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A Simple Analysis of the Stable Field Profile
in the Supercritical TEA

PALLE JEPPESEN anp BERT I. JEPPSSON

Abstract—An analytical investigation supported by numerical
calculations has been performed of the stable field profile in a super-
critical diffusion-stabilized n-GaAs transferred electron amplifier
(TEA) with ohmic contacts. In the numerical analysis, the field profile
is determined by solving the steady-state continuity and Poisson
equations. The diffusion-induced short-circuit stability is checked by
performing time-domain computer simulations under constant volt-
age conditions. The analytical analysis based on simplifying assump-
tions gives the following results in good agreement with the numerical
results. 1) A minimum doping level required for stability exists,
which is inversely proportional to the field-independent diffusion
coefficient assumed in the simple analysis. 2) The dc¢ current is bias
independent and below the threshold value, and the current drop
ratio increases slowly and almost linearly with the doping level. 3)
The domain width normalized to the diode length L varies almost
linearly with (Va/Vr—1)¥/(noL)}, where Vg is the bias voltage, Vr
is the threshold voltage, and #, is the doping level. 4) The peak
domain field varies almost linearly with (Vg/Vr—1)} (noL)! Those
results contribute to the understanding of the high #.l-product
switch and the stability of the supercritical TEA.

I. INTRODUCTION

HIS PAPER presents a numerical, and in particu-
Tlar an analytical, analysis of the stable high-field

domain in the anode of a supercritical diffusion-
stabilized n-GaAs transferred electron device (TED)
with ohmic contacts [1].

Stable anode domains were first discovered in probing
experiments by Thim and Knight [2], and then ob-
served experimentally and in computer simulations by
Shaw et al. [3] for cathode fields below the threshold
field for onset of negative differential mobility. Stable
anode domains were also observed in computer simula-
tions by Magarshack and Mircea [4], [5], who further-
more predicted a bandwidth exceeding one octave for
the negative resistance of diffusion-stabilized TED’s.
In such devices, bistable switching—made possible by
the presence of stable anode domains—has been ob-
served by Thim [6] and Boccon-Gibod and Teszner [7].
Moreover, a small-signal analysis of Guéret [8] has led
to the following criterion for a diffusion-dominated
anode nonuniformity to nucleate a stationary high-field
layer:
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Here 71 is the numerical value of the negative dielectric
relaxation time, Lp is the Debye length, D is the diffu-
sion coefficient, and v is the electron drift velocity. This
criterion for absolute instability [8] suggests that the
stationary anode layer should appear for doping levels
exceeding a diffusion-dependent lower limit. This con-
clusion agrees with time-domain computer studies by
Thim [9] and by Guéret and Reiser [10], in which
switching to a low-current stable state with anode-layer
formation takes place for doping levels above a lower
limit given approximately by criterion (1). Thim [9]
derived this criterion heuristically by requiring that the
accumulation layer should readjust more quickly than
it moves into the anode. Along the same line of thought,
the authors [11] have also performed computer simula-
tions in which the response of a diode to a quickly ap-
plied bias voltage has been studied. Ohmic contacts
and a homogeneous doping profile were assumed for the
diode. Provided the field-dependent diffusion coefficient
was sufficiently large, a gradual decay in the peak of the
accumulation layer for each passage into the anode
was observed, until the final stable field configuration
with a high-field domain in the anode was reached. This
stable field configuration was possible because the dif-
fusion current helped preserve the current continuity
in the accumulation layer associated with the anode
domain. During the decay of the current, transient ac-
cumulation layer transits—as opposed to domain tran-
sits—were observed [11] because ohmic contacts imply
low cathode fields, which in turn assure that the
cathode is not a major domain nucleation site. For
nonohmic cathodes with cathode fields well in the range
between the threshold and valley field of the velocity—
field characteristic, transit-time Gunn domain oscilla-
tions will occur [3] without any stable solution. How-
ever, for cathode fields only slightly above threshold,
stable anode domains is still a possible solution [3],
[12].

The present simple analysis explains why the dif-
fusion coefficient must be sufficiently large, why there
is a diffusion-dependent lower limit for the doping
level, why the device switches to a high-voltage state
with saturated current, and how the stable field con-
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figuration depends on doping level and applied b.as.
Such an analysis is felt to be of interest because it con-
tributes to the understanding of the supercritical trans-
ferred electron amplifier and the bistable switch.

The stable field configuration is investigated by con-
sidering the Poisson and the current continuity equa-
tions. Even for a piecewise linearized velocity—fizld
characteristic and a field-independent diffusion coef-
ficient, the direct solution of those two fundamental
equations is not very practical. However, by also as-
suming a linear variation for the electron density versus
distance in the upstream portion of the domain, a
simple and useful approximate solution is easily ch-
tained.

In Section II the numerical investigation is described
before the simplifying assumptions used in the simple
analysis are introduced, and then formulas for later
use are derived. Section 111 deals with a simple limiting
case, which serves the purpose of emphasizing tae
physics involved. Proceeding from the simple to tae
more complicated case, Section IV treats the general
case, for which the bias current, the width, and the
peak field of the domain are calculated as functions of
bias voltage, doping level, and diode length. The results
are shown to be in good agreement with numerical
solutions. Section V contains concluding remarks.

II. ForMUuLATION OF THE MODEL

Before a simple analytical model is formulated, it is
useful to summarize the numerical calculations and ra2-
sults.

A. Numerical Resulis

The question of stability and the eventual stable field
profile was first investigated by solving numerically tte
time-dependent problem. With reference to the sign
convention of Fig. 1(a), the fundamental equations in
the active layer of the diode are the Poisson equation

oFE ¢ .
— == (n— no) («)
ox €
and the continuity equation
] dE
J({) = gnv —q— (Dn) + e— 3)
ox at

where E(x, t) is the space- and time-dependent electric
field, n(x, ¢) is the free-electron density, 7o is the net
donor density in the active layer, —g(¢>0) is the elec-
tric charge, e is the absolute permittivity of GaAs,
J(t} is the space-independent total current density,
v(E) is the electron drift velocity—electric field charac-
teristic, and D(E) is the electron diffusion coefficient-
electric field characteristic suggested by Copeland [13].
The v(E)- and D(E)-characteristics are shown in Fig,
1(b) and (c), respectively. The numerical solution o’
(2) and (3) under constant voltage conditions and using;
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Fig. 1. (a) Normalized electric field E/Er and electron density

n/ng versus distance for computer simulation, (b) Electron drift
velocity—electric field characteristic. (c) Diffusion coefficient—
electric field characteristic. Diode data: L=10 um, #¢=1.5
X10% cm™, Eyr =348 kV/cm, Vg/Vr=2.74, T9=300 K.

boundary conditions relevant to heavily doped ohmic
contacts is obtained using a finite difference method.
The bias voltage was quickly applied to the diode, and
then the decay of the induced large-signal transient
was studied as the domain reached its stable state after
several accumulation layer transits [11]. As only con-
stant voltage conditions are considered, a stable solu-
tion represents short-circuit stability. In the following,
stability is therefore referred to as short-circuit stability,
leaving opén the question of open-circuit stability or
more complicated circuit-controlled stabilities.

In the following, a diode having the active layer
length L =10 um and the lattice temperature 7°y= 300 K
was chosen. For a field-independent diffusion coefficient
Dy=200 cm?/s replacing the D(E)- characteristic of
Fig. 1(c) short-circuit stability with a high-field domain
in the anode was found for 7o>2X10% cm™3 [5]. When
Dy was increased to 400 cm?/s, short-circuit stability
existed for doping levels down to 1X10% ¢m™3, and for
500 cm?/s down to the subcritically doped range where
the device also is short-circuit stable [14], although the
stability in this range does not stem from diffusion ef-
fects. For the D(E)-characteristic of Fig. 1(c), short-
circuit stability was also found down to the subcritical
doping range, although the stability was marginal
around 5X 10 cm—3,

Having settled the question of short-circuit stability,
the stable field profile was then studied for various bias
and doping levels. To this end, the steady-state (time-
independent) equations were used, so that computer
time could be saved by not having to calculate through
sometimes slowly decaying transients. Now the Poisson
equation writes

dE

X

(4)

(1’1 - %o)

m o
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and the continuity equation
d -
J = gnv — ¢ — (Dn). (3)
dx

The numerical solution of those two equations is ob-
tained using an iterative method. In cases where the
device is short-circuit stable, the time-dependent and
steady-state equations give the same solution for iden-
tical conditions. A typical stable solution is shown in
Fig. 1(a) for no=1.5X10% cm~3% and for the bias voltage
V=274 X Vr, where Vr=LEry is the threshold voltage
and Er=3.48 kV/cm is the threshold field.

The numerical procedure can easily tackle the non-
linear problem, but it does not provide an interpretation
of the solution in simple physical terms. Therefore, (4)
and (5) will be treated analytically in the following by
introducing suitable simplifying assumptions. ‘

B. The Piecewise Linear v(E)-Characteristic

In Fig. 2(a) the electric field and electron density
profiles are shown schematically in relation to a piece-
wise linear v(E)- characteristic [Fig. 2(b)] given by

wE for0 £ E < Er (6)
Ip — ,ul(E bl ET) for ET é E < EV (7)
o forEy S E< o

Y o=

where the threshold wvelocity vz, valley velocity oy,
threshold field Er, valley field Ey, low-field mobility
wo, and negative differential mobility —ui(u1>0) are re-
lated according to

vy = moEr (8)
and
U — Uy
= — 1 9
M= 9

In the numerical examples to be discussed later, the
following data for the v(E)- characteristic will be used:
E;=3.48 kV/cm, Ey/Er=2.5, vww=10" cm/s, the
velocity peak-to-valley ratio vr/vy =2.2, and ue=6310
cm?/V s and u;=2300 cm?/V-s according to (8) and
(9), respectively. These values approximate the input
data used in the numerical calculations.

C. The Diffusion Coefficient

In this simple analysis, no attempt will be made to
fully treat consequences that might stem from the field
dependence of the diffusion coefficient. For simplicity,
a field-independent coefficient D, will be used instead.
The Copeland diffusion curve [Fig. 1(c)] exhibits a
peak of 600 cm?/s for fields slightly above threshold.
As the diffusion level, particularly in this field range,
affects the field profile and thereby the stability, the
Copeland curve will in the following simple analysis be
approximated by the field-dependent Do=500 cm?/s,
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Fig. 2. (a) Piecewise linear electron density and electric field
profiles. (b) Piecewise linear electron drift velocity—electric
field characteristic.

and the consequences of assuming smaller D, values
also will discussed.

D. The Subsections of the Diode

With reference to Fig. 2(a) and keeping Fig. 1(a) in
mind, the length of the diode is divided into four regions.
Region 1 is defined by 0=x <x,, where x, is the x value,
where E becomes greater than the field in front of the
domain E,, and # greater than #,. Region 2 is defined
by xo=x<xr, where xr is implicitly given by E(xr)
= Fr. Region 3 is defined by xr Sx<xy, where xy is
implicitly given by E(xy)=Ey. Region 4 is defined by
xvSx<L=xy+Li where L, is the width of the part
of the domain, where E= Ey.

In region 1, the continuity equation (5) writes
J=gnew,, where vo=puoFE,. The field E; determines the
current density, and is therefore an unknown of main
interest. It should be pointed out that E,=<FEr is as-
sumed, in agreement with computer results [Fig. 1(a)]
and bistable switching experiments [6] and [7], where
a current density lower than the threshold value Jr
=gnor is encountered.

In region 2, both the electron density and the electric
field increase towards the anode. According to the
equation

dn

Moty = NV — Dod—‘l
X

(10)

current continuity can only be preserved provided the
diffusion term Dy(dn/dx) is sufficiently large. This con-
clusion is of crucial importance and shall be investigated
further.

In region 3, E is steadily increasing with x, and v is
therefore steadily decreasing. Moreover, # is increasing
with x, and any variation in the conduction term #v
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must be balanced by the diffusion term. Note that ac-
cording to (10), the current continuity would be violated
if » was constant in any range of region 3.

Finally, in region 4, E increases from Ey to the peak
domain field E; and v remains constant at vy. The corre-
sponding variation in # can be obtained from

dn

ol = nvy — Doy —>
dx

which can be integrated to
oy
n(x) = [n(wy) — n4] exp [F (x — xy):l + na
[
where
Vo

Mg = Ho— °
w

(11)

In the exponential function, typical values are vy = 107
cm/s, Dy=500 cm?/s, and, for example, x —xy=2 um,
giving op{x—uxy)/Dy=4.0. This represents such a
strong variation in # that in order to comply with the
numerical solution, it is necessary to require that
n(xy) =nq, which leads to #(x) =#u4 for xy Sx < L.

It is now important to make the following conclusion.
As n(x) remains constant at #g in region 4, and is
steadily increasing in region 3, continuity in #{x) re-
quires that n(x) must exactly reach ng at the interface
where by definition E = FEy. This observation provid:zs
the final equation needed to determine the stable fie.d
profile.

Finally, (11) also shows that since v, is upper bounded
by vr, #a must be upwards limited by #4 max = %o vr/vv.

E. The Linear Electron Density Assumption

For simplicity we introduce the substitution y =x —x,,
into which xr and xy are substituted in order to defire
the useful parameters yr=xr—x, and ypr=xy—:i5
[Fig. 2(a) ].

Even using the simplified 9(E)- characteristic and tte
diffusion coefficient D, introduced so far, an exact in-
tegration of (4) and (5) is cumbersome, if at all possible.
Instead, the current continuity equation (10) will ke
integrated from y=0 to y=yy:

vy
NoVoYy =f nvdy — Do(ng — no). (1)
1}

As shown in Fig. 1(a), the numerical solution gives
an almost linear variation for #(x) in regions 2 and .
Therefore, little error is introduced when evaluating the
integral in (12) by assuming the linear variation

n = ny + i ¥
yv
Using this assumption, expressions for yy and yr arsa
derived in Appendix A.

0=y = v, (13)
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ITI. TuE LiMITING CASE

In order to emphasize the simple physical idea under-
lying the mathematical treatment, this section is de-
voted to a simple case being at the verge of instability
because the field in front of the domain equals the
threshold field for negative differential mobility. For
this situation, which occurs, for example, for a suf-
ficiently small diffusion coefficient, the concept of
minimum diffusion and doping density required for
stability is introduced.

A. Minimum Diffusion Required for Stability

As summarized in a previous publication [11], con-
troversy evidently surrounds the D(E)- characteristic
in GaAs. It was also shown in this publication that a
field-independent diffusion coefficient had to exceed a
certain doping-dependent lower limit in order to attain
the diffusion-stabilized condition.

With reference to Fig. 2, let us imagine that the field-
independent D, is decreased while %, is kept fixed. For
a smaller Dy, n(x) will vary more abruptly versus dis-
tance in regions 2 and 3, which means that yy will de-
crease. Now, the Poisson equation (4) can be integrated
to

Vo q vy
Ev=—+—f (n — no) dy
Mo €v o

where, for the moment, v, and #(yv) =#nwo/vy will be
thought of as being functions of yy. The differentiation
with respect to yy gives

dvg qropo qholo
—_— vy = )
dyv ely €
which is easily integrated to
qhoko

% = oy + (o7 — o) exp [— (v — yv,mho] (14)

(3574
using the boundary condition v(%y min) =vr. Equation
(14) shows. that when Dy and thereby yy decreases, v,
increases towards its upper limit vy, Simultaneously,
E, reaches Ep, which for a uniform doping profile is the
limit for stability. This situation is called the limiting
case.

B. The Minimum Diffusion Coefficient for Stability

Equation (14) serves the purpose of showing that v,
will increase as progressively smaller Dy values are
considered. However, the minimum diffusion coefficient
for stability Do mm, for which vo=v7, cannot be deter-
mined from this equation. Instead (12) is considered in
the form

YV.min
RoV7rYY min = f nvdy - Do,min('n'd,max - nﬂ), (15)
0
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which, as outlined in Appendix B, leads to
E‘Z)V2 1 Ur 1
Domin = —— |- ——=.
qu1Ro 2 v 6

This result will be discussed further in the broader con-
text of Section IV-B.

(16)

IV. THE GENERAL CASE

From the simple limiting case, we shall now proceed
to the general case, where the field in front of the do-
main is below threshold.

A. The General Case as a First-Order Perturbation

It was shown in Section II-D that in region 1 [Fig.
2(a) ]| vr <vo<wvr, which means that E, is not too far
below Er, as also has been observed in numerous com-
puter calculations. Therefore, in the following analysis
let

Ey = Er — AE (17)

where AE<KEy, so that this general case is treated as a

first-order perturbation of the limiting case. Accord-

ingly, the velocity vg in front of the domain is given by
AE

Vo = Up — Vp —
T

B. The Minimum Doping Level for Stability

In this section, %, will be varied for a fixed D, in order
to show that a minimum doping level for stability
%0,min €xists. To this end, the relative field drop AE/Er
is calculated in a procedure that is similar to the one in
Section III-B, since it also is based on (10). According
to Appendix C, the relative field drop is given by

qDo%o <'UT 1> <EV 1) <1 o 1>
G'UVET trd ET 2 Vv 6
qD g Ur 4 EV 7 Ur 2
= (———1 +(—
eovEr oy 3\ Erp V7 — Uy w3
As shown in Section IV-C, this formula implies that
AE/Er decreases with decreasing #,. However, in order

for the diode to be stable, it is necessary that AE>0,
requiring

(18)

AE
Er

- (19)

Ey .
e'l)vET ET 1 7 1
No > Mo,min = - ==,
gDy Uy 2 oy 6
w

(20)

This expression is identical to (16), in agreement with
the fact that the general case has been treated as a
first-order perturbation of the limiting case. Substitut-
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Fig. 3. Relative field drop AE/Er in front of domain, and relative
current density drop AJ/Jr versus doping density obtained from
simple analysis and computer simulation.

ing into (20) ¢g=1.6X10" C, e=13.2¢=1.17X10-12
F/cm, the data for the v(E)-characteristic of Section
II-B and Dy=200 or 400 cm?/s give, respectively,
7omin=1.5X10% or 7.4X10* cm~3. Those values are in
good agreement with numerical results [5], [11], which
supports the simple analysis. For Dy=500 cm?2/s, the
value approximating the Copeland curve, #gmin=5.9
X 10 cm™3 is obtained. This low value is close to the
stable subcritical range (for L=10 um), in agreement
with the numerical calculations in Section 1I-A, where
the Copeland diffusion curve led to stability for any
doping level of practical interest.

It is interesting to compare (20) with the criterion
(1) of Guéret [8], which can be written

€v?

. (1
4:Q/J,1D )

%o,min =

The two expressions are quite similar, and (21) vields
the same value for #¢ i, if a drift velocity close to vy is
substituted for v. A similar expression has been ob-
tained by Thim [9].

C. The Current Density

For the specific example considered earlier with D,
=500 cm?/s, the relative field drop in front of the
domain AE/Er as calculated from (24) is plotted versus
no in Fig. 3. For comparison, the corresponding curve
obtained from the numerical calculations in Section
II-A is also shown, and good agreement is found. Now
in the simple analysis, the dc current density is given
by J=Jr—AJ, where Jr=gnouoEr is the threshold
current density and AJ =gnouAE is the current density
drop, which means in turn that AJ/Jp=AE/Er. In the
computer simulations, however, the current density
drop is somewhat lower than AE/Ey, as shown in Fig.
3. This stems from the curvature of the 9(E)-charac-
teristic around the peak velocity [Fig. 1(b)]. The fact
that AJ/Jy increases with increasing #o means that the
bistable switching phenomenon in supercritical TED's
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will get more pronounced as the doping level is in-
creased.

For the subcritical amplifier, J increases with in-
creasing bias because of an increasing amount of in-
jected space charge. The diode thus exhibits a positivs
differential resistance at dc in spite of its negative dif-
ferential mobility, as predicted by Shockley [15]. How-
ever, for the diffusion-stabilized amplifier, (19) predicts
a bias-independent dc current. This agrees with put-
lished experimental results [1] and with the numericel
calculations of Section II-A, in which a bias variatioa
of, for example, a factor of three caused no current
variation at all. As recently pointed out in the literz.-
ture [16], [17], this bias-independent current is not in
contradiction with Shockley's positive conductance
theorem.

D. The Domain Width

The width of the part of the domain where E> Fip
is Lg+yy—yr=~Li+yy since yryy (Fig. 2). This
domain width now will be determined.

The width Ly of the part of the domain where E> £y
(Fig. 2) can be found by equating the area below tle
field profile with the applied bias voltage Vp=LEs,
where Ep is defined as the average bias field. This area
can naturally be divided into the four hatched areas
shown in Fig. 4. Hence,

Ve=Vi+ Vot Vi+ Vs 22

where the voltages V1, Vs, Vs, and Vi are equal to the
four areas, respectively. Those areas are calculated .n
Appendix D, where the method for obtaining the fcl-
lowing formula is also outlined:

[

L 2Er Vo

L N /‘/ qnolL o 1
v

[1 +< or n Vr > AE:| (23)
vp~ vy Ve — Vi) 2Er)

For 1.5X102<n, L <3.5X10'2 cm™2, 5> V5/Vr>2,
Dy=3500 cm?/s, and the v(ZE)-characteristic of Section
I1-B, (23) gives 39> L,/L>16 percent.

As far as yy is concerned, one obtains (to the first
order in AE/Er) from (A.4), (11),and (17)

%% ZEET ( EV 1> vy
Er Uy — Uy

L gnoL
2 Er AE
114 < -+ ) ] (4
[ U7 — Uy EV - ET 2ET ) )

For 1.5X102<nL <3.5X10'2 cm™?, this equation
gives 6.1 >y /L> 3.0 percent. Therefore, ¥, constitutes
a minor correction to Ly in the domain width Lg+yy.

In Fig. 5 the normalized domain width (Ls+yy)/L
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Fig. 4. Bias voltage divided into four parts.

versus the normalized bias voltage is plotted for two
typical cases 7oL =1.5X10'* and 3.0X 10 cm~2. Since
yw<<Ls and AE<Er, the normalized domain width is
inversely proportional to (#,L)¥? and proportional to
(Ve/Vr—1)Y2, When V3 is increased, the high-field
portion of the stable domain moves towards the cathode
with constant slope because the dc current is bias in-
dependent. For comparison, the numerical curves are
also shown, and excellent agreement is found,

E. The Domain Peak Field

Using Lg values obtained from (23), the peak domain
field now will be calculated from (22), written in the
form

Vs = LEy + $Ls(Es — Ey) + Lo(Ey — Ey)

where the small V. has been neglected for simplicity.
Solving this equation with respect to ¥4, and subse-
quent substitution of (17) yields

E, L (VB AE) Ey AE

= MES WSl IR S A S
Z 7 + + ’

Vr Er Er Er

in which substitution of (23) to the first order in AE/Ey

Ed _ /‘/ 2qn0L (YJT 1) (VB 1)
ET EET Vv VT

- G )]
I — Uy VB — VT 2ET
Ey AE

+2—=0 -2
Er Er

gives

(25)

The significance of this equation is illustrated in Fig.
6, where E4/Ey 1s plotted versus Vp/Vy for the v(E)-
characteristic, the diffusion coefficient, and the #noL-
products considered earlier. The analytical results are
shown to be in good agreement with the numerical
results. As seen from (25), E4/Er varies almost linearly
with (#el)Y2 and (Vgs/Vr—1)Y? because AE/Ep<«<1.
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V. CoNcLusION

An analytical investigation, supported by numerical
calculations, of the stable field profile in a diffusion-
stabilized TEA with ohmic contacts has been per-
formed. Using the Copeland diffusion curve in the
numerical calculations, a 10-um device was found to be
short-circuit stable for any doping range of practical
interest. The stability, however, was marginal for
doping levels around 5X10* cm~?. Introducing in the
analytical investigation a field-independent diffusion
coefficient D, along with suitable simplifying assump-
tions for the v(E)-characteristic and also for the electron
density profile, the conclusions obtained are these.

1) A minimum doping level required for stability
exists, which is inversely proportional to the diffusion
coefficient assumed for GaAs. For Do=3500 cm?/s, the
value chosen to approximate the Copeland diffusion
curve, the minimum doping level is 5.9 X104 cm—2,

2) In a first-order approximation, the dc current is
bias independent and below threshold. The relative
current drop varies slowly and almost linearly with
the doping level (Fig. 3).

3) The normalized domain width is approximately
inversely proportional to (n,L)%, and the normalized
domain peak field varies almost linearly with (meL)2
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4) Thenormalized width and peak field of the domain
both vary almost linearly with (Vs/Ve—1)42 because
the dc current is bias independent, which forces the
domain to keep its slope in electric field constant for
varying bias level.

5) The results are in good agreement with detailed
numerical results, and thus provide an explanation in
simple physical terms of the existence and behavior of
stable anode domains.

These conclusions contribute to the understanding of
the high n¢L-product bistable switch and the stability
of the supercritical TEA.

APPENDIX A
CALCULATIONS OF ¥, AND yp
From (4) and (13), we get by integration
dE g g M

=-—y 0=y=y

= (A1)
dy € Vv

which is integrated to

Ng — Ho

E=E+°

2 0=y yr. (A2)
€ 2yV

Substitution of ¥ =y into this equation gives

g na — Mo
Ey = Ey+ = ——— vy, (A.3)
€ 2
from which yy can be obtained using (11):
2¢ Uy
vy = — — Y (By — Fy). (Ad)
gng Yo — Uy
Similarly, substitution of y=1vyr gives
2¢ v -
yr = —— — '\/(EV - Eo) (ET —_ Eo). (AD)

qng Yo — Uy

APPENDIX B

CALCULATION OF THE MINIMUM DIFFUSION
COEFFICIENT FOR STABILITY

For the limiting case with Ey=Ez, formula (A.4)
simplifies to

2e v
Y¥min = — ———— (Ey — Er) = 210y
qngy vy — Uy

(B.1)

where the negative dielectric relaxation time 7y is given
by

€

T1 = ° (BZ)
gPoM1
Moreover, vy obviously vanishes and
vr
Nd = Ndmax = Ho— * (B.S)
vy
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The integral in (13) can be evaluated using (4), (7),
(A.1), (B.1}, (B.3), and (9):

¥y min Yy, min ¢ dE
f nody = f <no + - ——>vdy
0 0 q dy

¥y min e [ EV
nof vdy + - vdE
0

i

qv Ep
dE Yy ,min
= 115 [:yv + fym——dyJ
dy 0
e [ BV
+ - [or — m(E — Er)] dE
qv Ep

= n02Tlvv[7}V + %(‘Z’T - 'UV)]

€

+ 5 (vr — vy)(vr + vy). (B.4)

qra

This expression for the integral, along with (B.1),
(B.3), and (B.2), are then substituted into (15), and
when this equation is solved with respect to Do min, X~
pression (16) is obtained.

AppexDIX C

OUTLINE oF THE CALCULATION OF THE
RevLative FieLp Drop
By using (4), (6}, and (7), the integral in (12) can be
evaluated as follows:

vy vy e dE
f nody f l:no -+ - ——:Ivdy
0 0 g dy

By

vdE

vy €
7o [ vdy - —

v g g g,

dE vr
7o {[yv - f Yo —— dy]
. dy 0
dE vy
+ {yv + fym——- dy] }
‘ ay

vr
€ By
+ —{ f woEdE
q E

0

i

By

+ [or — wi(E — ET)]dE} .
Er
Now, from (A.1), (8), and (9), one further obtains
iy q

fyv P { +17)T— ( ) 2
4y = n v - = — 7 :
. nvay 0 »yv v 3 Ey— Ere g )YV

<1 _ + wo E)}
M1 yv3 -

Substitution of this expression into (12) and subse-
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quent substitution of (17), (18), (11), (A.4), and (A.5)
gives

3<EV 1) I AE
2 \Er Ep

4 (EV 1> 1
B 3 ET 7

1 —

(57w
AE\" " Ey - Er

v — Uy ET
AE

.I:l_lh"‘#o( >8/2j|
1 Ey — Ep + AE
taule (175
2 vy LEr Erp
-z
vy Er \vy ur — vy Ep
Keeping the assumption AEKEyr in mind, and cal-

culating to the first order in AE/Ey, (C.1) leads to ex-
pression (19) for the relative field drop.

(C.1)

APPENDIX D
CALCULATION OF THE FOUR VOLTAGES

In this Appendix, the specific #(E)-characteristic
given in Section II-B will be used for approximate
evaluations. Now, with reference to Fig. 4 and (17),

is given by
A
V1 = LE[) = LET<1 - ——E)
Er

where LE; =348 V.
Let E; denote the domain peak field (Fig. 4). Then
Ve can be expressed by

1
Vy = ELd(Ed — Ey)

Sl )i
2 e \uy vp — vy Erp

where (4), (11), and (18) have been used. The numer-
ical solutions have shown that Ly;=2 pum is a typical
value. For #y=1.5X10% cm~® V, is therefore approxi-
mately

The voltage V3 is given by
AE
Vs = Li(Ey — Eo) = Li(Ey — ET)<1 + '——)
Ey — Er

where
LiEy — Er) = 1.3 V.

For the voltage V4, one finds to the first order in
AE/Er
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Uy

vy 2 €
Vi= f (E — Egdy = - — (Ey — Er)?
0

3 gno vr — vy

Up 2Er AE
G w5
ovr — vy Ey — Er/ Ep

(Ey — Ep)? = 0.09 V.

where

2 € Vy

3 gne vr — vy

In (22) we now substitute the expression for the four
voltages, and their values suggest that for an approxi-
mate determination of Ly, (22) can be simplified to

AE 1 %
LEp = LET<1 - E—>+—Ld23—9<v—T— 1)

T 2 € \oy

<1 vr AE)
vr — Vy ET ’
To the first order in AE/Er=AJ/Jyr, this equation
leads to expression (23) for Ly/L.
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