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The Traveling-Wave IMPATT Mode

MICHAEL FRANZ AIWDJAMES B. BEYER, MEMBER, IEEE

Abstract-The smafl-sigrral analysis of a distributed IMPA’IT diode
ifdicates the existence of a travefiig-wave mode. The severe power-

frequency limitation as weU as the associated low impedance level of the
discrete diode appear avoidable. No external resonant circuitry is needed.

It is shown that the TEM paraflel-plate waveguide mode of the junetfon
is modified by the injection of electrons at the p+ -n junction (or Schottky

contact). The transverse electric field takes on a travefing-wave nature in
tbe transverse duecdon tracking the injected electrons, and a small longi-

tudinal electric field tiff also be present.

In previous papers on IMPA’fT travefing-wave structures, the IMPA’fT

effect was lumped into an effective complex permittivity in a composite

layer model or into an effecdve shunt admittance in a trmrsmiwiion fine

model. l%e current work attempts to incorporate the IMPATT medmniam

fnto the wave model and considers the actuaf carrier field interaction.
The srnall-signaf anafysis yields an mmfytic field solution and a char-

acteristic (quation for the complex propagation constant. solutions are
found and documented for various frequencies and bias crrrrent densities.
For the particular structure consirfere@ at 12 GHz with a bias current
density of 1000 A/cmz a gain of 72 dB/cm was found.

1. INTRODUCTION

T HE QUANTITATIVE model of traveling-wave be-

havior in an IMPATT diode is based on the idealized

structure of Fig. 1. The diode shown is essentially an

IMPATT diode elongated in the z direction, wherein the

p+ -n+ -n sandwich of the diode is contacted by two

metallic layers.
Due to the distributed nature of the device, the power-

frequency limitation associated with a lumped diode will

not applly with the additional advantage that no external

resonant circuitry is needed, which points to the pcmsibil-

ity of direct integration. The application of the diode as

an amplifier, modulator (phase shifter), or as an oscillator

would depend on the coupling and matching scheme used.

To obtain a qualitative understanding of the traveling-

wave behavior, it is assumed that the diode of Fig. 1 is

reversed biased and that a TEM parallel-plate waveguide
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Fig. 1. Distributed IMPATT diode.

mode exists in the depletion layer. Neglecting fringing

effects, the electric ac field will be given by

EX = EOeyz (1)

with y as the wavenumber.

An instantaneous picture of EX is shown in Fig. 2(a). In

IMPATT operation, the avalanche carrier built up at the

p+ -n junction will reach its maximum after the comple-

tion of the negative half-cycle. At the transit time

frequency

(2)

the electrons cross the depletion region with scattering

limited velocity during the positive half-cycle and are

collected by the n+ substrate. The front of maximum

electron density is symbolized in Fig. 2(b) for a wave

traveling to the right. The traversing electrons constitute a

current opposing the ac electric field and contribute RF

power to the wave.

Thus the principles of power transfer in the distributed

diode from a dc source to an RF signal are the same as

those in the lumped diode, only here the IMPATT process
propagates with the wave. These principles can be

summarized as follows.

1) In the depletion region of the cliode, power is aclded

to an existing RF electric field by forcing charge carriers
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Fig. 2. (a) Instantaneous picture of the ac electric field. (b) Electrons
symbolize maximum density of carriers traveling across space charge
region,

to move through the RF field against the associated

coulomb force qE~~.

2) The external force driving the charge carriers against

the RF field is provided by the dc electric field.

3) A timing mechanism is needed, which results in

charge carriers moving through the depletion region

during the half-cycle with positive RF power gain, i.e.,

while the RF electric field opposes the carrier motion.

This mechanism is provided by the avalanche carrier

multiplication and the carrier transit time.

Several authors treated an IMPATT traveling-wave di-

ode. Midford and Bowers [1] actually built a distributed

diode. A transmission line model with negative shunt

conductance is mentioned, but no analysis is shown. The

measurements indicate RF gain and traveling-wave be-

havior, both being functions of the bias current. In a

paper by Davydova, Danyushevsky, and Telyatnikov [2],

the theoretical analysis is performed based on a transmis-

sion line model. The results are in qualitative agreement

with the findings in [1]. By far the most elaborate treat-

ment so far was presented by Hambleton and Robson [3],

who analyzed a composite parallel-plate waveguide struc-

ture where the IMPATT mechanism is modeled by an

effective negative conductivity in the depletion layer.

The current paper is an attempt to analyze an IMPATT

traveling-wave amplifier by actually considering the inter-

action of avalanche triggered carriers with the electric

field rather than lumping all IMPATT effects into an

effective conductance or conductivity. The analysis in-
deed shows that current density and electric field cannot

be related by a complex constant throughout the depletion

region.

The small-signal model of an IMPATT traveling-wave

structure is developed. Gain and dispersion relationship of

possible waves are displayed graphically for a particular

device.

H. MATHEMATICAL MODEL

The analysis of the previously described structure is

based on six equations.

1) Gauss’ law as applied to the space charge region with

donor ions and electrons as charges

V l?= :(ND–n). (3)

2) The wave equation for the E field from Maxwell’s

first and second equations

~ 2~ --

V%7(V. E)- P=-P:=0 (4)

where ~, is the conduction current density.

3) Boundary conditions on E

EZ(X=O)=EZ(X= w)=f) (5)

i.e., the highly doped p+ and n+ regions are approximated

by perfect conductors.

4) Avalanche carrier generation governed by

T, aJo (~~=JO ~X]a(E)dx–l +J
)

s
o

(6)

where

x, width of avalanche region,

ionization constant,

?, saturation current density,,

‘T,=xI/o, avalanche region transit time,

Jo= –qv,n electron current density at x,.

5) Carrier transport

‘(xzt)=n(oz%)
(7)

wherein it has been assumed that the injected electrons

drift undispersed across the space charge region with

scattering limited velocity v,.

6) Conduction current density given by

~C= – qo@X (8)

with diffusion currents in the x and z direction neglected,

i2Xis the unit vector in x direction.

Using JO= – qv~n in (6) and assuming a dependence of

the ionization constant a-Em, the integration in the

avalanche zone can be performed [4] resulting in

(9)

where EC is the critical field at breakdown at x = O. This

set of six equations is now rewritten in terms of a two-di-
mensional model, and E= is eliminated.

(12)

‘(xzt)=n(o,z%)
(13)
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10” d2Ex
— +(yz+az~)ix =

2q(nl + I)iiix(o)
—

dx2 T,EC

* lo’~
‘E

- ()

1._—
0 pv, e –j[u/’o.)x (21]

cu.

z .—
10“ %(m + l)fi, ix(o)<G g(o)= - jti,,,Ec @)

>
~
S/r

.
29(m + l)fi ~x(o)e-j(~/OJw.

Q
~(w)= - jtiT,Ec (2.3]

E
a The problem now consists of thee determination of the
t-0

,.s
eigenvalues y and the eigenvector EX(X).

!5u For the ease of later computations, the x coordinate is

IOLJAALLJ
o 20 40 60 80 100

REVERSE BIAS VOLTAGE IN [Volts]

Fig. 3. DIC electron density ii versus reverse biased voltage for two
saturation current densities.

For the small-signal analysis, EX and n are split into a

time average and time harmonic component.

Ex(x, z, t) = Ex(x, z) + &(x, z)eJo’ (14)

n(x, z,t) = ii(x, z) + ii(x, z)e~’”t. (15)

The equation system (10) through (13) separates into a dc

and an ac part. The solution of the de system is straight-

forward and omitted here; the only important result for

the later ac treatment is that ii(x, z) turns out to be a

constant, the value of which can be arbitrarily set by the

externally applied bias current or voltage as suggested by

Fig. 3.

III. AC SYSTEM

Ignoring higher harmonics of the nonlinear equation

(12), the ac small-signal equation system becomes

normalized by the length v,~a such tlhat

‘n= (o,;@)

and a set of new parameters is introduced.

.
a2EX: ~:~x = g@x(0) e ‘J’”

ax:
o

~(0) =jgix(0)

.

~ (wn)=jge-jwnix(0)

where

C2= qq?

f= 1-.2

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

2(m+ l)fi fix(o)
. .

Z(X =0)= iuT,Ec (18) The two boundary conditions (26’) and (27) plus the
.Lv

condition that l?X(xJ must be self-ccmsistent at x.= O can
ii(x, z) = ii(O, z)e-j~X (19) be expressed in matrix form

where the assumption was made in (18) that ~X(0) ~ Ec.

Our interest centers on traveling waves in the z direc-
tion. By eliminating fi(x,z) by means of (18), (19) and
looking specifically for a traveling-wave solution of the

form

ix(x, z) = ix(x)eyz (20)

an ordinary linear inhomogeneous differential equation

with homogeneous boundary conditions is obtained; an

eigenvalue problem in y:

1 1
()

ti—–1
a~—1

an — an –g
()

f—-i-1
aj—1

an dam ‘n — ~ne–i%wn —g

()

f-+1 e–JW
n

A

B

,~x(o)

. 0.

(33)
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The condition for the existence of a solution of (33) is that

the determinant of the matrix be zero, resulting in the

following characteristic equation:

ang(-)e-’wn-ang(-)cosanwn
+ ja~

()

d
— – 1 sin an wn = O. (34)
a~–1

The trivial ~solution an= O is readily identified as the dc

case with EX(X) = O.

IV. RESULTS

It is noted at this point that (34) reduces to the char-

acteristic equation of a parallel-plate transmission line if

the carrier injection is turned off (no bias current), Then

fi=O andg=O.

sin an Wn = O. (35)

For this case, the dispersion relation becomes with (28)

~2T2

= — — LA@,Y: W2 n=o, 1,2,, . . . (36)

Thus with a depletion width w =7 X 10-4 cm and an

c,= 11.8 for Si, the first cutoff frequency of the next higher
‘2 Hz is far above the IMPATT transitmode f, s6.2 x 10

time frequency J = o~/2ws7 GHz. The associated char-

acteristic impedance is

Zoeq; (37)

where q is the intrinsic impedance, and b is the width of

metal contacts. For b = 10–2 cm and ~si = m = 109.7

Q, the impedance becomes 20=7.7 L?

For the more general case of carrier injection, the roots

an of (34) were found numerically for various current

densities and frequencies. The propagation constant of the

fundamental mode is determined from (28) as

(38)

Fig. 4 is a plot of y = a +j~ in the complex plane for a

particular diode.’ It is recalled that the z dependence of

the electric field was expressed in (20)

ix(x, z) = i(x)eyz. (20)

Hence, for a and D having equal signs, the wave will be

attenuated in the propagation direction (the time factor is
e ‘~u~), whereas opposite signs indicate amplification. In

Fig. 4, the third quadrant implies attenuation and the

fourth implies gain. The solid curves are loci of constant

frequency while the dc current density Jdc = qv,fi is Vafied

‘The particular diode considered had the following specifications.
Material: Si; c,= 11.8; donor doping in depletion region ND =2.2x
10’5cm -3; depletion region width w= 7pm; scattering fimited veolocity
U,= 107 cm/s; criticaf field EC= – 2.66X I@V/cm; and breakdo~ volt-
age VB= 104 V.

0 2

4

IE -4 —

u

a
= -12
0.

-w,~,
ATTENUATION CONSTANT a [cm-l]

Fig. 4. Propagation constant y= a +j/3; solid curves are constant
frequency. Dashed curves are constant current loci.

between O and 1000 A/cm2. The dashed curves give the

propagation constant for a fixed current density with

frequency as a parameter. The graph predicts a wide

frequency range of gain from 2 to 14 GHz with maximum

gain at frequencies rising with the dc current den8ity. For

zero current density, the constant frequency curves inter-

sect the zero gain line, and the propagation constant is

just that of the parallel plate transmission line

y= – ju~ . For dc current densities below 250 A/cm2,

the constant frequency curves indicate gain. In particular,

the increase of gain is largest close to the transit time

frequency (s7 GHz), and no phase shift is introduced;

whereas at lower frequencies, the gain increase with cur-

rent becomes smaller. A drastic phase shift (or a change

of phase constant ~) is seen: the curves leave the zero

gain line at decreasing angles. Above the transit time

frequency, a similar effect is seen except that the angles

are increasing. In terms of wavelength it can be said: for

low current densities, ~ is increased below and decreased

above the transit time frequency.

If the current is increased further, the gain reaches its

maximum after which it decreases and eventually turns

into attenuation indicating an optimum carrier-field phase

relation for each frequency. At ld A/cm and 12 GHz,

the graph predicts a gain of 72 dB in an l-cm long line.

Fig. 5 shows the dispersion relationship. The develop-

ment from a straight line for the TEM mode (J~c = O) into
curves of considerable dispersion is obvious. With the

gain being the marker parameter, it is seen that maximum

gain coincides with low group velocities, Vg= ilti/tl~. Slow

waves with phase velocities VP= ti/ ~ below the intrinsic

phase velocity I/@ are obtained to the right of the

straight line.

In Fig. 6 the gain is plotted versus frequency. The

increase of the maximum gain frequency with bias current

follows essentially the square-root relation of the discrete

diode ~&-fi . The active frequency band narrows
for higher currents.

If we are actually interested in the electric ac field in

the diode, A and B in (33) have to be evaluated in terms
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Fig, 6. Gain a versus frequency for various dc bias current
JdC.

densities

of l?X(0), and #X(xJ is then given by (32). The z cc~mpo-

nent of the electric field can then be obtained from C>auss’

law

(39)

The num~erical evaluation of ~= indicates-that it is three to

four orders of magnitude smaller than EX and hence can

be ignored.

The magnitude and phase angle of EX are seen in Fig. 7

for a frequency j= 12 GHz and a current density of

103A/cm2. The monotonically decreasing phase angle re-

sults from wave action in the x direction. The electric field

i! tracking the carrier wave. The dip of the magnitude of

Ex at XCX4 pm can become much more pronounced for

operation off the maximum gain frequency.

V. CONCLUSIONS

Small-signal analysis indicates the existence of an

IMPATr traveling-wave mode. The mode system of a

parallel-plate transmission line is modified b!y the

avalanche timed injection of charge carriers. The f unda-

mental :mode was investigated, although the numerical

00 2 6
x [pm4]

Fig. 7. Magnitude and phase angle (dashed curve) of EX. Frequency

j= 12 GHz. Current density Jdc = 1000 A/cmz.

analysis indicated the presence of higher injection modles.

Gain and wavelength can be influenced greatly by differ-

ent bias current densities. For the device investigated, a

maximum gain of 72 dB/cm was calculated at 12 GHz

and a dc current density of 1000 A/cm2. The electric field

in the depletion region is essentially transverse. As seen

from Fig. 7, the ac current density, constant in magnitude,

is not relatable to the electric field by a complex constant,.

The traveling-wave nature of the electric field across the

depletion region makes the concept of a characteristic

impedance questionable. It seems it cannot be expressed

simply by a voltage-to-current ratio of the incident wawe,

and matching conditions are still under investigation. The

advantages of an IMPAIT traveling-wave structure with

respect to a lumped diode are as follows.

1) The beneficial use of the larger area for increased

power gain.

2) The possibility of using the device without modificat-

ion as an amplifier and/or modulator (phase shifter) or

as an oscillator depending on the coupling andl matching

methods used.

3) The possibility of large-scale integration in solid-state

devices without the need for external resonant circuitt-y.
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