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Field Analysis of a Millimeter-Wave GaAs
Double-Drift IMPATT Diode in the

Traveling-Wave Mode

YOSHIRO FUKUOKA, MEMBER, IEEE, AND TATSUO ITOH, FELLOW, lEEE

,Ostract —An analysis of a reafistic model of distributed lMPA’fT

structures is described. Wave equations are solved with all losses included.

The results show that net gain is produced at frequencies just above the

avalanche resonance, while the propagation becomes S1OWat high frequen-

cies. The results compare favorably with experiment.

I. INTRODUCTION

A N IMPATT DIODE is an attractive source at milli-

meter-wave frequencies because it is capable of pro-

ducing large power. However, as frequencies become higher,

it tends to be difficult to use a sufficient device area mainly

because a thinner depletion layer is required for a proper

IMPA’IT operation. A traveling-wave structure is one way

of efficiently utilizing a larger device area [1]–[4]. The

electromagnetic wave traveling along the p-n junction draws

some energy out of the dc current and is therefore ampli-

fied.

The most elaborate theoretical treatment of such a struc-

ture so far was done by Franz et al. [5]. However, their

model was still too simplified because inactive layers were

all assumed to be perfect conductors and the avalanche

region in the depletion layer was assumed to be infinitesi-

mally thin so that the entire depletion layer becomes a drift

region. At millimeter-wave frequencies, however, the effect

of the finite conductivities of, these inactive regions is

important. They contribute to loss and affect phase con-

stants of the device. Also, in the active region of the device,

the avalanche multiplication and the carrier drift occur

simultaneously.

In the present work, a complete set of differential equa-

tions governing both wave propagation and avalanche mul-

tiplication is solved with boundary conditions, including

the finite conductivities of the metal contacts. Smqll-signal

operation is assumed, and the results are presented for a

GaAs double-drift IMPATT diode. Computed gain and

propagation constants are compared with experimental

results published by other authors. They are qualitatively
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in agreement. Also, it is shown that there is an optimum

thickness for each semiconductor layer, which gives maxi-

mum gain in the device.

II. TRAVELING-WAVE IMPATT THEORY

A traveling-wave IMPATT diode contains very thin

semiconductor layers. Therefore, it is reasonable to assume

that the field components are uniform in the transverse,

horizontal direction (y-direction in Fig. 1), and a one-

dimensional multilayered parallel-plate waveguide contain-

ing several semiconductor materials is a good model for the

analysis of such a structure. Fig. 1 shows the side view of

the double-drift traveling-wave IMPATT diode. Materials

change only in the x-direction, and the electromagnetic

wave is assumed to propagate in the z-direction. In the

y-direction, both material constants and field components

are assumed to be uniform. Under an appropriate reverse

dc bias condition, the avalanche breakdown occurs mainly

along the p-n junction at the center of the device. Charge

carriers travel in the n and p regions at saturation veloci-

ties. A double-drift IMPATT diode is potentially capable

of producing more power than a single-drift diode [6].

However, if a single-drift traveling-wave IMPATT diode is

to be considered, two center regions (n and p) should be

replaced with a single material. This can be considered as a

special case of the double-drift device, and therefore we

will develop a theory only for the double-drift device.

In a multilayered structure, the dominant propagating

mode is a TM mode. This mode has only the y component

of the magnetic field and the x and z components of the

electric field. The analytical process is summarized as

follows. A system of differential equations governing the

IMPATT behavior are first solved to determine the

boundary of the space-charge region. Then the wave equa-

tion is solved in each layer, including this active region,

and the tangential electric and magnetic fields are matched

at every boundary. The quantity obtained from the analy-

sis is ‘a propagation constant of the traveling wave. This is

a complex quantity, and we can investigate the gain and

the phase of the wave in the device.

A. Analysis of the Space-Charge Region

The space-charge region consists of the avalanche region

and the drift region, in which the dc electric field is strong

enough so that the carrier electrons and holes travel at
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Fig. 1. Side view of a traveling-wave double-drift IMPA’M diode.

saturation velocities. The carrier generation due to the

avalanche multiplication occurs in the part of the space-

charge region near the p-n junction where the electric field

is maximum. In practice, if the p-n junctiofi is formed by

two uniform p and n materials, then the avalanche and the

drift regions cannot be separated. In other words, these

two processes occur simultaneously in the space-charge

region. In order to physically separate these two regions, it

is necessary to control the doping variation in the device

(for example, Read diode [7]). In the millimeter-wave

IMPATT diode, however, it is usually difficult to control

the variation of the doping level in each layer near the p-n

contact since the entire structure is very small. For this

reason, we have to treat the space-charge region without

separating it into two different regions.

The differential equations governing the IMPATT

medium are as follows -[5]: - -

a2z a~
v215-v(v”q–p6—–

at2
P~=o

V.~=~(N~–N~+p–n)

an
‘(Z=q

v“~ + 4Q+BIJJ

ap 1

x=;
(–v.; +alJnl+/?lJJ)

where

electric field,

conduction current,

electron current,

hole current,

donor impurity concentration,

acceptor impurity concentration,

electron concentration,

hole concentration,

generation rate for electrons,

generation rate for holes,

unit charge,

perrnittivity,

permeability.

(1)

(2)

(3)

(4)

The first two equations are derived from the Maxwell’s

equations and the remaining equations represent continuity

of the current and charges. Since TM mode propagation is

assumed, the z component of the electric field and current

densities are included in the equations. The generation rate

(ionization rate) a and ~ are functions of the magnitude

of the electric fields. We use the following relation for

GaAs [8]:

(
a=~=3.5X107exp – 1}6.85 X 107 2

lE(x)\ “
(5)

To solve the differential equations (l)–(4) we have to

make a few assumptions. First we separate each variable

into dc and ac parts. It is assumed that the ac signal is

much smaller than the dc value, and we take only the

first-order sinusoidal term in the ac component (small-sig-

nal assumption). Also, we assume a traveling-wave form of

the ac term which has a propagation constant y. For

example, the x component of the electric field is written as

EX = EX~c + ~XeJu’ - ‘Z. (6)

The dc bias voltage is applied only in the vertical direc-

tion (x-direction). Therefore, we retain only the x compo-

nents of the dc quantities. Also, the carrier velocities in this

direction is limited by the saturation velocities because of

the high dc electric field in the IMPATT medium. There-

fore, the relation between the x component of the current

density and the carrier concentration

scribed as

JnX = qnv~,

Jpx= W&

can simply be de-

(7)

where v~~ and VP. are the saturation velocities of the

electrons and the holes, respectively, in the semiconductor

material. For simplicity, these values are assumed to be

constant over the space-charge region.

Using these relations, the differential equations govern-

ing the dc components take the same form as those for a

conventional IMPATT diode [9].

The differential equations for the ac components are

obtained as follows:

- (Y2+ tizpt)i. (f3)

+=[:(~@+;)-.]~nx-(;:+P)J,x
pxDC@zx + “.% (9)

~.[.+(j~~~~~x+($~+a)~nx

+ ( ‘.xDCa’ + ‘pxDc /!3’)s. + u,% (10)

where a’ and B‘ are the derivatives with respect to the

electric field. Since there is no dc bias voltage applied in

the z direction, we assume that the following relations

between the z component of the current density and the

electric field can be used:

~nz = Ongz

IF= = OPE= (11)

where U. and up are effective conductivities due to the
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electrons and holes, respectively, and are assumed to be

identical to the dc values

J~X~c
~n=—

E
x DC

JpxDC
up. —

E
(12)

x DC

where the high field values are used in J.XDc, JPX~c, and

~Dc. These are functions of space since both dc electricE

field and the current densities vary with respect to space

position x. Actually, u. and UP should be defined by the

derivatives of JRX~c and JPXDC with respect to EX~c,

rather than as stated in (12).1 However, such a definition

requires added computational effort. Further, some test

calculations revealed that the numerical results reported in

the latter part of the paper are relatively insensitive to the

choice of u. and UP in (11).

B. Boundary Conditions

In order to solve the above differential equations, we

have to specify all the boundary conditions. The boundaries

of the space-charge region are not yet known and have to

be determined by applying the dc boundary conditions.

The dc electric field becomes almost zero outside the

space-charge region since the outside regions are much

more conductive compared to the space-charge region which

is a depletion layer. At the space-charge region boundary

in the n layer, the current consists of only electron current.

Also, at the other boundary (p layer), the current consists

of only hole current. By applying these conditions, we can

determine the boundary on each side of the space-charge

region.

Once we have found the boundaries of the space-charge

region, we can apply the boundary conditions of the ac

quantities. The boundary conditions on the current densi-

ties are the same as the dc case

jPxs o at the boundary in n layer

Jnx = o at the boundary in p layer. (13)

We also have to match the tangential field components HY

and E= with outside regions.

Outside of the space-charge region, we have only inac-

tive and conductive materials. In such a region, we can

write the field components as

HY = A,el~lx + Bie ‘J61X

E= = -f&#’ – B,e ‘Jb) (14)
1

where

t:= yz + ti2&,p

and A, and B, are constants to be determined. We can

match these field components at each boundary of the

metal and semiconductors, which leads to an eigenvalue

1The authors are thankful to one of the reviewers who pointed out this
choice.

equation for the propagation constant. At the space-charge

region boundaries, these field quantities are transformed

into field quantities used in the ac equations (8)–(10) by

using the following relations:

(15)

The solutions of the dc and ac differential equations are

obtained by the Runge–Kutta method. The second-order

equation (11) is formally separated into two first-order

equations, and since the ac equations are complex, they are

separated into real and imaginary parts and treated as

different equations. Therefore, we have a total of eight

first-order coupled differential equations including dc and

ac equations. In order to solve these equations numerically,

the fourth- and fifth-order Runge–Kutta routine RKF45

first written by Watts et al. was used extensively [10].

Shooting-t ype iteration is then made until all the above

boundary conditions are satisfied.

III. COMPUTATIONAL RESULTS

The parameters chosen for the numerical calculations are

shown in Table I. The structure consists of eight layers and

is very similar to the one used in the experiment made by

Bayraktaroglu et al. [11]. Conductivities in the table are

low-field values and used only in inactive layers. The

inactive layers are treated as lossy dielectric layers and

their effect is taken into account. In this diode structure,

the space-charge region covers almost the entire n and p

regions.

The computed results for gain and propagation con-

stants are presented in Figs. 2 and 3, respectively. The

device appears to have a loss at high frequencies because of

the presence of inactive metals and semiconductors.

IMPATT operation is also inefficient at these frequencies

for this particular structure. As frequency decreases, the

device becomes more efficient, and therefore the gain in-

creases. Also, it is observed from Fig. 3 that the propa-

gation becomes faster at lower frequencies, When the

frequency is decreased more and approaches a certain

value, the gain curve changes abruptly. The gain increases

rapidly and suddenly jumps to a large loss, though it is not

shown in the figure. This point is considered to be the

avalanche resonance frequency, since this phenomenon is

very similar to the behavior of the negative resistance of

the conventional IMPATT diode [9]. Because of the abrupt

change in the gain near this frequency, the device becomes

unstable and the operation in this frequency range should

be avoided. Therefore, the device should be used at fre-

quencies well above this resonance frequency. In Figs. 2

and 3, dotted lines indicate the results for the special case

where the depletion region is replaced by a lossless material.

Slow-wave propagation becomes evident in this case. Each

curve asymptotically approaches the dotted line at high

frequencies.
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TABLE I
PARAMETERSUSEDIN NUMSRICALCALCULATIONS

material thickness (pm) doping level (Icm’) conductivity (Slm)

Au

Ti

n+ GaAs

n GaAs

p GaAs

p+ GaAs

TI

Au

7.0

0.1

0.2

0.3

0.3

0.2

0.1

7.0

5.0 x 10”

1.5 x lo”

1 5 x 10”

5 0 x 10”

—

4.3 x 10’

18x1O’

6.8 x 10’

2.0 x 10’

9.6 X 102

3.2 X 10’

1.8 X 10’

4.3 x 10’
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Fig. 2. Gain versus frequency: Curves are shown for three different dc

current densities. ----: Active region is replaced by a lossless material

Fig. 4 shows a comparison of the present theory and the

experimental results obtained in [11]. The device was used

as an oscillator with one end open and the other shorted.

In the figure, white circles (o) show the actual device

lengths and the oscillation frequency obtained in the ex-

periment, and black dots (o) show one-third of the actual

device length (i.e., they are considered to be oscillating at

three-quarter wavelength). The three solid curves indicate

the theoretical quarter wavelength where net gain is pro-

duced in the device. They are in good agreement except for

two black dots where higher order resonance (3A /4) takes

place. In these cases, the actual terminating conditions

might have a more dominant effect on the oscillation

frequencies.

Fig. 5 shows how gain changes with respect to the dc

current. As the dc current increases, the gain also increases

but suddenly goes to a large loss at a certain point. This

fact qualitatively agrees with the results of power measure-

ments for the conventional IMPATT diodes [12].

The computed field components are shown in Fig. 6.
The external dc current density is set to 1 X 108 A/m* and

1

xi04/m

u
c 1.02
m
c
0
“

:

.!-
4J

z
m
a
0
L
a 0.5

.l=ixi07A/m2

5X107

/’

/’

I

/’

//
0(’ 1 I

0 50 100 GHz

frequency
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frequency is 60 GHz. The device exhibits gain of about 4.8

dB/mm. The dc electric field is almost linear in both n and

p regions. The avalanche multiplication occupies about 30

percent of the space-charge region near the center where

the dc electron current density changes rapidly. The ac

components have similar profiles. The phases of the ac

electric field and the electron current density are different

by more than 90 degrees where the electron current is

strong (n region). The strange behavior of the phase of the
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ac electron current density in the p region is due to

numerical error and is not important since the magnitude

of the electron current is negligible.
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p+ layers. (a) Gain constant versus frequency. (b) Gain constant versus
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Next, we consider the device performance with respect to

the dimensions of the diode. Fig. 7(a) shows the gain

constant for three different thicknesses of the n+ and p +

layers. From this figure, the increase of the gain is observed

even though larger inactive regions are added to the struc-

ture. Fig. 7(b) shows the gain constant at 70 GHz with

respect to the thicknesses of the n + and p + layers. In this

case, the gain constant becomes maximum value of about

5.8 dB/mm when the thicknesses are about 0.9 pm. This

tendency agrees with the early prediction made by

Hambleton [4].

In our calculation, we can also change the thicknesses of

two inner active semiconductor layers (n and p) in order to

investigate the device performance. Fig. 8(a) shows the gain

constant for several different layer thicknesses. Fig. 8(b)

also shows this behavior at 70 GHz. When the layer

thicknesses of n and p layers are smaller than 0.3 pm, the

width of the space-charge region must decrease, which

results in inefficient operation. This fact is also observed
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I

IV. CONCLUSION ,‘

12 Wave p~opagation phenomena in the traveling-wave IM-

10

\

\

IL

PATT diode were analyzed numerically, and reasonable

\,
results were obtained. It was shown that the propagation

8

\
n and p layers was slow wave at high frequencies. As frequencies decrease

E and approach the avalanche resonance, ‘the gain increases
:6

~\

\
0.4 ym

n and the phase velocity becomes faster. The device perfor-
0.35

4 0.3
mance was also investigated and it was shown that there is

.
c

0.25 an optimum set of semiconductor layer thicknesses. Al-
2mc 2

*S(

though it is not possible to investigate the actual behavior
.u of the device near the avalanche resonance frequency using
.5 0

40 60 e this method, it provides useful information of the
~ 100 GHz

-2
traveling-wave IMPATT diode for normal operation range.
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Fig. 8. Beha@or of gain constant with respect to thicknesses of n and p
layers. (a) Gain constant versus frequency. (b) Gain constant versus

thicknesses of n and p layers: ~ = 70 GHz.

clearly from Fig. 8(b). On the other hand, if the layer

thicknesses are greater than 0.3 pm, the width of the

space-charge region does not change (about 0.3 pm in both

n and p regions) and the excess regions only contribute as

inactive layers. This has the same kind of effect as previ-

ously discussed, and we again find optimum thicknesses of

about 1.5 pm, which gives maximum gain of 6.9 dB/mm

(Fig. 8(b)). When the thicknesses of the n+ and p+ layers

are increased to 0.9 pm, the optimum values reduces to 1.2

pm and the maximum gain for this value becomes 7.4

dB/mm (Fig. 8(b)).

These optimum thicknesses of the semiconductor layers

are relatively large, and they should ako contribute to raise

the characteristic impedance level of the device, which may

be advantageous for the matching to the external circuits

especially when the device is used as an amplifier. How-

ever, the thick substrate often makes heat dissipation dif-

ficult and may limit the operation range of tbe device.
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Coupling Parameters IBetween a Dielectric
Resonator and a Microstripline

P. GUILLON, B. BYZERY, AND M. CHAUBET

Abstract —The coupling coefficient between a microstripiiue and the

dipolar magnetic (TEOYa ) mode of a cylindricrd dielectric resonator is

evafuated by using two methods numericaf and analytical.

Theoretical and experimental extemaf quafity factors, as well as the

scattering matrix parameters which consider the substrate material, the

ground plane, and the distance between the line and the resonator, are

presented.

I. INTRODUCTION

I NTEREST IN THE utilization of high dielectric con-

stant resonators has been renewed recently because of

the availability of low-loss temperature-stable materials [1],

[2].

With these new technological advances in the dielectric

material, practical applications of dielectric resonators in

microwave devices like filters or oscillators were finally

deemed feasible [3].

In a previous paper [4], we have studied the coupling

between a rnicrostripline and a dielectric resonator. The

analysis uses the finite-element method to compute the

magnetic field value in the dielectric resonator produced by

the current flowing in the microstrip. This method gives

good agreement between theoretical and experimental re-

sults, but it is not eas,y to use; so we propose here another

similar approach, one also used in [5].
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The aim of this paper is to describe two techniques for

the calculation of coupling coefficient parameters which

use successively the finite-difference method and an ana-
lytical one.

II. GENERAL ANALYSIS

It is well known that to couple a cylindrical dielectric

resonator (permittivity c,, diameter D, height H) acting on

its dipolar TEOY8 mode with a rnicrostripline it is necessary

to place the dielectric resonator on the plane of the sub-

st rate (permittivity c,, thickness h,) as the magnetic lines

of the resonator link those of the microstripline (Fig. 1).

A, External Quality Factor Q.

An equivalent low-frequency network of this system [4]

has been analyzed and is shown in Fig. 2. The coupling

between the line and the resonator is characterized by a
mutual inductance Lm. L,, C,, R,, Ll, Cl, R~ represent, re-

spectively, the equivalent parameters of the resonator and

of the line.

The input impedance Zi calculated in the coupling plane

is given by

z,= z(@o)
1 l+jX

(1)

L;
z(~o) = CJoQoy (2)

r

2A(J
x’—— with Au=a —uo.

@o
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