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LARGE SIGNAL NUMERICAL SIMULATION OF FIELD EFFECT ‘IRANSISTOR S

H.L.Grub in
United Technologies Research Center

East Hartfor d , Connecticut o6io8

A large signal time dependent numerical code has been developed
for simulating the space charge and circui t dependence of nonlinear
single gate unipolar field effect  transistors (FET) . One goal of the
simulation is to determine the ways the nonunifor m space charge distrib-
ution is affected by the for m of the velocity electric field relation,
v(E), and the material properties of the device ( e .g . ,  substrate); and
how it in tur n affects such things as the source-drain current voltage
characteristic . Another goal is to obtain design parameters for the
large and small signal behavior of the FET . In the discussion that foll-
ows we will concentrate on the for mer goal and restrict ourselves to
effects common to GaAs FETs possessing either Schottky1 or junction2

gates .

The PETs of interest fall into two groups according to whether
under zero gate bias conditions they are or are not capable of sustain-
irig a current instability arising from the propagation of a dipole layer.
It is known that for sufficiently wide channel structures the devices 

2exhibit, above a critical drain bias, microwave frequency oscillations
The oscillation properties are dependent on the values of the drain and
gate bias, anid may be suppressed at sufficiently high negative gate3 or
positive drain2 bias levels. Upon suppression of the oscillation normal
PET operation appears possible. The oscillations do not appear to be
significantly dependent upon the level of the active region doping, as
the results of references 2 and 3 in which instabilities were observed
wer e for significantly different doping values. The second group of
FET5 of interest are narrow channel devices and in these devices large
signal instabilities do not occur.

Numerical simulation of the time dependent properties of wide
channel GaAs PET in which the effects of the external circuit was inclu-
ded and the oscillation detected by variations in current and voltage
across an external impedance was recently reported4 . These results will
be surnm~rized below and used as a point of comparison with the more
recen t narrow channel studies and with studies that include a substrate.

The numerical simulation is for the device/circuit ca~figuration
of figure 1. The simulation is for two space dimensions plus time. The
x-dependence is along the length of the channel, the y-dependence along
the channel height. All variations along the z-direction are ignored.
The calculations are performed for two cases: one in which the source
and drain contacts are parallel (bold lines in figure 1) and the second
in which all three contacts are coplanar (dashed lines). In all cases
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the contacts are equipotentials. The active region height of the PET is
denoted by H

~ 
and that of the substrate by H5. For the present study

the doping within the active region and substrate are uriifcrm and time
independent. The doping of the active region is i~

15cm -3, that of the
substrate is 103-2cm 3 . The numerical results are not qualitatively dep-
endent on the value of the doping within the active region, and the low
value was chosen to reduce computing cos ts . The specific semiconductor
properties are represented by a field dependent velocity and diffusion
relation . We assume an’instantaneous’ velocity response to changes in
electric field . This neglect of velocity ‘overshoot’ contributions
means that the fundamental frequency limitation of the FET cannot be
ascertained within the present program. Rather the frequency response
obtained herein must be regarded as a lower limit to the true frequency
response. Details of the parameters used in the calculation, references
for the v(E) and diffusion curves, and a discussion of the numerical
methods is contained in reference 4. The results are summarized next .

The static and dynamic properties of a Schottky gat e GaAs FET
with H

~
=2.2O microns, Lg=l•95 microns and L=lO microns are summarized

in figure 2a4. For this case the gate is centrally placed, the source
and drain contacts are parallel and H~=O. The results are essentially
symmetrical about the bottom of the device; and it is as though a
fictitious ‘reflecting ’ substrate were present. Figure 2a displays
drain curren t versus drain voltage for the device. Closed circles denote
time independent computed points; crosses denote average current and
voltage when the device is sustaining a self-excited transit time osci-
llation. The v(E) curve is also included in the diagram and scaled to
the current and voltage parameters. The current is in multiples of
Noevr,A, where N0 is the active region doping level, v~ the peak carr ier
velocity, and A the cross sectional area in the y-z plane. The drain
potential, which is the potential on the drain contact is in multiples
of V~=E~L, where E~ is the electric field at peak velocity. Here
3.2kv/cm and v~=2.2xlOTcm/sec. The curves are further labelled by the
value of gate bias, which is also expressed as a multiple of VP.

The results associated with figure 2a teach that for each curve,
and below saturation ,that a depletion region exists under the gate
contact and that the regions between the source and gate, and gate and
drain may be regarded as electric-field-independent resistors . For
V~~=0 saturation begins at a value of drain potential significantly
below that value of gate bias needed to reduce the drain current to
negligibly small values . For the parameters associated with  figure 2a
the gate bias needed to pinchofi’ the drain current is approximately
-3.O1~ ( see also reference 3). Saturation for V~~ =O is ac companied by
the presence of an accumulation layer tha t forms within the conducting
channel at the drain side of the gat e contact. The accumulation layer
is preceeded downstream by a depletion layer and dipole formation
results. It should be noted that dipole formation for PETs is not a

consequence of a region of negative differential i~~bility (NDM); it is

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



a consequence of velocity limitation 5 and channel widening downstream
from the gate contact. The effects of dipole formation should also
manifest itself in PETs fabricated from silicon . The presence of a
region of NDM affects the stability of the dipole layer and for suffic-
iently high values of drain bias an instability occurs in the form of
a propagating and recycling high field domain. The oscillation frequen-
cy is determined by the nucleation time under the gate, propagation
time and drain time . For an average drain potential of l.3V~ the frequ-
ency of oscillation is approximately 18GHz . The transit time oscillat-
ion is bias dependent and at sufficiently high values of drain bias the
oscillation ceases and the space charge distribution within the FET now
includes the presence of an accumulation layer that extends, within the
conducting channel,from the drain side of the gate contact to the drain
contact. One important consequence of this is that the region between
the gate and drain contac ts can no longer be modelled by a field indep-
endent resistance. The presence of charge accumulation between the gate
and drain contacts is a consequence of a potential drop suff ic ient ly
great for the electrons to be travelling at their saturated drift
velocity value v~ which is approximately equal to O.4v~ . Then,any sig-
nificant value of drain current in excess of o.4i~, would be expected
to be accompanied by carrier accumulation. ( Simi’ar high bias space
charge distributions are thought to be responsible for th~ amplifica-
tion properties of two terminal super-critical amplifiers .) The sit-
uation at moderately increased negative values of gate bias is similar
to that for V~~ =0 , but at sufficiently high values the oscillations
again cease. For this case the low value of drain current implies that
most of the potential drop must fall under the gate contact , and the
regions between the source and gate and gate and drain can again be
regarded a electric field independent resistors. But an increased drain
potential under large negative values of gate bias causes the depletion
layer to migrate toward the drain contact with the result that the
gate to drain parasitic resistance although no longer field dependent
is dependent on bias.  We point out that the gate dependenc e of the
oscillation for the FET is a feature essential to the operation of
transferred electron logic devices7 .

Parallel calculations to those for GaAs were performed on a fic-
titious element whose high field velocity is constant and equal to vp
for values of electric field greater than E~ . This zero differential
mobility (ZDM) element has characteristics similar to tha t of silicon,
although among other things its saturated ‘.ieloc ity is greater than
twice that of silicon . The ZDM calculations were performed to determine
the extent to which NDM affects saturation; and also becaus e the ZDM
calculations are easily scaled , they can provide modelling assistance.
For the ZDM calculation s the diffusion was taken as constan t and equal
to 200 cm2/sec . The ZDM current voltage curves are displayed in f ig.
2b , where we have also drawn the v(E) curve. We note again that satura-
tion begins , for the V~~ =O cas e , at drain potential values below that
necessary to pinch the drain curren t to negligible values . For this



case pinchoff occurs for a value of gate bias equal to -2. 5V . Qualita-

tively similar results were obtained in reference 5. We a1so~ poirie out
that the value of drain current ,f or V~~=0, at high values of drain pot-
ential (exceeding those of the scale of figure 2b) approaches unity .
This suggests that the device dimensions are not limiting the current
values in the figure 2a GaAs calculations; rather it is the value of
the high electric field saturated drift velocity . Additional calcula-
tions have been performed in whic h the saturated drift velocity values
in NDM elements bracketed the GaAs value. For the case where the satur-
ated drift velocity exceeded the GaAs value the high drain potential
current level exceeded that for GaAs ; the reverse occured for NDI4 ele-
ments wi th  saturated drift velocities values less than the GaAs one.

One necessary requirement for the presence of large signal don-
am instabilities is that the current density be high enough to sustain
a propagating domain . By decreasing the channel height the relative
contribution of the depletion region under the gate increases and the
current density throughout the device decreases . The elimination of
domain instabilities is then possible . The question is: how much of a
decrease is necessary. For the gate length of figure 2a the peak curr-
ent ,prior to saturation and the subsequent curr ent instability,is very
close to the minimum current necessary for supporting a traveling don-
a m .  This suggest that a device with with a somewhat smaller channel
height would be sufficient for eliminating the instability . We did not
do a systematic study of channel height versus stability . Instead for
a channel height of 1.22 microns numerical simulati ons did not yield
any large signal instability . The drain current versus drain voltage
relation for this narrower device, with parallel source and drain con-
tacts is displayed in figure 3a. In figure 3b we show computed results
for a ZDM element with the same dimensions . We note for the figure 3
calculations that the voltage at the onset of saturation is approximat-
ely equal to the gate voltage necessary to pinchoff the drain current.
For the GaAs elemen t pinchoff occurs at a gat e bias of _ o.6v~; for the
ZDM element it occurs at ..o .6V~ .

A cursory examination of the results of figures 2 and 3 suggests
that if the presence of current ins tabilities is ignored in the three
terminal device then the drain current versus drain voltage relation
and perhaps the small signal parameters for a GaAs FET can be modelled
by assuming a two piece velocity electric field relation of the type
used in figures 2b and 3b. Indeed If the peak velocity for the ZDM ele-
ment was chosen from a best fit with experiment then satisfactory
agreement with the GaAs drain current versus drain vcltag e relation
can be obtained . We have found that the current voltage relation in
saturation and for time independent conditions submits to the relation
IrI~~

(VD)(l - Vc~
/VGp)~ , 

where I
~~

(VD) is the drain current for
and VGp is the value of gate bias necessary for pinchoff . n is a dimen-
sionless parameter. The values of the pinchoff voltages have been given

in the above paragraphs. The values of n for the GaAs elements in fig-
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ures 2a and 3a are respectively 2.3 and 1.7 . The values of n for the
ZDM elements in fi gures 2b and 3b are respectively 1 .5  and 1.8

Ther e are , how ever , limitations in the extan t to which a GaAs FET
can be adequately modelled by a two piece ZDM element. In particular
difficulties arise in representing the voltage dependence of the gate
to drain resistance for the situation when there is significant charge
accumulating within this region . In this case the distribution of charge

~iithin a wide channel GaAs FET ( see figure 8 of reference 4) ~s not
necessarily the same as that within a wide channel ZDI~ element . The sit-
uation is somewhat bri ghter for narrow channel devices where the drain
current is significantly below the current associated w i t h  the saturated
drift velocity. In this case for both the GaAs element and the ZD~
element saturation is accompanied by a large potential drop under the
gate region, where most of the charge nonuniformities reside . We illus-
trate this charge distribut ion for the narrow channel GaAs FE~T in figure
4 .

In f igure  4 we display, for three combinations of drain potenti~l
and gate bias, the projection of the carrier density within the PET. We
note that carrier density increases in the downward direction . In figure
4a the gate bias is zero and the drain potential is o.28V~. We point out
that the rate of increase of mobile carrier density under the gate con-
tact is greatest near the source side of the gate region . In figure 4b
the results for a drain potential of 0. 72~ show the rate of increase
to be greatest at the drain side of the gate region where an accumula-
tion of charge has formed . We note the region of partial carrier deplet-
ion downstream from the accumulation layer and the presence of the resu-
lting dipole layer . Figure 4c shows the carrier density projection for a
gate bias of -0.3V~ and a drain potential of l.93Vp. Here the increase
in negative gate bias results in a decrease in current density between
the source and gate contacts , and between the gat e and drain contac ts .
The region surrounding the gate is essentially swept free of mobile
carriers.For the calculation of figure 4c, the low drain current and
high drain potential values require that most of the potential drop be
across the depletion region. This is illustrated in figure 5a which
shows the large potential drop across the depleted region; the latter
extending itself downstream from the gate contact region . The display in
figure 5a is a contour plot of equipoteritial lines. Each line separates
the regions O.lO5r..~zV/V p~zO.lO5(r+1), where r=0,l,2,...,9,A,B,... Lines
A,B,C,.. represent r=lO,ll,l2,.. We point out that the potential drop
across the depletion zone results in an average electric field suffic-
iently high for the carriers to be traveling at their saturated drift
velocity value. We indicated above that the potential and charge dist-
ribution for a narrow channel ZDM element was qualitatively similar to
that for GaAs. Figure 5b displays a contour plot of potential for the
ZDM element with a gate bias of _O.2V~ and a drain potential of 1.34V~ .

The calculations we have performed are time domain transient cal-
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culations and so ~ar have not revealed a region of static negative diff-
erential conductivity . Instead a low voltage high current state may swi-
tch to a lower current higher voltage state through an unstable regicn .
The time dependent calculations in addition to allowing us to explore
the transit-time dependent properties of the three terminal device ,alsc
allow us to explore the large signal amplification properties of the
device, and to obtain realistic estimates of the response of the system
to changes in gate and drain bias. In figure 6 we display a large
signal gate current versus tine profile, w her e time is in multiples of
t-he low field dielectric relaxaticn time, 0.9xl0~~-2sec for 10

15 doping .
We show in a sequence of steps the time it takes the carriers to settle
into a time-independent distribution after responding to changes in bias.
At time t=0 the device is turned on with the gate bias decreasing at a
finite rate to the value _0.2V~ and the drain bias increasing at a fin-
ite rate to the value O .5V~~. There is initially a transient displacement
current contribution due to thes e bias changes which results primarily
in charge buildup on the gat e contact.  Conduction current contributions
are always present but they dominate after the bias has reached its
assigned value. In this case the conduction current contributions corr-
espon~ to charge rearrangement wi th in  the device as determined by the
amount of charge residing on the gate contact.  Charge rearrangement is
represented in f igure 6 by the apparent exponential relaxation of the
gate current to a zero value. The relaxation to steady state is
dependent upon the speed of the carriers, the width of the depletion
region and parasitic contributions . Going to higher drain bias values
results in an increase in carrier velocity for situations below saturat-
ion. The result is a decrease in the time of relaxation. This is displa-
yed in figur e 6 where at the normalized times of 80 and 120 the drain
bias is increased at a f in i te  rate to the values l.0V~, and l.5V~ ,res-
pectively . An increase in the value of the gate potential to a higher
negative value results in an increase in the resistance of the device.
The result is an increase in the time the system takes to settle into
a steady state configuration. This is illustrated in figure 6, where
at the normalized time of 160 the gate bias is decreased from the value
-Q.2V~ to the value -O.4V~ . In this case the drain bias was held fixed
at l.5V~ . We note that the calculations of f igure 6 wer e for the narrow
channel ZDM element .

The abov e discussion has ignored all substrate effects , except
isofar as the bottom of the device may be regarded as the boundary line
to a ‘reflecting’ substrate . Below, we briefly discuss some aspects
associated with the presence of a substrate , and for this situation the
numerical calculations are for the FET in the planar configuration . With
respect to figure 1, L =10 microns and the height of the FET is i.~ 6
microns . Hc=0.96 microns , H5=O .59 microns with the doping transition
occuring over the distance of 0.19 microns . The source , gate and drain
contact lengths are respectively 0.59, 1.59 and i.~6 microns . The cal-
culations are displayed in figure 7’ and are intended to draw attention
to the presence of space charge injection into the substrate. The place-
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ment of the contacts is indicated on the diagram . In figure 7 we display
carrier density contours where the contours separate the regions 0.26~~
N/N 0.r 0.263(r-s-l) for N0=1015/cm3 . We also show potential contours , w h i c h
for f igure  7a separate the regions 0.263r .~V/V~< O.263(r+1); for figure
Tb they separate the regions 1.05..~V/V~~~l.05(r+1). We also display a s~
of current density streamlines through the device.  The streamlines rep-
resent the vector current  density , wi th  the length of individual stream-
lines proportional to the magnitude of the current  density . The maximum
length of the individual x- arid y- components before overlap is equal to
J~ in figure 7a and in f igu re  7b , where J~ =N 0ev~ . The computation
in f igure  Ta is for a zero gate bias and a drain potential of 2.68V~ .
Here we see the presence of charge accumulation under the gate region
near the n-region/ subs trate boun dary . There is also some current trans-
port from the n-region into the substrate at the source end of the FET.
But under the gate reg ion all current is parallel to the bottom of the
device; i e., the y- component of current is approximately zero. There
is however enough structure in the potential at the n-region/substrate
boundary to yield a f in i te  y-component of electric field and consequent
injection of carriers into the substrate.  Once in the substrate they may
contribute to the conduction current. Conduction in the substrate is
also illustrated in f igure Tb where the gate bias is equal to -0.2V and
the drain potential l.87V . For this case there is almost no current f1o~
thr ough the n-region; ins~ ead most of it is wi th in  the substrate.
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