and sigma of the series resistance R% over

8–12 GHz (0.5-GHz step) are shown in Fig. 6 as a function

of l/Cj, which is proportional to the depletion layer

length. Owing to the fact that R. is usually an order of

magnitude smaller than QLS — l/& ’l, its sigma is rela-

tively large and ~0.2 Q at maximum. The accuracy of R.

measured with the present method will be mainly limited

by the measurement error in I I’1 1, which is nominally

within &O.01 for I 1’1 I w 1 [14]. The error is equivalent

to &O.3-fl uncertainty in R, as estimated by using (4).

Due to some randomness in this type of error, the averaged

R, seems to have less uncertainty. The electrical repeat-
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ability of the coaxial test mount also affects R,. It was,

however, felt good, since 1 h later remeasurement on the

metal dummy resulted in differences of 0.003 in I I’1 I and

0.4° in L I’1 on a root-mean-square basis.

Since the depletion region widens mainly towards the n

layer at higher reverse voltage, the slope of the curves for

l/Cj >1 pF-l in Fig. 6 approximately equals – 6P,

where e is the dielectric constant ( = 1.045 pF/cm for Si)

and p the resistivity of the n layer at an edge of the

depletion region. Especially, diode number 2 is seen to have

a uniform p = 0.76 Q. cm.



OHTOMO: IMPATI DIODE CHARACTERIZATION 713

B. Junction Admittance Above Breakdown

Diode impedance above breakdown has been measured

for 12 different bias conditions. The small-signal junction

admittance G + jB was evaluated from (4), assuming

R.(V) = R. ( ~br). RF voltage across the junction was

estimated to be less than 0.05 V for a measurement power

level of – 20 dBm. The results are illustrated in Fig. 7.s

They exhibit, at least qualitatively, most of the salient

features of an IMPATT as demonstrated by Misawa’s

computer simulation [9]. Contrary to the simulation,

however, one can readily see fB < fG, where fB and fG

are the characteristic frequencies at which B and G

change their signs, respectively.

If AC( = CA – C.4JI) and CB, which was included in C,,

are not zero, measured G + jB will have a small offset

w – 2uAC(0.LSG) + jwAC( 1 – 2coLSB) + jUCB from the

true value for wL. I G + jB \ <<1. This will then cause f~

to have an offset AfB * ‘fB (CB i- AC)/ (~B/~w)~,,

where (dB/13w)f~ = 1.2 = 1.4 pF (%2Cjb) as seen from

Fig. 7. Since CB ( s0.05 pF) is usually considered larger

than I AC I ( s0.00.5 pF), fB is likely to be measured S4

percent lower than the true fB intrinsic to the junction.

Nevertheless, this still seems insufficient to explain the

observed fB < f@ especially for diode number 2.

In order to examine the accuracy of the measurement

method, comparison was made between G + jB measured

with the present and other methods (GM and SP).

Methods GM and SP correspond to those presented in

[3] and [2], respectively, except the numerical procedures.

In both methods, the coupling-circuit parameters outside

the active region were determined from the measured

reflection coefficients for >3 values (e.g., 12 values) of

R.(V) – j/coC~( V) below breakdown, by employing a

least squares technique [15] which was modified from

Kajfez’s procedure [16]. For method GM, Rg( V) –

R, ( Vbr) obtained from Fig. 6 was employed instead of

R.(V); for method SP, R,(V) was assumed to be O. A

typical comparison of G + jB is illustrated in Fig. 8,

where a good agreement can generally be found. Fractional

differences in fB and fG between the present method and

methods GM or SP have been found to be 0.003 <

6fI?/fB S 0.02 and – 0.00.5 < 6fG/fG <0.015 almost in-
dependently of bias conditions for both diodes, indicating

that the relationship fB < fG observed in Fig. 7 is ]eft un-

altered. It should be remarked that method SP, or neglect

of R. variation, almost always gave I G I about 10 percent

smaller than method GM when G < 0, while both methods

gave essentially no difference in B.

The assumption of R.(V) = R, ( Vbr) is next examined.

Above breakdown, junction temperature T, and V in-

crease with dc input power. Accordingly, the depletion

layer widens in a nonpunched-through diode, resulting in a
decrease of R.. Meanwhile, resistivity of Si outside the

depletion region usually increases with l’j, roughly by a

3 Data at 14.5 GHz are omitted, since j13 was found more than
10-percent output of values, as expected from data at neighboring
frequencies, possibly due to some errors.
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Fig. 7. Example of measured junction admittance. (a) Diode
number 1. (b) Diode number 2.

‘-l 1
$0
E ●0*
EO

ax
a- ‘3:*

m ::e@e88e $’e@ @
● . :

u -1 e

3
DIODE *2 (119rnA, 87v)

7!3

2
● METHCOGM

0. 0 METHOO SP
.

.2 ~
2 5 10 15

FREQUENCY (GHz]

Fig. 8. Comparison of G + jll measured with the present method
and methods GM or SP, where AG = G (present method) —
G (method GM or SP) and AB = B (present method) – B (method
‘GM or SP).



714 IEEE TRANSACTIONS ON MICROWAVE THEORY AN~ TECHNIQUES, JULY 1974

TABLE II
EXAMPLE OF ESTIMATED SERIES RESISTANCE VARIAIIYON ABOVE

BREAKDOWN

Just Above

Breakdown
Above Breakdown

Bias voltage (volt) 70 87

Bias current (mA) 0.2 119

Tj (“C) 30 225

CJ (PF) 0.73 0.67

R, (ohm) 0.53 0. 61*

“R. =@R,,, R,; = 0.43Q.

TABLE III
CORRECTION TO BE .4DDED TO G + jB (DIODE NUMBER 2)

10 GHz 12. 5GHZ 15 GHz

G* - G (mmho) -0.07 -0.17 -0.27

Bt B (mmho) .0.07. -0.04 -0.04

Note: Bias current equals 119mA, AR. = 0.08Q.

factor 2fora variation of Z’jfrom25t02000C ([17, Fig.

20]). Hence, resultant difference AR. = R.(V) – R. ( Vbr)

will generally be small, as illustrated in Table II, where Cj

above breakdown is the extrapolated value to be men-

tioned later. Extrapolating the curve in Fig. 6 to a point of

this reduced Ci, where the junction seems nearly punched
through (see Fig. 11), we have R, = R.i that is roughly

equal to the skin resistance of the n+ and p+ layer at room

temperature. Since the skin resistance is proportional to

(resistivity) ‘1’, we obtain R. x &R,i and AR, = 0.080

at the elevated Ti. Then the corrections to G and B,

calculated from (7) and (8), are seen to be small, as

illustrated in Table 111.

IV. DISCUSSIONS

The observed phenomenon of fB < fG in the present

diodes is inconsistent with Misawa’s numerical analysis

[9], in which, however, the saturation current was

assumed to be negligibly small. Meanwhile, Decker et al.

[18] observed such phenomenon in some of Ge n+-p-p+

diodes, and found that it was in conjunction with the

decrease of negative-conductance magnitude caused by an

excess saturation current due to an injecting contact.

Schroeder and IIaddad [19] have discussed other possible
sources of excess saturation current emerging above

breakdown.

Bearing these in mind and assuming a presence of

saturation current a priori, the following discussions aim

mainly at estimating the degree of saturation-current

effect in the present diodes, by numerical comparisons

with a nonquasistatic analytical theory by Hulin et al. [8].
Neglect of carrier diffusion in the theory does not seem to

introduce significant errors in the case of Si p+-n-n+

diodes [20], [19]. Dependence of measured avalanche
frequency upon dc current is also discussed.

A. Saturatio%Current Effect

I

The effect of s~turation curre t is first discussed

briefly based upon the expression or active admittance

G + jB derived from the theory. G jB can be rewritten

from active impedance Z’ in [8], a er somewhat lengthy

manipulations, as

G = _@C @O(l – Bo) – Q.-lqo(l – g’)
‘ (1 – g2BO)’ + (glBO 1+ Qa-l)’

(9)

B = ~c, (l –g’B,)(l –B,) + $a-’g,Bo + Qa-2 (lo)
3

(1 – g2Bo)2 + (g,B, I + Q.-l)’

where

BO = Ua2/ti2

C0.2= (2mfJ 2 = l/LaCa == 3t#CIdc/cA (11)

l/Qa = Rr%/wLm – uL.G. = l/oJ ZTl — mT1-&/5 ( 12)

T1 = lo/3v

cos ej — cos (e + ~di) li
g~= ~ .—

i==?t, p 19d{ 1

sin (0; + 1qdi) — sin g~ 1~~’=l–;– ~ .— .
i=n ,p ~gdi 1

In the preceding equations, La, C., i, v, RI,, G., ~, and

~si (=1.24 for Si) are those given i: I [8], and wL.G. <<1

is assumed here; f. equals avalanch ~ frequency; the sub-

script i = n or p refers to electrons Ior holes, respectively,

l,la,l~ equal length of the depletion, avalanche, and drift

region, respectively; (& = Wli/Vi eq uals transit angle in

the drift region; vi equals saturated drift velocity of elec-

trons (i = n) and holes (i = p); a. .d 13iequals the phase

delay given by [8, eq. (7)]. The satt ration current affeots

G and B through Q.. Note that if 6; = O and G. = O, (9)

and (10) are equivalent to [21, eq. (106)].

Computer simulations of dc currel lt distributions in the

present diodes (N$ = 1 X 1021Jcm- 8, X; = 2 pm, ND –

NA = 8 x 1015cm–3) indicate

1./1 + 0.35 1./1 + 0.55 1./1 + 0.1 (13)

where la is defined as the length of the region where 90

percent of the current multiplicati~ m takes place [22].

Further, a/f? (the ratio between ele kron and hole ioniza-
tion rates) = 10 will be assumed h ?re for computing e+.
Taking @= V. = VP = 1 X 107 cm/s and 1 = 3.4 ~m, for

example, we find that gl = 0.204, gt == 0.046 at 6 GHz, and

gl = 0.364, gt = 0.171 at 12 GHz, Jwhere On and t3Pwere

found to have little effect on gl and !J,.

If we assume I fG – f. [/f., I fB – f. I/fa, and I Q.-’ \ <<1,

we have

( fG – fB)/fa = Qa-l[(~ – 9’)/291 - - g,/(1 – g’]] (1’4)

4 G. h [8, eq. (8)], which seems a typo raphlcal error, was cor-
rected into — Ga.

1
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(fG–fa)/(.fB-fJ = ‘(1–92)2/912

from (9) and (10), where Q=, gl, and g, are the values at .f~.
Since g,, I – g2 >0, and 1 – gz>> gl usually hold for

19~. S 1 radorj S 7 GHz, we obtain 1.f~ – .f~ I << ]fG –f. ]

and fB ~ f. ~ fG according to Q. ~ O. Hence, it is usually

allowed to take jB = ja without marked error in the pres-

ent diodes. If desired, Q. and M can be estimated from

measured ~B and j@ using (14) and (12). According to

[8, eq. (5)], w-e have

~ x 0.261~./(ln, + 0.11,,) (15)

in the present Si diodes, where In, and IP. equal electron

and hole saturation currents.

B. Dependence of Avalanche Frequency on DC Current

Fig. 9 shows ja2 versus de current density Id for the

investigated diodes, where f. was taken equal to fB, as

mentioned previously. The values of fB above 2.5 GHz

were obtained by interpolating the susceptance data, while

those below 2.5 GHz were evaluated from least squares

curve fitting of the measured susceptance by the expression

B = oK’, (1– Bo) = uC, – 0J~2C~/ti or COB = C,(W2 – Loa2)

(16)

over 2.5–12 GHz. The standard deviation for each fit was

found to be less than 0.2 mmho. Equation (16) is a good

approximation for (10) with little error ( <1 percent) over

2.5-12 GHz, if f. s 2.5 GHz and I Q. \ k 20.
Fig. 9 reveals that fa2 k sublinear with respect to Id,

contrary to the theoretically well-knowm relation such as

(11). The sublinearity is too large to be ascribed to a

possible offset error in fB mentioned in Section III-B,

since the ratio between the measured and true fB2 is equal

to 1 – 2 (CB + AC)/ (dB/dw),,, which is close to 1 and

almost frequency independent. Considering that a’, 0,

and eare generally temperature dependent, the discrepancy

may be attributed primarily to an increase of junction

temperature with Id. It is then of interest to plot fa2/Id

against Ti as shown in Fig. 10. The plots for both diodes

are seen to be closely fitted by solid curves calculated with

an experimental formula:

( f.2/~d~, = ( fa2/1d)30”C[l-1.7 X 10-’ (T, – 30)

+ 1.4 x lo-’(Tj – 30)’] (17)

where ( f~2/Id) tOOC= 0.095 and 0.087 GHz2 ocm’/A for

diodes numbers 1 and 2, respectively. From (11), we have

a field derivative of the average ionization rate a’ = 0.129

(diode number 1) and 0.118 V-’ (diode number 2) at

Tj = 30”C by taking v = 1 X 107 cm/s.

The value of ( f.’/I~) 2000c/ ( f.2/1~) 300c obtained from
(17) agrees well with that computed from (11) using the

estimated temperature variation of ii, c, and d as shown

below, suggesting that the observed sublinearity in f.’

against Id is indeed due to the variation of Ti. Assuming

that VPvaries with Ti at the same rate as v. [23], we obtain

0(200°C) /fi (30°C) = 0.84. From the temperature coeffi-
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Fig. 9. Dependence of jaz upon de current density Id. l“, is estimated
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Fig. 10. Plots of f,z2/Id against junction temperature.

cient of e ( +78 ppm/°C), as inferred from the variation

of refractive index in Si [24], we have C(30°C) /e(200°C) =

0.99. In order to allow for nonnegligible electric-field

variation within the avalanche region of the actual diodes,

the following definition of 8’ other than the one in [8]

is employed for calculating a’:

d - (1/3~71~) [–~(l/M)/a~B] ‘

which has been obtained by equating (11) with the ex-

pression for wa2in [21], where TIB and M are the intrinsic

response time and multiplication factor at and around

the breakdown field EB, respectively, such as defined in

[25]. For an n-type abrupt junction with ND – NA =

8 X 1015 cm–3, numerical calculations between the metal-

lurgical junction and the position where 95-percent

electron multiplication takes place give a’ (30”C) =

0.125 V–l and a’ (200°C) = 0.113 V–l under pure electron
excitation (r~B = r., M = M. [25]), where the tempera-

ture dependence of CYand P given in [26] was used. Note

that ihlB is independent of D if we take ~ = (V. + VP) /2.

Thus we find

&(200°C)V(2000C) C(300C) = 075

a’ (30”C) v(30°c) 6(200”C) “
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in agreement with (.f~2/l~)ZOOOC/(f~2/l~)SOOC : 0.75 ob-

tained from (17). It has been also found that, forvaria-

tionof Tjfrom30t02000C, .JJldecreases byonly3 per-

cent and tz’(200°C)/#(300C) is nearly independent of

ND ‘~A = 1 X 1016X5 X 1015 cm–3. The details will

be reported in the future.

C. Numerical Comparison of Junction Admittance with

Theory

Fig. 11 shows the junction capacitance as a function of de

reverse voltage V. The points above breakdown were

evaluated by averaging the Cj obtained from (10) with

the measured B and calculated gl, gz, and Q.–l over the

frequency range .f~ + 1 GHz s f 514 GHz, where Z at

breakdown and ~ estimated from measured fB and jG were

used. They are seen to depend on D. The lower value of o

was tentatively employed in order to allow for a possible

decrease of fi and increase of 1with increasing T~. Thus the

points for 0 = 1 )( 107 and 6 X 106 cm/s may be con-

sidered the upper and lower bounds for true Ci, respectively.

The “true” Cj was then extrapolated within these bounds

(dashed line) by smoothly extending the curve for

V s Vbr. The extrapolated curve gives a useful estimation

for 1 above breakdown.

Fig. 12 shows comparisons between the measured and

calculated admittance. In calculating the latter from (9)

and (10), la, l~j and 1Pwere computed from (13) using the

extrapolated Cj or 1, v. and VP in the drift regions were

tentatively chosen smaller than D in the avalanche region

in order to allow for the lower electric field and drift

velocity, and ~ was estimated from measured .f~ ( =fa)

and fa. It can be seen from Fig. 12 that a good agreement is

obtained for both diodes over a wide frequency range if

appropriate values are chosen for fi, v., and VP.Especially, at

higher de bias current (@), the set of lower velocities

gives a better fit, possibly in accordance with their de-

crease as Tj increases.

Fig. 13 shows a comparison of G + jB calculated under a

realistic value of M(@), negligibly small saturation cur-

rent (@), and quasistatic approximation with no satura-

tion current (@). Curves @ are equivalent to those cal-

culated from the Gilden–Hines theory [7]. Comparison of

@ and@ reveals that the saturation current shifts B and G

towards positive. B is little influenced above ja, while it

undergoes a large modification at lower frequencies. The

difference of G between @ and @ is seen to decrease with
increasing frequency corresponding to the sign reversal of

Qa from positive to negative at ( l/27r) (5/~~1’ysi) ’12 ~ 9

GHz. This may explain the fact that both diodes exhibited

an oscillation efficiency =6 percent at 11 GHz (Table I),

which is typical of commercial Si p+-n-n+ IMPATT diodes.

From the value of ~ employed for fitting the calculated

admittance with the measured one, we can estimate the

order of saturation current. Using (15), we find, as a rough

estimation, In. + O. lIPS m 40 and 500 pA for curves @

and @ in Fig. 12, which are, however, not consistent with

the reverse current S5 nA for Tj = 25°C and s50 pA for

T~ = 200”C measured just below breakdown for other

diodes belonging to the same lot F271. The reverse cur-

1 I , I I 1

.,~
90

DC REVERSE VOLTAGE (VOLT)

Fig. 11. Junction capacitance versus de reverse voltage. Dashed
line curves represent extrapolated “true” Cj above breakdown.
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between theoretically calculated junction
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<1 PA
onacurve tracer atroom temperature. These discrepancies

might be accounted for by excess saturation current

emerging above breakdown [18], [19].

V. CONCLUSIONS

A method has been developed for broad-band small-

signal characterization of an IMPATT diode mounted in a

package. With a different combination of known im-

pedances employed in [1]–[3] and a suitable choice of

reference planes, this method allows the evaluation of

bonding-vvireinductance, diodeseriesresistance, andactive

junction admittance from automatic-network-analyzer

measurements. Its applicability is restricted to a case when

the package equivalent circuit is represented by Fig. 2,

and the metal dummy is a “true)’ short at T2 without

affecting the coupling-circuit parameters. At higher fre-

quencies of measurement, where the package capacitance

CA k no longer considered as a lumped constant, the

present method is still applicable, if the preceding condi-

tions are satisfied.

The measured active admittance has been found to

agree well with the theory [8], if a suitable amount of

saturation current is postulated. The estimated amount

of this current, however, seems larger than the prebreak-

down saturation current at corresponding junction tem-

perature. The reason for this is beyond the scope of the
present paper. Other possibilities that might have similar

effects as the saturation current have not been considered

in the present paper. The observed sublinearity of jaz

versus dc bias current seems to be due to an increase of

junction temperature. This fact, as well as other factors,

must be taken into account in designing an IMPATT diode

and understanding its temperature dependence.
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Radiation from Curved Dielectric Slabs and Fibers

LEONARD LEWIN, ASSOCIATE MEMBER, IEEE

Abstract—The form taken by the radiation condition in the local

coordinate system, pertinent to the determination by perturbation

methods of the radiation from curved radiating structures, is not

the same as it is at very great distances. Specifically, it may contain

a term that appears as if it were an incoming or growing wave. A

detailed analysis is made of the appropriate form of the condition

in cylindrical and toroidal systems, and is applied to the calculation

of radiation from curyed dielectric slabs and fibers.

I. INTRODUCTION

WITH the introduction of glass fiber as a communica-

tion medium, it became necessary to understand

and predict the radiation loss or leakage due to bending,

with a view both to finding methods of reducing or pre-

venting it, and to determining limits on bending for a

given loss.

Marcatili [1] investigated the effects of bending of a

dielectric slab in cylindrical coordinates using a method
that was basically rigorous, though depending” on mathe-

matical asymptotic expansions at a later stage. The same

method was applied to obtain an approximation to the

leakage from a bent light guide of rectangular cross section.

However, this process is not applicable to toroidal co-

ordinates and the curved dielectric fiber.
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Department of Electrical and Electronic Engineering, Queen Mary
College, London, England, and was supported by an SRC Grant.

The author 1s with the Department of Electrical Engineering,
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One method of treating radiation from curved structures

is to attempt a perturbation analysis, treating the curva-

ture as a small perturbation to the straight configuration.

In so doing one is immediately concerned with matching

fields at the structure surface, and hence, with the form

of the radiation condition to be applied there. The dif-

ficulty arises from the fact that the perturbation analysis

presents the field in local coordinate form and the range

for which it is valid is limited to dimensions of the order

of the size of the structure-in the present case, the

bending radius. Since the radiation condition has to be

applied at “infinity,” i.e., at a distance much greater than

the bending radius, the local coordinate form is quite

useless. The radiation condition has to be inferred by an

indirect process before it can be applied. It needs to be

stressed that an “out ward-looking” wave in the local

coordinates is not necessarily (and in general, is not) the

appropriate form to satisfy the radiation condition at

very large distances. Thus the outgoing Hankel function

H,@J (kp) behaves like an outgoing wave when kp >> V,

but looks more like a sum of a growing and an evanescent

wave when lcp is small. To require only the evanescent

term would be erroneous.

Since the cylindrical coordinate solution can, in any

case, be set up rigorously, it might be asked what purpose

is served by first using it to determine the radiation con-

dition, and then applying thk condition to a perturbation

analysis. The advantage is threefold. It gives a better

insight into what is going on, and may therefore indicate

ways of controlling the radiation. Moreover, to get an


