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l’i’lO-DDtENSIOtIAL NUMSBICAL S]MJIATION (F NESATIVE
DIFF3~ ENTIAL MoBlirry S ICCEI1XJCTI15~ DEVICES

T. M. I*~lSIgh and H. L. ~~ubin
United Technologies Research Center , East Hartford, Connecticut 06108

________ the current-vo].tage characteristics , the transconductence,
etc., from which parameters for device design can be extracted..

A nu~~rica1 simolation in two spatial dimensions of nega-
tive differential mobility semiconduct ing devices is described. The postulated space charge distribution within an YET
The si~~llation models time dependent operation of two or three determines how the device is designed for a specific applica-
terminal devices in an external circuit . tion . The adequacy of the analytical studies for determining

the space charge distribution has been scrutinized carefully
The mathemetical model of the semiconductor consists of as inconsistencies between theory and experiment have emerged.

a set of nonlinear second-order partial difrerential equations In one general study, using numerical technique., Kennedy
which are solved on a rectangular mesh using explicit finite et al. (2) predicted that , at sufficiently high bias values ,
&ttference techniques. The external circuit is modeled using regions of carrier accumulation and depletion would form with-
lumped linear element s and the resulting equations are solved in the conducting channel of the device; a phenomenon nnt pre-
using implicit techniques. The external circuit equations are dicted. by earlier analytical studies. The presence of these
coupled to the semiconductor equations by the current flow and nonuniform space charge layers was shown to affect the gate
potential at the device terminals. The solution of the result- bias dependence of the primary current_voltage characteristics.
tog t ime dependent bound5ry value problem is a feature of the
simulation which permits more realistic numerical analysis of Within the past few years considerable activity has cen-
IW)4 devices than was previously possible. tered around the semiconductors gallium arsenide and indium

phosphide as FEr materials. While InP is of recent interest ,
The simulation is implemented us ing interactive computer GaAs FET ’ s provide the prospect of linear amplification of

~~‘aphics . As the solution evolves, di splays of the potential , microwave signals of up to at least 10 0Hz , output power of
charge density and current flow in the semiconductor are avail- several watts and a bandwidt h of an octave or more . From the
able via a computer graphic terminal . Sample results of simu- point of view of device design it is recognized that the space
lattoc,a of a negative differential mobility field effect tram. charge distribution within this materiá.1 is nonuniform and in
uti tor are presented , some cases electrically unstable (3) .  The reason for the

latter is that for long conducting channels and sufficiently
IN1’RO~ JCTI0N high fields the electrons may acquire enough energy to become

‘hot ’  and create a region of negative differential mobility
A rield effect transistor ( abbreviated F E’r) is a device in where the average mibility decreases with increasing electric

which the bulk conductance of an extrinsic semiconductor is field , see Fig . 2. If the latter occurs the device becomes
controlled by an externally applied bias . Several mechanisms electrically active and introduces a mechanism that competes
may be used to achieve this control ; ‘-ne of which employs a with the small signal operation of the device ; namely, the
reverse bias Schottky contact to control the cross-sectional spontaneous nucleation and subsequent propagation of local re-
area through which current flows. A pr incipal feature of FET gions of high electric fields ( Gunn dom~ins).
operation Is that it is a majority carrier effect . The minor-
ity carriers do not effectively participate in transistor The prospect of deal ing with electrically active semicon—
action, doctor s introduces additional constraints in FET design. In

the first place low resistance contacts are known to allow the
‘ne possible configuration of an FET is shown in Fig. 1. formation of Gunn domains. In certain cases instabilities

The device consist s of an n..type semiconductor with low resis- associated with these domains can be eliminated. In other
tames contacts at either end , labelled source and drain. ~~ cases , as in logic applications , Gunn domain nucleation and
the top of the semiconductor is a ~Chottky metal electrode , propagation are features incorporated into the deeign of the
called the gate contact , which has the effect of creating a device. The time dependent behavior of electrica.U.y active
region that is relatively free of mobile carriers (shaded cc- semiconductors cannot always be described by smell signal time
gion). The region beneath the depleted region contains the dependent analyses. The nature of the problem dictates that
mobile carriers and is called the conducting channel. The the transient phenomena be treated in as realistic a way as is
device generally sits atop of a semi-Insulating substrate, and
may be separated from it by a buffer l ayer .

VBD
In norma.l F~ f oper ation the source and drain contacts are

Connecte I by an external circuit an t  primar y current flows .1. V BGthr ough the conduct ing channe l, The wi I t h ~f the depleted
region , ant  consequently that of the c ortocting channe l , is 1G
det erminel by the potenti al wi th in  th e channel. The pote ri tia .l
within the channel i~ dependent cn ¶x t h  the gat e and drain
potent Ial &~d the ic r esintar o” is , therefore , bias dependent . I
I’ypica.1 sour ce-drain cur rent -v’ ltag e characteristics are there- I
f ore nonlinear and dependent n the gate potent ial ( 1) .  GATE

With  the exception of very recent w ’-rk ns ~t analyses of — — — )
YET devices , e .g., amplifiers , ar” sma Ll signal studies . The ~‘ SOURCES DRAIN
starting point for these studies 1, the known In distr ibution
of space charge , electric fie ld  and v’~ltage wi th in  the  device . /
Theoretical studies usual ly 1nVo1v~ two..Ij men sional appr’ x inm- /
tion s to the thre..iimensir nsi stri~ ° ure , and can be grouped /
int o either analytical or numerical apprr .aches. The analyti- / CONDUCT ING CM ANNE L
Cal studies , wh ich include the original ; r  pr sal f :‘hnckl.y
( 1’ s generally consist of rehir ing t~~ c .sf ll icat ed two- l imen- FIg . 1. An YET configuration with source and dra in contacts
stonal analysis to a ser ies f separ f~ hut c. nnected • f l C -  on the end, of the device and the gate contact on top. The
di mensional ; rnb le~~ . The analysIs , .rxtj ta ca.lcuj at i ,nc of device is modeled in the xy plane .
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The relevant amaiconductor equations for unipolar two-
dimensional electron conduction include Poisson ’s equation

EXPERIMENT2.Ox,10
-‘
U

1.5

and 

~‘
2V(x ,y,t) = 

~~ ~~~~~~~~ 
- No(x ,y, t ) l  (1)

~~
‘ 1.0

~ (x ,y, t )  = ~grad V(x,y,t) (2)

0.5

for carriers of charge -e where e = l,6xl0”~
9 coal, a is the

0~ io isxi o~ 
permittivity of the material which, for GaAs is 9.BxlO”3 coul2/
j oule_cm. V(x ,y, t )  is the potential , ~ (x ,y, t)  the electric

FIELD (VOLTSICM) field , N(x ,y, t)  the mobile carrier density, and ?~~(x ,y,t)  the
position dependent background doping density. For the sampleFig. 2. The velocity versus electric-field v(E) curve for calculations N0 is a constant equal to lOl5/cm3.n-Qafi,a, The theoretical curve is that of Butcher-Favcett

(6) and the experimental point s were obtained by Ruch- The average electron velocity is related to the electric
Kino (7). f ield through the relat ion

numerically possible . Accurate modeling of GaAs FIT’s demands ~ (x,y,t) = - u ( ~~~~)~~(x ,y, t )  (3)
large signal t ime dependent analysis in at least two dimen-
sions.

where ~~(x ,y, t)  is the average electron velocity and u( ~ ) isLarge signal transient analysis of FET ’s has been done the field dependent mobility.
for time independent potential on the contacts (~ ,5) . An
initial device state is chosen which is incompatible with the The equation for carrier transport including diffusion is
final steady state and the resulting transient relaxation is
then studied. A more difficult but more realistic problem i~
solved in this paper in which the semiconductor equations and .i(x ,y,t )  = eN(x ,y, t ) M ( ~~~~)~

’(x ,y, t )  * eflgrad N(x ,y, t) (Ii)
the enter nal circuit equations are solved and Coupled together
through time dependent boundary conditions , specifically the
contact potentials. where D is the diffusion coefficient, which is generally elec-

tric field dependent. In the sample calculations, 0 is taken
The principal approximations in the mathematical formula- to be constant and equal to 200 cm2/sec. The above equations

tion are (a) the three-dimensional carrier flow is reduced to are subject to the constraints of the equation of contizsiity
two dimensions by assuming the variables to be independent of
the z coordinate, and (b) all minority conduction is ignored.
Within this fr a mework a numerical sin,u.lation of field depen_ div ~

‘(x ,y,t )  = e ~~ [N (x ,y, t)  - !Io(x ,y,t)~ (5)
dent mobility devides is performed. The mathematical model of
the semiconductor consists of a set of nonlinear partial dif-
ferential equations which are solved on a rectangular mash or
using explicit finite difference techniques. Particular
attention is paid to the selection of boundary conditions.
The boundary conditions approximate the physical and electri- dlv ?(x,y,t )  = 0 (6)cal characteristics of the outer periphery of the semiconduc-
tor structure. The exposed surfaces of the semiconductor are
assumed to be ideal electrical insulators; and no current is where
permitted normal to these bounding surfaces. The low resis-
tance contacts and the gate contact are approximated by
equipotential surfaces with a prespecif’ied charge density. eR ~ (x ,y, t )

= 1(x,y,t )  +For the calculations illustrated , the low resistance source
and drain contacts are charge neutral and located sufficiently
far from the active region of the device SO that for the cur-
rent levels involved they have no influence on the electrical The boundary conditions to the above equations are de-
properties of the device. A specific impurity atom distribu- rived from the surface and contact properties: no current
tion is assumed , which in general can be spatially dependent , flows through the free surfaces. With the assumptions of
In the sample calculations it is assumed to be homogeneous. zero permittivity for the surround ing space , this leads to

The semiconductor equations are coupled to the circuit
equations by the boundary conditions at the device terminals. n grad V = !•grad N 0 (8)
Th. solution of the resulting t ime dependent boundary value
problem is a feature of the simulation and represents an
advance in the state-of-the-art of these types of calcula- along the free surfaces. i~ is a unit vector normal to the
tions • free surface of the semiconductor • At the source , drain and

gate contact N(x,y, t )  is preassigned. For the sample calcula-
The simulation is implemented using interactive computer . tions

graphics. As the solution evolves, displays of the potential,
charge density and current flow in the semiconductor are
available via a computer graphics termi nal .

- - -- -~~~~-- -- - - - -- —  - - - . - - -~~~~~- - -- __4



formula

N = N
drftin 

= N
0 l015/cm3 (9) 

Vk ,I+l,m + V k ,I l ,m + V k , I ,m+l 
+ V

k l ~~~l 
-

= x2~ 0
~It , I ,m NOi c i m )

and (16)

N
gate 

= l0 ~ N
0 (10) : :: ~The boundary potentials Vic o m’ Vic i,+i st ’ Vk I ~~ 

Vk I 14+1 are
The source potential is set to zero and the gate potential VG determined from Dirichlet ~onditions on the contact s’aAd
and drain potential V0 are determined by simultaneous solution Neumann conditions elsewhere. The potential on the contact is
of the semiconductor equations and the circuit equations, found by solution of the external circuit equations. Away

fr ost the contact the normal electric field is assumed to be
For the three contact device of Fig. 1 the circuit equa- zero on the boundary .

tions are
The components of electric field are defined between

modal. points as follows :
V
s = 0 (ll)

v~~ ( t )  = ID ( t ) z D V
D
(t) (12) 

k,I ,m 
= - 

(V
~ I ,m

v~~(t )  = I G ( t) z
G 

+ V ( t ) (13) (V - V ) 
(17)

k,I ,m k,I,~-l

I
~
(t) = I

G
(t) + L0

( t )  (114) 
k,I,m x

As defined above E,~~ I m is located midway between the nodes
where V~ is the source potential, VG the gate potential, V0 (I-l ,m) and (I ,m), wctiie E~~ at is located midway between
the drain potential, I~ the source current , L~ the gate cur- nodes (I ,m-l) and (I ,m). In oker to compute the mobility,
rent , I~ the drain current, Z.~ the gate impedance, Z0 the Iz( I ) ,  an average electric field E(av) is calculated whose
drain Impedance. The external circuit impedances are modeled x and y components are
as lumped linear elements. The current passing across a coo-
tact is the integral over the contact area of the component
of current density normal to the contact. For a device of Ex(av) = 0.5 (E,~ +
dimension, ~:, in the z direction, and a contact extending k,I ,m k ,I ,m a,I ,m-l

over a region, I
= 0.5 

~~~ ~~~~ 
+ EYk , I _ l ,~~

)

1(t )  I~fflr(x ,y, t )  d 4 (15) The vector 
~(av) 

thus computed is located in the center of a
square which has at its corners the nodes ( I ,is), (I-l ,m),

I ,m..l), (I-l ,rn.l). Numerical experiments have indicated
The loop currents ~nd external, circuit potentials are normal- that the method of computation of E(av) affects the stability
ized with respect to the peak average electron velocity for of the solution. Other methods which have been reported (14,5)
GaAs and the corresponding electric field , respectively. The lead to more complex or less stable algorithms than Eq. (18).
loop currents and circuit impedances are further normalized The average electron velocity is computed from 

~(av) 
as

with respect to the device depth, c . follows:

The sign of the current density, 1, as well as the signs
of the loop currents in the external circuit are consistent - (~~with conventional current flow. In particular, for the cir- k,I ,m ~ (av ) (Sv)k,I ,m (19)

cult of Fig. 1, pos itive source current, I~, implies electron
flow into the device at the source contact and positive drain
Current, 

~D, implies electron f l e w  out ‘.f the device at the so that ~ is defined at the Sante location ~~ ~~~~~ 
A ape-

drain contact • positive gate current, 1r’ implies electron cific velocity-electric field curve is included in th~ sums-
flow out of the device at the gate contact. lation via a piecewise linear map of mobility versus electric

field magnitude. The carrier transport equation is
DThT~~E?tE E~ JM’IONS

+ R
k ,I_ l ,m )tw xk , I ,~ 

+ wx~~~i m + i )

The device potential and mobile carrier density are corn- ~~k, I ,m 14
puted on a uniform rectangular mash. The mesh c.,ntains LmM 

1internal nodes with boundary c~ rtd itions Imp~ue’I via addi- el)
tiona.l nolCs at the edges of the ~1evice. Therefore, the x ~~~~~~~ 

- N
k,I=l ,m

) l m m m N
total number of nodes, including the b’un I ury, i~ (L’2)x(M’2). (20)
Derived quantities such as electric flel i , ch,irc.’c nnd tttte.l - e (  + )(v +
current densities are defined at po int:. ‘th or than the nodes 1 ,15 

14
k, I ,m-l sic, I ,m 

wyk I+l ~~~)

although they are written in terms -i’ t hi’ n’.’Ii~J in~1ice~, lEt Yic, l , js 14
be the index in the y direction, m tho m b ,  in the x direc- CD 1

tion , and X the uniform mesh increment. ct I~ he a t im e — (N -
index and f the time increment. X k, I ,m ,I ,m.l 1 m m  Mfl

The charge current density, 3’, is defined such that j~~ , ,~~Poisson ’s equation ic d i t cr e t i ze~I u~ irE the five J*)int is located midway between nodes (I ,m) and (I-l ,m) and



I ,m is located midvsy between nodes ( I ,m) and ( I ,m-l). The solution requires initial conditions N0, I ,at ’ ‘On’ IDE,
and boundary conditions on V and N. At each ti step tFie

An explicit integration formo la is used to propagate the solution procedure may be sumsarized as fol1~~s, given Nic I at ’mobile carrier density in time: I
~~~1’ I~~~ , and estimates of Lp,~, I~~ :

1. Find Vk , I ,m, ik , I ,m
2. Find 

~k+ö,I ,m
T 3. Find 

~k , I at
CX “~~k , I+l ,m 

- 

~~k , I ,at ~ ~Yk , I ,in+l - 

~ ‘k, I ,is~ 14. Update estimates of 
~~~~ 

i~~

(21) Relaxation iteration i, used to update the est imates of the
1 I L total currents [rj~ and I~~ . When the iterations have converged

N the mobile charge densit y is propagated to the next time step
- using Eq. (2 14).

where NO has been assumed to be t ime independent . The solution of the difference equat ions is straightfor-
ward with the exception of the discrete form of Poisson ’s

The total current density, ?, is calculated so that its equation, Eq. (i6). Methods for the solution of Poisson’s
cneponents are defined at the same locations as the charge equation are sun~narized and compared by Dorr (8). From the
current density: available techniques direct solution by Gaussian elimination

has been chosen. Gaussian elimination is not generally used

- 
when two space dimensions are involved sinc e precoisputation

xk , I ,m - ixk , , m - 
~~ ~~Xk+1 , I ,m - Exk , I ,m ) and storage of an LXLXM array is required. However , when the

solution mesh is such that L is much less than N , as is the
1 I - L+l case with the devices being studied , and when the mesh size is

1- 
not too large , Gaussian elimination, by virtue of its computa-Tn tional efficiency for t ime dependent problems , is the method

(22 ) of choice . The procedure for solution of the discrete

- 
e 

(F  - 
~
. ) Poisson ’s equation in two dimensions by Gaussian elimination

~Y)c , I ,m ~k , I ,m T ‘Yk *l , I ,m ~‘Yk , I ,m is reviewed in (8).

1 I L Stability

1 m M+l
Stability analysis of the device difference equations is

possible only when linearizing assumptions are made . The sta—
The total current on each contact is found by integrat ing the bility of the explicit integration of Eq. (21) can be shown by
normal component of total current density -ver all nodes von Neumann stability analysis to be limited by
associated with the contact .

The external circuit equations are s lved using an 2
implicit scheme . For resistive circui t  elements T , T -  —

~~ (25)

VDk 
= V R~~ - - 1r~

(23 )  when constant boundary potential and constant average electron
V~~~ - R~ ..

~ 
velocity ( ‘ = -v = constant ) are assumed . Py-pical values for
;aAs are X 10-5 cn , 0 = 200 cm2/sec , and v = 107 cm/sec so

that the stability lir~it is T X 2/Z~D = l.25xl0~~-3 sec. Note
where R0 is the irain circuit resir tance and R .~ is the gat e that for low values f diffusion , stability is limited by
circuit resistance. T D/v2 . Implicit integration of carrier density has been

used in s ij nulations of silicon semiconductors which exhibit
Method of Sclution low diffusion coefficients (t 4 ) .  Numerical experiments have

indicated , however, that for devices with field dependent
The presence of the external circuit introduces some mobility,  j A (  E ~, the stability criteria derived from the

difficulties into the solution of the equ ations describing linearized system are of limited usefulness in predicting per-
the device charge distribution. The difference equations formance of a particular method . The sample calculations to
have been derived assuming time indet-endent boundary poten_ be presented subsequent ly were performed at a t ime increment
tial . Referring to Eq. (22 ) , unless the boundary potential of 3.96xl0~~-3 sac , and nwnerical stability was maintained for
at t ime k~l is the same as the boundary potential at time k , the same t ime increment when the diffusion coefficient was
the current density will not be correctly c( mputed. In reduced t —  zero . Additional numerical experiments have shown
particular , the current density in the region of the contacts that , for ;aAc devices operating in the negative differential
will not satisfy Eq. ( 6 ) ;  that i~ , it will not be divergence mobility re~ iine , implicit integration affords no improvement
free . The diff icul ty is overcome by the use f the following in computational efficiency over explicit integration .
artifice: the mobile carr ier densit y is propag ated forward
in t ime by a small increment , T T , over which it is suff 1- Analysis of the stability of the external circuit equa-
cient ly accurat e to assume that the boundary potential does tions is possible when the eleotric field in the device is
not change , Let 

~~~~ 
be the mobile carrier density which has assumed to be homogeneous and of sufficiently low magnitude

been propagated by T’ • Then propagation to the next full that average electron velocity is a linear function of d cc-
t ime step is performed as follows: tric field. When these assumptions are made the device is

seen to be capaciti ve . Thus , when the external circuit imped-
ances are resistors a one t ime step delay applied to the loop
current s in the external circuit equations , whicb lead s to an

N = N .1 (N - N ) (2 14) explicit expression for the boundary potentials, also leads to
k+1,I ,m k,I ,m T’ k4~ ,I ,idd k,I ,m numerical instability. Therefore, the implicit forima.le.a,

Eq. (23 ) ,  are emp loyed. A relaxation iteration with a relaxa-
tion constant less than one ( under relaxation) is used for
both the gate and drai n circuits (9).

- --~~ -~~~~-~~~~~--~~ 



SAIg’LE CAWULATIOtC by applying a small drain bias potential to the device and run-
ning the simulation until the mobile carrier dens ity, whith is

The simul*tiofl is demunstrated by two sample calculations initially set to ?(~, reaches steady atate.
presented fin Figs . 3-7. The solution is found on an 8~140 mesh
exclus ive of bowidary nodes. The Configuration which is slims- Figure 3 shows the t ime and space evolution of the mobile
lated is that of Fig. 1 in which the sour ce and drain are on carrier densit y and the vector distribution of current density
the sides of the device and the gate is on the top. The parem- within the FE]) which occur when the drain bias , V~~ , is ramped
eters are as follows: from 0.1 to 1, 0, in normalized units, in 14 picoseconds . The

left-hand column shows N(x ,y,t) at successive instants of time.
device length (x)  10 microns For clarity in the display N(x ,y , t ) ,  expressed in units of
device width (y) 2 .19 microns increases in the downward direction. The current density dis-
X 0.2144 microns plays are vector displays showing both magnitude and direction.
T 3.96xl0-1-3 sec The line segments reduce to points when the magnitude of the
gate width 3.1416 microns total current density is zero and reach their maximum length

0 when the magnitude of the current density is greater than or
z0 equal to the peak current for GaAs (see Fig. 2). The t ime
D 200 cm/sec2 evolution of the loop currents and the drain potential are dis-
N0 1015 cnr 3 played in Fig. 14 in normalized units.

where R0 is the intrinsic low field resistance which depends on The details of the display show an evolving depletion
the dimensions of the device in the z direction. Given the layer that moves into the semiconductor under the gate d cc-
loop current normalization vith respect to device depth , it is trode . The depletion layer, where N(x,y,t)C~~~, implies a
sufficient to state that Z0 = ~~~ The background charge den- trancverse component of electric field pointing in the d.irec-
sity on the gate contact is set to i~’~3 N0. A three piece t ion of the gate electrode and causing electron flow into the
linear appr ox imation of the velocity-electric field curve of semiconductor through the gate . Note the current density dis-
an NOM device has been used in which the electron velocity at lay of Fig. 3 at 5.3 ps and also Fig . 14 where the magnitude
high field is one half the peak velocity . The source and gate c-f the gate current initially exceeds the source current. In
potentials are zero. Realistic initial conditions are achieved

1 —

N/ N 0 CURRENT DENSITY , I
0 TIME,ps 

~ 
~.. C),

_ _ _ _  _

~~~~~~~~~~ L ~:~ fff ~1~11

0~~~~ ~~~~~~~~~~~~~6 

T ~
1
0 45

2 T~~E,ps

Fig. d. The time and space evolution f the normalized mobile TW~E, ~ S
carrier densi ty ,  N/r~~, and current densit y ,  i , which occur s Fig. 4. The time evolution of the loop currents and drain
when the drain bias potential is ram ped from 0.1 to 1.0 in potential when the drain bias potential is ramped from

0.1 to 1.0 in 14 p5.
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steady state the gate current approaches zero. It is signifi-
cant to not e in Fig . 3 that the current density in steady state
is greatest under the gate contact where the cross—sectional
area of the conducti ng channel is least • For the particular
set -f bias potentials all field values within the conducting
channel are less than the electric field at peak current for
~aAs and therefore the increase in current densit y is accom- N/ N 0
p lisned without any local regions of c’-iarge accumulation.

0
In the second sequence, shown in Figs . 5-7, the drain

bias potential is r amped from 0.1 to 2.0 while the sour ce and TIME , ps

gate potentials are held at zero . In the absence of a gate 21 1
electrode , such a drain bias potential would not be surf 1- 

______

ciently large to cause the device t - operate in the region of
negative differential mobility. However , the constriction 2
caused by the gate electrode increases the magnitude of the
electric field under the gate to a level such that the device 0operates locally in the NDM regime . The scale of Fig . 5 is
such that the length • -f the line segments representing current
density merge ir,t - a s -li i line just as the NDM regime is 37 1
entered. The area In which ~2~-) o t e ra t ion is initiated may be
clearly seen :ust unler  the ate . An accumulation of mobile 2
carriers -cour t’ and , in the sequence showfi in Fir .  0~~ moves
fr the dat e t . the irain where t I t e accuinu 1ati~rn decays. The
r~ cess t r er . ret-eat s i tse lf  and will I -  s in-definitely . The 0

evidence f - - . cillat i -ns w i th in  th e  evice is the t resence of
-sciflations in the 1 -  current in the external circuit , 53 1

Fig. 7. N. te in Fig . 7 that the u-a Ir. ‘-tent ia l  is tine le-
er lent an:  therefore an or ’u r .  t I  n f constan t

w~~d n t  be realistic for t h i -  s i tuat ion.  2

0
A c Sr uter  sL-r.zi it ion has been -resented which all-’w s

large signal tints le endent unai:-si f bulk semiconductors 69 1
- er ,t i r .  in an external circuit. The simulation was Ievelot-
e l  t stu iy ne~--tt ive i i f fer e n t ia l  mobilit y levicec; h.wever, 2any sem.iconducting material  for which a vel.  city-ele~tr ic
field curve is known may be r~ d e e  I . k1th~ - s~h the sample cal-
cu2 at ions r rex ente - t  were er forn e  i f r a s teciu ic  contact con- 0
f igurstion , the simulation rerrdts placement f the cont acts
anywhere on the boundaries The tr ina ry  limit ation of the 

1numerical technique is that the device must be m Iele I -n a
rectangle .

2
by s imulating the interaction f the t-emiconducting de-

vi ce and the external circuit a -s re re ; recent ative analysis
f (evice behavi - r is st- ible; articul arly in tb :~ sjtua— 0

t i  -n .  where the assu-t tj ~ n f constant el ectrode -otentia]. is
:1. - -a l i ( , 101 1

Nav a.L He:earch. 
was su~~ r t e - i  by the . :, ,  wy, off ice f 

2

N/N0 CURRENT DEN SITY , I 117 1

0 TIME .
# *

r7~~~~~ j 3
Ps FE~

!
~
_ 

133 1
ii - . 5. The nr ,rmftj j ze .t mobi le carrier -lencity and current

I.~n x  j t  -
~ at the m i t  (at I . n f Sn accwnui5ti”n of mobile 2

cer r j e t -
F ig. ~ - A t ime sequence showing the formation an t r , -:-a.- i-  -

t i n  -f ;unn domains in a GaAs VET
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