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- GaAs MESFET Physical Models for
Process—Onented Design

Christopher M. Snowden, Senior Member, IEEE, and Renato R. Pantoja

Abstract—A detailed physical model is described which is used
to accurately predict the dc and microwave performance of
GaAs MESFET’s. This model, which accounts for hot electron
effects in sub-micron FET’s, includes trapping phenomena and
heating due to power dissipation. It is used to determine the
optimal design for small-signal and power devices, including
single- and double-recessed FET’s. The spread in device char-

acteristics can be directly related to the variation in device ge-

ometry and process parameters experienced in fabrication. The
accuracy and flexibility of this approach is demonstrated by
comparison with measured data for a variety of devices.

I. INTRODUCTION

HE DESIGN and characterization of microwave de-

vices and circuits has traditionally relied on utilizing
measured small- s1gna1 S-parameter and dc data which is
frequently used in association with equivalent circuits,
where the element values are obtained by fitting the model
terminal characteristics to the measured data. This ap-
proach is largely empirical and requires extensive exper-
imental data to establish a good basis for design and is
particularly demanding in the case of devices operating in
non-linear circuits, such as power amplifiers and oscilla-
tors. In these circumstances, measured data is required for
a wide range of dc bias levels, signal amplitudes and fre-
quencies, because of the nonlinearities -of the active de-
vice. In addition to the constraints imposed by the oper-

ating conditions of the device, other phenomena have a

significant impact on the characterization of microwave
transistors. For example, trapping phenomena associated
with III-V transistors are known to degrade the large-sig-
nal performance of power FET’s and it is very difficult to
characterize this effect with equivalent circuit models.
Furthermore, the development of new FET-based designs.
usually requires many costly and time-consuming fabri-
cation-design iterations, because of the difficulty in relat-

ing device geometry and doping profile to the equivalent -

circuit element values. Thermal effects in active devices
can have significant impact on the design and operation
of circuits. In particular, in the case of design methods
based on equivalent circuit models derived from measure-
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ments, if the thermal environment of the prototype circuit
differs from that present during the characterization, the
final circuit performance may deviate from the expected
design values.

This paper presents an alternatlve approach for micro-
wave FET characterization and design, based on a highly
efficient physical model. This model accounts for carrier
transport in the' active channel (two-dimensional cross-
section) and for the distributed (three-dimensional) nature
of the FET structure [1], [2], Fig. 1. The physical device
model used in this work is intrinsically capable of simu-
lating dc, small- and large-signal operation, without mak-
ing any successive modifications to the model. The model
presented can be used to predict the operation of new de-
vices with confidence prior to fabrication, and allows both
the device and circuit to be optimized for a particular ap-
plication. This makes the design of new devices system-
atic (and quantitative), minimizing uncertainty in the de-
sign due to doping profile and process requirements. This
type of model can be used to predict parameter spreads
and yields prior to fabrication, since the device geometry
and material parameters, which play a major role deter-
mining spreads and yields, form the basis of the model.
This paper deals with the development and application of
a physical FET model suitable for predicting dc and mi-

‘crowave small- and large-signal characteristics, and dem-

onstrates its accuracy and speed compatibility with cur-
rent microwave. CAD practice. The physical model
described in this paper accounts for thermal effects due to
power dissipation and variable ambient temperature. A -

- key feature of this approach is that it is possible to relate
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physical and geometrical changes in the device design to
changes in the performance. In particular, this model al-
lows a wide range of design and process parameter vari-
ations to be investigated in a very short period of time
without resorting to fabrication experiments. This ap-
proach can be used to obtain a more cost-effective and
speedy solution for obtaining the optimum design and
- maximizing the yield of both small-signal and power
FET’s.

II. THE PHYSICAL MODEL

In contrast to equivalent circuit models which can be
used to reverse-model devices using measured data, phys-
ical models are essentially predictive, producing results
based on the physical geometry and description of the de-
vice and circuit. This type of model is not obtained by
fitting model .parameters to measured electrical data as in
equivalent circuits and semi-empirical physics-based
models, and hence the quality of agreement between
measured and simulated results is mainly a function of the
quality and accuracy of process data supplied to the
model, assuming that the physics and parasitics are ade-
quately described. In the case of sub-micron gate length
MESFET’s this implies that a model capable of repre-
senting hot electron effects is required. There have been
many contributions of full two-dimensional modelling of
GaAs MESFET’s, the more recent of which address the
issue of CAD and optimization [3], [4]. However, these
comprehensive two-dimensional models are too compu-
tationally intensive for present resources, preventing in-
teractive design and analysis. Quasi-two-dimensional
models [1], [5], [61, [7], [8] retain the essential physical
description, but allow several orders of magnitude im-
provement in speed [1], [2].

The quasi-two-dimensional model used in this work in-

corporates a hot electron model solving both energy and -

momentum conservation equations. The basic principles
of this model are described elsewhere [1], [2]. The model
presented in this paper has been substantially improved
incorporating a charge-control model, improved doping
profile description, a thermal dissipation model, im-
proved surface and substrate trap representation and a
more flexible cross-sectional geometry description. The
semiconductor transport equations are solved in a highly
efficient quasi-two-dimensional manner [1], retaining a
two-dimensional description of the active channel, Fig.
2, but only requiring a numerical solution of the x-com-
ponent of the electric field. The electron transport equa-
tions for this model are,

OEY q ® '
or el (Np — Ny + Npr — Nyp) dy
X €g€, Yo
- S n dy} Poisson’s Equation (1)
Yp

is = ip(X) + i(x) + ipya(x) current continuity

@

source drain

parallel equipotential lines
in undepleted channel regions
(and in undepleted substrate)

hot electrons injected
into substrate

Fig. 2. Quasi-two-dimensional approximation for a MESFET, showihg
parallel equipotential lines in the undepleted active channel.

2 dw  ky dn
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where E electric field, w average electron energy, n elec-
tron density, v electron velocity, iy, ig(x), i (x), fzva(X)
are the source, channel, gate and avalanche multiplication
currents. Yp is the edge of the Schottky depletion region,
g magnitude of the charge on the electron and eye, is the
permittivity of the material, K, k;(w) and k, are multi- -
valley transport parameters [1], 7,, is the energy relaxation
time and wy is the equilibrium energy corresponding to
the lattice temperature Ty. Nyp and Ng, are the ionized
donor and acceptor trap densities. u is the electron mo-
bility which is a function of average electron energy w
and lattice temperature Tj,.

It should be noted that (1) differs from previously pub-
lished work [1], fully accounting for both the doping pro-
file (donor and acceptor) and for variable trap density.
The Poisson, energy and momentum continuity equations
are solved using a finite-difference numerical scheme. The
source current i; and gate voltage v are used as bound-
ary conditions, from which the drain voltage vy is deter-
mined. The solution of these equations yields the terminal
voltage and current responses.

The model, which already accounts for breakdown and
gate conduction [1], has been substantially improved with
new semi-insulating substrate and doping profile descrip- -
tions and optional n+ implant regions. This improved
model allows both single and double-recessed FET struc-
tures appropriate for centemporary power FET designs to
be simulated, Fig. 3. The model has shown that the elec-
tric field and electron energy distributions of double-re-
cessed designs are significantly different from those of
single-recessed FET’s, with associated reduction in peak
electric field below the drain edge of the gate, accounting
for the improved breakdown characteristics of the former.
The breakdown characteristics and microwave perfor-
mance of double-recessed FET’s are a strong function of
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Fig. 3. Double-recessed gate. power FET structure. R, = first (shallow).’
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the doping profile and surface state density. Another con-
sequence of the double-recessed gate structure and the re-
duction in peak electric field, is that the effective gate
length is increased with the charge-dipole extending to-
wards the drain, decreasing the f; of the device and low-

ering the transconductance compared with single-recessed -

devices.

Heat dissipation.in microwave devices can substan-
. tially modify both the dc and microwave characteristics.
This FET model has had a simple thermal model incor-
porated, where the average lattice temperature 7, is cal-
culated as a function of dissipated power and thermal re-
sistance. This temperature is then used to determine the
energy-dependent mobility by relating - temperature de-
pendent steady-state velocity v, (given in [9]) to the
equivalent steady-state electric field E,,, which is in turn
extracted from an energy-electric field characteristic ob-
tained from Monte-Carlo s1rnu1at10ns (as in [1]). This
yields the mobility as,

vss(Ess s TO) P 1

w(w, Tp) = TE.w) m-vs
- where
, - 8.5 x 10°E2
300p0 T woEd1 —5.3 X 107'Ty) )
Vg = T, =5 ms
0

D

where 1y is the average low field mobility of the active
channel obtained by mobility profiling) and Ej is the char-
acteristic field 4 X 10° Vm~!. The average lattice tem-
perature is obtained using

Ty = Tomy + PDRTH (6

where T, is the ambient temperature of the mounting
~ surface, Py, is the power dissipated in the device (power
from the supply-signal power) and Ry is the total thermal
resistance between the active region of the device and the
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mounting surface/heatsink. In the absence of a signal (or
for small-signal conditions) the dissipated power is deter-
mined from the product of the bias voltage and current
VpsIp. Ry was typically found to lie in the region of
70°C /W for 300 micron wide FET’s measured using
wafer-probe techniques. The thermal impedance of larger
devices has been investigated using separate thermal .
modelling softwatre [10]. The app11cat10n of the thermal
model requires an iterative solution, since the bias point
is a function of temperature and the temperature itself is
itself a function of bias (dissipated power). DC solutions
using this thermal model typically require 4 or 5 iterations
to converge. The quasi-two-dimensional model has the
advantage of retaining a relatively rapid solution (typi-
cally 1.5 s per bias point on an IBM PC) compared with
full two-dimensional models which are prohibitively slow.

It should be noted that pulsed simulations (for transient
I-V characterization) do not require the use of a thermal
model and are significantly faster.

The observed differences between steady -state dc and
pulsed (fast transient) -V characteristics and low fre-
quency dispersion associated with g, and g, are attribut-
able to the dynamic behavior of deep level traps in the
bulk material and at the surface of GaAs MESFET’s [11]-
[13], Fig. 4. Deep level traps are due to both unwanted
impurities such as carbon (associated with the EL2 level),
and to intentional doping with chromium. The impact of

. bulk traps is particularly significant for ion-implanted.

FET’s, but time-dependent behavior of surface traps re-
mains important for both epitaxial and ion-implanted de-
vices. The filling of these traps is dependent on their con-
centration, capture cross-section, position in the energy
band-gap and on the carrier distribution in the channel and
substrate. Acceptor sites are ionized when the trap energy
level is below the Fermi level, whilst donor centers are
ionized when the trap level is above the energy level. The
improved quasi-two-dimensional model accounts for the
behavior- of substrate and surface trapping phenomena
which enhance the accuracy of the model, particularly in
the case of ion-implanted FET’s (where the channel-sub-
strate batrier and trap-influence is more completely ac-
counted for than in earlier models). These effects are also
intrinsically accounted for when microwave operation is
considered. A charge-control model has been imple-
mented to improve the accuracy in calculating the depth
and charge associated with the gate and surface depletion
regions. Earlier models had difficulty representing device
operation close to pinch-off because of the use of simpli-
fying uniform doping density and the absence of a chan-
nel-substrate interface description [1], [14]. This problem -
has been overcome using the new charge-control model.

A. Charge-Control Model

This quasi-two- -dimensional simulation onglnally de-
scribed in [1], has been modified to include a charge-con-
trol model to determine the charge in the depletion region,
charge in the channel and depletion depth as a function of
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Fig. 4. Energy-band structure of GaAs MESFET (i) below gate (ii) below
free surface. E is the Fermi Level, E is the conduction band energy, E)
is the valence band energy and F; is the deep level trap energy.

channel to gate potential Vs at each point in the channel.

This allows the doping profile and influence of traps to be -

accounted for, achieving superior accuracy to that of ear-
lier models [1], [14]. Carrier-profile models accounting
for deep-levels have been previously described [15] and a
similar approach is taken here to develop a charge-control
model for the FET incorporating both deep levels and sur-
face states. The Poisson equation (1) is solved to obtain
the potential Vg with respect to the surface, as a function
of depth through the profile. This involves determining
the trap filling for each bias condition (channel-gate), to
determine the ionized donor and acceptor densities. In or-
der to simplify the solution, it is assumed that there is zero
gate current in reverse-bias. The Poisson equation is
solved by performing a numerical double integration of
the total charge shown on the r.h.s. of (1), using a Simp-
son integration technique. This is performed for steady-
state case, assuming that the traps reach equilibrium for
each gate-channel bias and for a transient case (assuming
7 < 11s), where the traps do not respond (Vg is rapidly
‘pulsed’ from O V). This yields two separate the charge-
control characteristics for steady-state dc simulations and
for microwave simulations (including § parameters).

" The application of the charge-control model is illus-
trated in Figs. 5 and 6. Fig. 5 shows a typical epitaxial
doping profile for a MESFET together with a commonly
used equivalent uniform doping representation, as in [14]
(with the same pinch-off voltage and maximum current
Ir). The position of the gate recess and substrate are
marked. Fig. 6 shows the resulting characteristics of the
charge-control model obtained from these profiles. Al-
though the depletion depth function in Fig. 6(a) tracks
reasonably closely for both profiles for a large part of the
channel-gate voltage range, a significant difference occurs
approaching the pinch-off voltage Vpy (2.9 V). The
charge-control model for the true profile allows the pinch-
off of the device to be more closely followed and takes
account of the profile tail and substrate interface, whereas
the uniform doping approximation produces an unrealistic
result close to pinch-off. It is important to appreciate here
that in the absence of a suitable substrate model, which
accounts for the presence of traps, the depletion depth
would sharply tend towards full thickness of the substrate
for values of Vs greater than Vpo. The presence of traps
ensures that the depletion depth increases in a well be-
haved manner, although the rate of change of depletion
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depth with V¢ increases sharply when the highly doped
active channel and channel-substrate interface are fully
depleted.

The charge-control relationship is obtained at the start
of the simulation, requiring in the region of 25 CPU sec-
onds on a 20 MHz 386 PC. The use of this type of charge-
control model, together with a non-uniform finite-differ-

ence mesh, allows the transport equations to be solved

extremely efficiently, typically requiring less than 0.3
CPU seconds per solution on the same personal computer
(this increases to 1.5 CPU seconds for simulations in-
cluding the thermal model).

The physical model is used to extract dc characteristics,
time-domain microwave responses (for § parameters and
large-signal simulations), quasi-static bias-dependent
equivalent circuit elements and for simple circuit simu-
lation. The basic techniques for applying this model is
described in [1] and [2]. This paper will demonstrate the
application of this model to both small-signal and power
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FET’s, concentrating on how the model can be used to
predict the dependence of dc and microwave performance
on geometrical and fabrication parameters. This is turn
can be used to predict the dependence of yield on the fab-
rication process.

III. APPLICATION AND RESULTS

The main purpose of this model is for use in CAD of
devices and circuits and the relatively short execution
times, typically less than 2 min for predicting a complete
dc characterization and a full set of quasi-static bias-de-
pendent equivalent circuit model elements at 150 bias
points, on a 20 MHz 386 desk-top personal computer,
makes this approach an attractive alternative to traditional
equivalent circuit models. S parameters typically require
2 min per frequency for a full c.w. time domain and bias-
dependent simulation on the same computer. It should be
noted that it has been found that a time-domain cw ex-
traction of bias-dependent S-parameters is more accurate
than the commonly used transient simulation technique
(as first described in [16] for FET’s). Although a fre-
quency-domain solution of the linearized quasi-two-di-
mensional equations would yield similar small-signal ac-
curacy with increased efficiency, the generalized time-do-
main technique used here is also suitable for representing
highly nonlinear operation, discussed in Section III.

It is well known that the geometrical and physical pa-
rameters associated with microwave devices are subject
to spreads during fabrication. It is common to find vari-
ations in gate length and recess depth of the order of 15%,
with variations in gate offset in a recess of up to 0.1 mi-
crons (the distance between the gate metal and the edge
of the recess if present). The control over the doping pro-
file has improved significantly in recent years, but vari-
ations between batches of wafers are still to be expected.
In particular, the mobility for ion-implanted layers may
vary by 20% from batch to batch. The model presented
in this paper allows the effects of these variations to be
directly related to dc and microwave performance, by car-
rying out a number of simulations incorporating the ob-
“served range of process parameter spreads.

" In order to determine the absolute accuracy of the
model, a number of specific MESFET’s were simulated,
where the geometrical and physical parameters of the de-
vices were carefully identified. This was done with the
aid of cross-section SEM data, mobility profiling of ma-
terial samples close to the devices, and careful process
characterization. It is important to appreciate that all of
the following results are obtained directly from the phys-
ical model, using the available physical data on the FET,
without any additional fitting. The RF results can be im-
proved to achieve an excellent level of ‘fit’ by adjusting
the passive parasitic element values, but this was not the
aim of the work, which was to demonstrate the predictive
capability of the simulator.

A specific epitaxial 0.5 micron gate length MESFET
‘was simulated under pulsed conditions to illustrate the

1405

transient capability of the model. In these circumstances
it is assumed that the traps do not respond within the
timescale of the pulse, and thermal dissipation is negli-
gible. The simulated results are compared with pulsed
wafer-probe measurements in Fig. 7(a). The agreement is
good both in terms of absolute value and the slope of the
characteristics (confirming accurate modelling of g, and
g»)- The improvement in the quality of results obtained
for pulsed I-V analysis using the improved model com-
pared with the earlier model [1] is illustrated in Fig. 7(a).
It is evident that both the slope of the characteristics and
the dc values themselves are in closer agreement with
measured data for the new model. This is attributable to
the charge-control model which also accounts for the real
doping profile and the influence of traps. A specific 1 mi-
cron gate-length ion-implanted device, with a double im-
plantation used to produce an n"-n profile, and a shallow
single gate-recess, was simulated over a range of dc bias
conditions, (where the traps have attained their steady-
state). The results for this device are shown in Fig. 7(b),
where they are compared with wafer-probed dc measure-
ments. Again the agreement is very good for this selected
device, and the relatively simple thermal model appears
to represent heating effects in this device adequately (the

* dc results from the original model [1] which also did not

account for heat dissipation are shown for comparison).
The result is even more significant for ion-implanted
FET’s.

A comparison between simulated and measured S pa-
rameters for the 0.5 micron and 1 micron gate length
FET’s is shown in Figs. 8 and 9. The measured data was
obtained using wafer-probe techniques. The particular
significance of these results is that they were obtained di-
rectly as a result of applying the physical model and pro-
cess data, without any fitting to measured data or reverse-
modeling. The model makes use of only the parasitics cal-
culated during the simulation from the physical data,
which includes the contact resistances, interelectrode ca-
pacitances and distributed nature of the. gate.

The breakdown characteristics of FET’s intended for
power applications are particularly important. The model
includes the breakdown mechanisms associated with the
channel and surface (incorporated into i, in (2)) [1],
[17]. The correlation between measured and simulated
breakdown voltage Vpgp as a function of saturated drain
current Iy for the 1 micron gate length FET is shown in
Fig. 10. The measured results were obtained from exper-
iments aimed at investigating the influence of the fabri-
cation process on device performance. The range of sim-
ulation data accounts for variation in gate recess depth
(20%), gate metal offset in the recess (0 to 0.1 microns)
and variation in mobility across the samples (15%). The
combination of results obtained from simulations includ-
ing these variations forms the range of predicted results
shown in Fig. 10. The impact of gate offset on the dc
characteristics is relatively small in this MESFET be-
cause of the very shallow recess. The range of simulated

data generally agrees well with the range of measured re-
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data).

sults indicating that this is a useful way of assessing the
variation in device performance.

MESFET’s employing a double-recessed gate are a
popular choice for power transistor designs, Fig. 3. How-
ever, the expected behavior of double-recessed gate FET’s
can depart significantly from the single-recessed counter-
parts. An investigation of the influence of the relative re-
cess depths in double recessed FET’s has been carried out
for epitaxial power FET’s and some results obtained us-
ing the new model are presented here. The simulated de-
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Fig. 8. Comparison of measured and simulated S-parameters for a specific
1 micron gate length ion-implanted MESFET, 1 to 20 GHz ( simu-
lated, ---- wafer probed measured data). Vpg =4V, Vgg = —1.4 V,

measured

Fig. 9. Comparison of measured and simulated S-parameters for a specific
0.5 micron gate length epitaxial MESFET, 1 to 25 GHz ( simulated,
---- wafer-probed measured data). V5 =4V, Voo = —1.0 V.
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Fig. 10. Variation in breakdown voltage Vg with I for 1 micron gate
length ion-implanted power FET (I simulated range of data, O measured

FET’s).

pendence of Vg, Ipss, fr and maximum output power P,
(optimized resistive load at each point) on the ratio of the
first recess to the total gate recess depth R;/R; is shown
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in Fig. 11 This important result clearly illustrates the

sensitivity of the FET performance to this ratio and it is
believed to be the first time a physical model has been
used to investigate the performance of double-recessed
power FET’s. Although the double-recess structure al-
lows greater breakdown voltages to be achieved, variation
in the relative ratio of the recess depths across the wafer
leads to further spreads in the dc and microwave param-
eters. When the ratio of recesses is close to 0.5, measured
Vpep values were between 17 and 26 V across a wafer,
with an average of 23 V (¢ = 10%), which compares well
with the predicted performance in Fig. 12 and Table I.
Power densities of greater than 600 mW /mm and effi-
ciencies above 40% at 8 GHz have been obtained from
this FET design. This diagram also shows the trade-off

between Vpgp, Po and fr, for this partlcular double-re- -

cessed power FET structure.

The correlation between breakdown voltage Vjygp and
Ipss for the double-recessed design is shown in Fig. 13.
Here the total variation in simulated device performance
is shown for typical variations in recess depth, ratio R;/Ry
and gate offset associated with this process. Average val-
ues obtained from measurements of power FET’s for each
wafer from 23 wafers are shown for comparison. The ap-
parently large variation in both predicted and measured
results can be attributed to the sensitivity to both recess
depth and offset of the gate metallization in the recess. In
particular, the relatively large-offset associated with gates
deposited in deep recesses degrades Vpgp, fr and Ipgg. It
is also very important to appreciate that the strong nonlin-
ear dependence of these parameters on the ratio R,/Ry il-
lustrated in Fig. 13, implies that analysis based on statis-
tical averages may not provide a consistent comparison
with simulated data because of the nonuniform distribu-
tion. For example, a small shift in the average valie of
the ratio R,/ Ry from 0.5 to 0.4 significantly decreases the
average breakdown voltage from 23.5 V'to 17 V. This
type of variation may account for some of the differences
between ‘the - simulated and measured range of data ob-
served in Fig. 13.

The model can be readily applied to the large-signal
characterization of MESFET’s. This is achieved using the
modified harmonic¢ balance technique described in [2].
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Fig. 12. Spread in /pgs and VDGB due to the variation in ratio of recess
depths R;: Ry encounteréd in fabrication for ¢ of 10% in R,: R, centered
at a ratio of 0.5.

TABLE I
SPREAD IN Ipss AND V5 DUE TO THE VARIATION IN RATIO OF RECESS
DEPTHS R;: Ry ENCOUNTERED IN FABRICATION FOR ¢ OF 10% IN
R;: Ry, CENTERED AT A RATIO OF 0.5

Simulated ‘ Measured
Range Mean Range Mean
Ipss mA 238-312 280 229-308 276
Vpas V 16-27 - 23.5 17-26 23

¢ = 10% for R,/ Ry (Results for One Wafer).

I RANGE OF SIMULATED DATA

35} © AVERAGE OF MEASURED DATA
(23 WAFERS) :

275
mA/mm

250
Ioss

Fig. 13 Variation in breakdown voltage Vg as a functlon of Ings for the
0.5 micron gate length epitaxial double-recessed gate power MESFET (I
simulated range, O average of measured data for each wafer). i

This algorithm has been improved to'increase the speed
of convergence. The modified harmonic balance method

is not based on derivative information and hence does not

utilize Jacobians. This method is highly efficient for
mildly nonlinear operation, but converges satisfactorily
even at high drive levels (well in excess of 3 dB gain
compression). For example, at the 3 dB compression
point, the simulator typically requires in the region of 150
iterations, taking 30 s on a 20 MHz IBM PC. The large-
signal simulation can be achieved using either the physi-
cal model or a non-linear self-consistent (charge-conserv-
ative) quasi-static equivalent circuit model derived using
the physical model [2]. The latter approach is signifi-
cantly faster than the physical model, but is limited by the

b
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Fig. 14. Large-signal power-transfer characteristics of a 1 micron gate
length MESFET ( simulated, ---- measured data).

quasi-static approximation for use below 30 GHz and does
not provide any insight into the physical behavior of the
device. A key aspect of the quasi-static approach used
here is that the model obeys charge-conservation since it
is derived using the physical model (see [2] for details).

Fig. 14 shows that power transfer characteristics of a 1
micron gate length ion-implanted MESFET at 3, 6, and 9
GHz. The comparison between measured and simulated
data is creditable for all three cases demonstrating not only
the large-signal capability of this model, but also its in-
trinsic broadband performance. The simulated results have
been obtained directly from the model without any fitting
of parasitics, for physical parameters specified for a typ-
ical wafer-probed device, and the nominal 0.6 dB dis-
crepancy can be reduced by fitting. The measured data
was obtained using an automated load-pull test set.

IV. CoNCLUSION

The physical model used in this work offers two key
advantages—it is inherently capable of representing all
modes of operation (dc, small- and large-signal micro-

" IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 40, NO. 7, JULY. 1992

wave operation) and offers a uniquely accurate predictive
capability for a wide range of MESFET’s. This paper de-
scribes important new developments in the model and
demonstrates its application and accuracy for different
types of MESFET, including double-recessed. power
FET’s. The strong dependence of breakdown voltage on
gate-offset and recess depth has been demonstrated both
experimentally and theoretically.

This approach offers a highly efficient means of assess-
ing the influence of process variations on dc and micro-
wave device performance. It has the particular advantage
over equivalent circuit models in that this method can be
used to predict these variations prior to fabrication and
test.
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