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A Simplified Field Analysis of a Distributed

IMPATT Diode Using Multiple Uniform

Layer Approximation
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Abstract —A small-signal field amdysis of a distributed IMPAIT diode

is presented. The active region of the diode is assumed to consist of a

uniform avaianche layer and avalanche-free drift layers. Tke propagation

constant and field distributions are obtained without numerical solution of

differential equations, which is necessary in the analysis described in [9].

Some numerical results are given which show the dependence of the

amplification characteristics on the thickness of the avalanche and drift

layers.

1. INTRODUCTION

Amplification characteristics of traveling-wave modes in slab-

like distributed IMPATT diodes have recently been studied both

theoretically and experimentally with the intent of realizing

IMPATT oscillators having large device area or two-port

IMPATT amplifiers [1]-[10].

In the previous field analysis presented by Fukuoka and Itoh

[9], a set of differential equations must be solved numerically to

obtain the propagation constant and field distributions. In this

paper, we present a simplified small-signaf field analysis of
distributed IMPATT diodes using the multiple uniform layer

.. approximation [11], where the active region of the diode is
assumed to consist of a uniform avalanche layer and avalanche-
free drift layers. The effects of losses caused by the presence of
inactive layers are included in the analysis. Some numericaf
examples of GRAS double-Read distributed IMPATT diodes are
given which show the dependence of the amplification character-
istics on the thicknesses of the constituent layers.

11. FORMULATION OF THE PROBLEM

Fig. 1 shows the side view of a two-dimensional ( i3/i3y = O)

distributed IMPATT diode analyzed in this paper. The active

region (O < x < dl + w + d2 ) is assumed to consist of two

avalanche-free drift layers and, between them, an avalanche layer

having a constant ionization rate. The assumption of constant

avalanche is equivalent to assuming that the dc electric field is

distributed uniformly across the avalanche layer, which can be

approximately realized in double-Read IMPATT structures [10]

having doping spikes at the boundaries between the drift and

avalanche layers. The active region is covered by heavily doped

p+, n+ layers and metal layers. These inactive layers are treated

as lossy dielectric layers having finite conductivities.

With the small-signaf assumptions, we can obtain a set of

differential equations governing the ac components of the electric

field and the electron and hole current densities in the x-direction
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Fig 1 Side view of the distributed lMPATT diode analyzed m this paper

in the avalanche layer (dl < x < dl + W)) as follows:

– .WO(.L, + J.,..) = o (la)

(!d~,, JIJ
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free-space permittivity,

free-space permeability,

relative perrnittivity of the semiconductor,

angular frequency,

propagation constant in the z direction (ac components

of the fields have a factor of (exp[ jot – YZ]),

saturation velocity of carriers
da

ionization rate ( a~c = a( EdC) ‘=1/~, ~~=—
dE ~= E&)’

dc bias current density.

In deriving (l), we have made use of the following simplifying

assumptions: 1) ionization rates for electrons and holes are equal,

2) saturation velocities of electrons and holes are equal, 3)

diffusion currents are neglected, and 4) conductivity in the z

direction i,s zero (Jn, = JP: = O while E, is present). In drift

layers, the same equation as (1) but with a& = a’ = O holds.

Since (1) comprises a set of linear differential equations having

constant coefficients, it can be solved analytically, resulting in the

form

E, = ~ A,exp(k, x) (2a)
~=1

Jny= ~ A, B,exp(k,x) (2b)
,=1

Jp. = ? J, C,exp(k,x) (2C)
,=1

where the A,’s are unknown constants and the k, ‘i are the
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Fig. 2. Frequency characteristics of the gam constant

solutions of the biquadratic equation

and

Other field components in the active layers are expressed in terms

of E., {,X, and JPX by

(3a)

(3b)

which are derived from Maxwell’s equations.

The electromagnetic field expressions in inactive layers

(X< O, d,+ w + d, < x) can be obtained by solving source-free

Maxwell’s equations with complex relative permittivity e, = E, –

ju, /(Q~O) as has been done in [9].
Applying the boundary conditions

1) E= and H, are continuous throughout the structure,

2) Jn, and JP, are continuous at x = dl and x = dl + W,

3) JP,=Oatx=O,

4) JflX=Oat .x=dl+w+d2,

to the generaf solutions of the constituent layers yields a set of

homogeneous linear equations which can be written in a matrix

form as A x =0, where A is a coefficient square matrix and x is

a vector composed of unknown constants such as the ,4,’s given

in (2). By solving the characteristic equation det [A( y)] = O, we
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Fig 3 Field and current distributions (WI = d, = d2 = O 2 pm, J4C =10

kA/cm2, ~ =50 GHz).
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can obtain the propagation constant, and from the solution for

the vector x we can calculate field distributions using (2) and (3).

III. NWRICAL EXAMPLES

We have made numericaf calculations assuming GaAs with

c, =12.9, v,, = 6X104 m/s, and a(E) = 3.5 X107 exp{ –(6.85x

107/E )Z } m-1 (E in V/m) as the semiconductor material.

Thicknesses and conductivities of p + and n+ layers are fl = t2 =
0.2 pm, UP= 2.03X 104 S/m, and u,, = 4.31X 105 S/m. These

conductivities correspond to impurity concentrations N~ = ND =

3.16 x 1018 cm- 3 when nobilities p, = 8500 cm2/Vs and p,, = 400

cm2/Vs are assumed. Metaf layers outside the semiconductor

layers are assumed to be copper, with u = 5.8x 107 S/m.

Fig. 2 shows a typicaf example of the frequency characteristics

of the gain constant g = – Re [y ]. In this figure, the phase con-

stant /3 = Im [y] becomes zero at ~ = 3 GHz and 34 GHz for

J~C= 1 kA/cmz and 10 kA/cm2, respectively, and below these

frequencies no amplification is obtained. Fig. 3 shows field and

current distributions at ~ = 50 GHz ( Jdc =10 kA/cm2 ) where the

gain constant is 2.61 dB/mm.

In fig. 4 we show a plot of the frequency range where the gain

constant is positive as a function of the avalanche-layer thickness

with the whole active-layer thickness kept constant. The upper

and lower frequency limits of the range have peaks at w = 0.11
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Fig. 5. Frequency range of amplification versus the drift-layer thickness.

pm, near the point where the avalanche resonance frequency of

the avalanche layer [11] takes the highest value. Fig. 5 shows the

frequency range of amplification against the drift-layer thickness

with the avalanche-layer thickness kept constant. For the thick-

nesses below dl = dz = 0.3 pm, the upper frequency limit de-
creases with decreasing dl = dz. This is because the relative
amount of power dissipated in the inactive layers” is larger for
smaller active-layer thickness.

IV. CONCLUSIONS

We have presented a simplified field analysis of a distributed
IMPATT diode @ the traveling-wave mode using a multiple
uniform layer approximation.

In order to understand thoroughly the operation of distributed
IMPATT oscillators and amplifiers and to solve the problem of
coupling these devices with other circuit components, the behav-
ior of electromagnetic fields at the diode facets must be known.
The IMPA~ diode model presented in this paper will be useful
for the analysis of these discontinuity problems.
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The Effects of a Dielectric Capacitor Layer and

Metallization on the Propagation Parameters

of Coplanar Waveguiide for MMIC

R. DELRUE,C. SEGUINOT, p. PR.IBETICH, AND P. KENNIS

Abstract —Tfte study of coupling phenomena between lines laid on

semiconductor substrates in MMIC technologiesand the determination of
propagation effects on power Fl?T reqnire tbe characterization lines with

micron transvekal widths. For such lines, the influence of metallization

thickness and dielectric cap layer on propagation properties can no longer

be neglected. The pnrpose of this paper is to characterize these effects for

the case of coplanar lines laid on sernlcondnctor substrates.

L INTRODUCTION

In the past, numerous lines laid on dielectric substrate have
been studied, leading to the determination of the basic parame-
ters (the attenuation and the phase constant) by means of various
analytical and numerical techniques such as conformal mapping,
finite element, finite difference, mode matching, and the
spectral-domain approach. More recently, planar metaf insulator
semiconductor (MIS) or Schottky contact structures have been
investigated by several authors [1]-[5] using the different kinds of
numerical techniques.

In this paper we study the combined influence of thickness
metallization and dielectric capacitor layer on the propagation
parameters of coplanar lines on various semi-insulating or semi-
conductor substrates. The mathematical development used and
the results which can be obtained by this numerical technique are
presented.

II. METHOD

In order to take into aeeount the most phy$icaf parameters and
effects, we have studied the structures shown in Fig. l(a) and (b)
(a conductor-backed coplanar waveguide [1]) using the mode
matching technique as in [3]. We consider the relative complex
permittivity for each layer of the structure and the hybrid nature
of the mode.

In this paper we focus our attention on the even dominant
mode, so a magnetic wall is placed at X = O, the symmetry axis

of the structure.

The method used requires the division of the cross-sectional

structure into subdomains in which the fields are expanded in a

set of eigenfunctions relative to each subdomain (Fig. l(c)). In

Manuscript received October 9, 1987; revised March 1, 1988.

The authors are with the Centre Hyperfrequences et Semlconducteurs U.A.

CNRS No. 287, University des Sciences et Techniques de Line, Flandres,

Artois, 59655 Villeneuve d’Ascq, France.

IEEE Log Number 8821762.

0018-9480/88/0800-1285$01.00 01988 IEEE


