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Monte Carlo Determination of the Intrinsic
Small-Signal Equivalent Circuit of MESFET’s

Tomds Gonzéilez and Daniel Pardo

Abstract— A Monte Carlo technique for the determination of
the intrinsic elements of a broad-band small-signal equivalent
circuit (SSEC) of MESFET’s (and FET’s in general) is described.
The values of the different elements are calculated from the
Y parameters of the intrinsic MESFET, which are obtained
from the Fourier analysis of the device tramsient response to
voltage-step perturbations at the drain and gate electrodes. An
accurate estimator of the instantaneous currents at the terminals
is used, which guarantees the precision of the method. Three
different MESFET geometries have been analyzed. For low drain
currents under saturation the intrinsic elements are found to be
independent of frequency in the whole range of device operation.
This fact validates the technique and the proposed equivalent
circuit under these conditions. However, for high drain currents
the gate-drain capacitance and the drain conductance depend on
frequency due to the appearance of charge-accumulation effects.

1. INTRODUCTION

N the design of microwave circuits, the knowledge of an

accurate small-signal equivalent circuit (SSEC) of a FET is
a helpful tool to characterize the device behavior. For example,
it is useful for the analysis of the FET noise performance [1],
[2] and for the determination of the gain, cut-off frequency,
etc. [3]. The frequency range in which the equivalent circuit
can be applied is specially important. So, broad-band models
are to be developed.

Usually, the SSEC of a FET is designed by choosing a
topology so that each element provides a lumped approxima-
tion to some physical aspect of the device [4], [5]. Although
there is no fixed standard equivalent circuit to describe a
transistor, a SSEC which is commonly accepted is formed of
fifteen different frequency-independent elements: eight of them
corresponding to the external parasitic effects and normally
considered independent of the bias point, and the other seven
describing the intrinsic behavior of the FET and dependent on
the biasing conditions.

The experimental characterization of the FET behavior at

high frequencies involves the measurement of the S param-
eters. The fifteen elements of the equivalent circuit must be
obtained from them. An extraction technique was proposed
by Minasian [6], extended by Dambrine et al. up to 5 GHz
[7], and finally developed for the whole frequency range of
FET operation by Berroth and Bosch [8]. The main difficulty

Manuscript received July 18, 1994; revised October 13, 1994. The review
of this paper was arranged by Associate Editor Jingming Xu. This work was
supported in part by the Consejeria de Cultura de la Junta de Castilla y Leén
through the project SA-14/14/92.

The authors are with the Departamento de Fisica Aplicada, Universidad de
Salamanca, Plaza de la Merced: s/n, 37008 Salamanca, Spain.

IEEE Log Number 9409046.

implied in this technique is the evaluation of the external
elements, in order to get the Y parameters of the intrinsic
device. This is done by “cold modeling” of the equivalent
circuit [7], [9] and by performing several transformations of
the measured S parameters, so that finally the intrinsic Y
parameters are de-embedded from them.

By using this extraction technique, and avoiding the eval-
uation of the external elements, in this paper we describe a
theoretical procedure to calculate the intrinsic elements of
the FET SSEC starting from the Y parameters obtained by
means of a Monte Carlo (MC) particle simulation. The MC
method includes all the processes relevant to the transport
in small semiconductor devices (non-stationary effects, hot
carriers, etc.). Moreover, it is very well suited to analyze the
intrinsic behavior of a device, like shown in [10] for the case
of noise, closely related to the small-signal behavior. With
the MC simulation one can be sure that no parasitic effect is
involved, so that the validity of the intrinsic SSEC proposed
can be verified by checking the frequency dependence of
the calculated elements. For a given operating point, the Y’
parameters are obtained from the Fourier analysis of the device
transient response to voltage-step perturbations at the drain and
gate terminals. The success of this analysis depends crucially
on the accuracy of the values calculated for the instantaneous
currents at the terminals during the transient. In our case,
the transient currents are accurately evaluated by using the
efficient technique proposed in [11].

As application we have determined the SSEC for the case
of GaAs MESFET’s. Three different geometries and their
influence on the elements of the equivalent circuit have been
analyzed. The MC particle simulation provides the physical
background of the differences found among them in terms of
particle dynamics and self-consistent fields.

The paper is organized as follows. In Section II, the theoret-
ical basis and the different steps of the technique are presented.
In Section III, the details of the physical model, concerning
the MC particle simulation and the MESFET geometries con-
sidered, are described. The results of the simulations are given
and discussed in Section IV. Finally, the main conclusions are
drawn in Section V.

II. THEORETICAL ANALYSIS

There are several methods to calculate the Y parameters
[12]. Here we employ the Fourier decomposition of the FET
response to transient excitations. Let us suppose that over the
stationary operating point we apply a voltage-step perturbation
of amplitude AV; at terminal j, and that I;(t) is the response
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Fig. 1. Small-signal equivalent circuit of the intrinsic FET.

in the current at terminal i. The complex Y;; parameter will
be given by the relation between the Fourier components of
both signals, and can be shown to be [12]:

Rel¥y(w)] = L9050 4 28 7110 - 1(oo)
-sinwt dt )
Im [Y;;(w)] = ALV] /0 [Z:(t) — I;(c0)] cos wit dt 2)

where I;(0) and I;(oco) are the stationary currents at terminal
¢ before and after the voltage perturbation, respectively. The
FET transient response is finite in time, so that the integrals in
(1) and (2) can be evaluated with a reasonable simulation time,
after which it is assumed that I;(¢) = I;(co). In the following,
+ = 1 will stand for the gate and 7 = 2 for the drain.

In order to determine the four ¥ parameters, two excitations
are needed: one in the gate voltage and other in the drain
voltage. It must be stressed that the voltage-step amplitude
must be sufficiently small so as to avoid harmonic excitation
in the device response, and large enough to get significant
variations in the currents that dominate over numerical and
physical noise. We have applied AV; = 0.125 V for the case
of the gate and AV, = 0.5 V for the case of the drain.

Although the four Y parameters describe completely the
FET small-signal response, the designer is interested in an
equivalent circuit with lumped elements associated physically
with particular parts of the device. Once the external parasitic
elements have been eliminated, the SSEC of the FET reduces
to the topology shown in Fig. 1. It is formed of seven intrinsic
elements, each of them representing some aspect of the device
physics. Thus, Cy,,Cys and C,yq correspond to the drain-
source, gate-source and gate-drain capacitances, respectively.
R, is the resistance of the ohmic channel between the source
and the gate. g, represents the steady-state transconductance,
and 7 the delay time of the transistor, i.e., the time it takes a
signal applied at the gate to reach the drain. g4, is the drain
conductance, and its inverse corresponds to the resistance of
the conducting channel between the source and the drain.

The elements of this intrinsic equivalent circuit for a given
bias point can be obtained from the frequency-dependent Y
parameters of the intrinsic FET corresponding to that point.
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By simple circuit analysis, the following relations between
them can be derived [6]:

R,—CQ w? . Cys
Yul) =22 (B r0n)  ®)
Y12(w) = —ijgd (4)
nge_jw‘r .
= — 5
Y21((4)) 1 + ijngs chgd ( )
Ya2(w) = gas + jw(Cas + Cya) ©)

with D = 1+ wzcgst.

From these expressions, and separating the ¥ parameters
into their real and imaginary parts, the equivalent-circuit
elements can be found analytically [8]:

Coa =— Im (Y1) EUY”) )
. Im (Yn) - Wng (Re(Yu))z )

Cos = " (1 T T (vn) —wCya2 ) ®

Ri - Re (Yn) (9)

(Im (Y11) — wCya)® + (Re (Y1)

gm0 =1/ ((Re (Y21))2+(Im (Ya1) + wCya)?)(1 + w2CZ,R2)
10
1 .
T = —arcsin
w

. (—ngd — Im (Yg]) — wC_qui Re (Y21)> (11)
Im

Cds _ Im (ng) - wad (12)

w
9ds =Re (Y22) (13)

The way to validate the proposed equivalent circuit is to
check the dependence on frequency of the different elements.

III. PHYSICAL MODEL

A. Simulated MESFET’s

The present technique has been applied to three different
geometries of a GaAs MESFET (which are shown in Fig. 2)
in order to analyze their influence on the elements of the SSEC.
The device consists of an ntnn™ structure with a one-micron
channel modulated by a gate contact of 0.5 um. The source
and drain contacts are 0.2 ym long, and are placed at the end
of the nt regions. In the case of MESFET A, no substrate is
considered. The presence of a GaAs semi-insulating substrate
is introduced in MESFET B. Finally, the gate is displaced 0.1
pm towards the source in MESFET C.

B. Monte Carlo Simulation

The simulation of the GaAs MESFET’s has been performed
by coupling self-consistently a two-dimensional Poisson’s
solver with an ensemble MC simulation, three dimensional
in momentum space and two dimensional in real space. The
MC procedure follows the standard scheme [3], [13]. The
value adopted for the non-considered dimension of the devices
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Fig. 2. Cross section of the three MESFET geometries considered: (a)
without substrate, (b) with substrate, and (c) with the gate displaced towards
the source.

is 0.714 um, which means an average number of simulated
carriers between 9500 and 13000 depending on the bias.
The model for the GaAs conduction band is formed of three
non-parabolic spherical valleys (I', L and X). The scattering
mechanisms considered are: intervalley (equivalent and non-
equivalent), acoustic, piezoelectric, polar optical, non-polar
optical and interaction with ionized impurities. The GaAs
physical parameters used in the simulation are the same as
those used for the valleys of the first conduction band in
previous works [14]. To solve Poisson’s equation, a grid
formed of 160 x 25 meshes of 100 x 80 A is used for
MESFET A, and a non-uniform grid of 160 x 44 meshes
for MESFET’s B and C. The electric field is updated each
time step of 10 fs. Dirichlet (fixed value) and Neumann (zero
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normal derivative) boundary conditions for the potential are
applied respectively at the contacts and elsewhere on the
device surface. The source and drain electrodes are treated
as ohmic contacts by absorbing all the electrons that hit them
and by injecting at each time step a number of carriers which
maintains neutrality in the adjacent cells. The Schottky contact
at the gate is treated as a perfect absorbing boundary: there
is absorption of particles, but no injection. Elsewhere on the
device surface the carriers are reflected. The simulation is
performed at 300 K.

A critical requirement for the success and exactness of
the present technique is to obtain accurate values of the
instantaneous currents at the terminals during the transients,
including the displacement contribution. To this purpose, the
usual approach that is employed consists, for the conduction
current, in counting the net number of particles crossing the
terminals at each time step and, for the displacement current, in
making the time derivative of the electric field at the contacts.
This approach, which is appropriate to obtain the average
stationary currents, is not sufficiently accurate for the present
analysis [15]. Nevertheless, the recent technique proposed in
[11] makes possible an improvement in the accuracy of the
calculations to the extent of analyzing the intrinsic ac response
of the device. With this technique, and for the geometries of
the MESFET’s in Fig. 2, the currents per unit length at the
source, drain and gate at a time ¢, I,(t), Is(t) and I,(t), are
given by:

Ts—Tgl

Is(t) T4 - T l:Q Z vrz(t

608,« _ At)

Z Ay;(p(zs, yj,t) — (s, Y5, t

— @(z41,Y5, 1) + 0(Tg1, 95, t — At)) (14

Tg2—=d

I(t) = d_“[Q Z vgi(t)

505r

ZAy] ‘p(wsﬂ ijt) (xyZvyja _ At)

- (p(wdab y]"t) + ‘P(g}dv yj’t - At))] (15)

Iy(t) = 1.(t) — La(t)

where eq¢, is dielectric constant of the material, At the time
step, Q the linear charge density of a particle, v,; the velocity
in the z direction of the ith particle, M, the number of vertical
meshes, Ay; the vertical dimension of the jth vertical mesh,
y; its y position, ¢ the potential, and zgl,a;gg, T, and x4 the
« positions of the left edge of the gate, the right edge of the
gate, the right edge of the source and the left edge of the
drain, respectively. The summation over 4 is performed over
the particles with = position between z, and x4 in the case
of the source current, and between z 4o and z4 in the case of
the drain current. Although the carriers outside these regions

(16)
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Fig. 3. Drain-current versus drain-voltage characteristics of the three MES-
FET’s analyzed. The gate voltages include the built-in potential of the
Schottky contact (—0.7 V).

do not contribute explicitly to the instantaneous currents in
(14) and (15), their influence is included through the terms
associated to the integration of the time derivatives of the
potential at the vertical cross-sections x, and z41 for I,(t),
and z4o and z4 for I4(t).

With the aim of reducing the physical noise present in the
currents due to the thermal fluctuations in the distribution of
fields and particles, a set of ten different simulations has been
performed for each of the transients. The values of the currents
employed in the calculations of (1) and (2) are evaluated as
the average of those obtained in each set of ten simulations.

IV. RESULTS AND DISCUSSION

The dc current-voltage characteristics of the three MES-
FET’s considered are shown in Fig. 3. The gate voltage
includes the built-in potential of the Schottky contact (—0.7 V).
After a short linear dependence, a saturation region appears,
which is due to the transfer of carriers to the upper valleys
between the gate and the drain, and to the screening effect of
the gate on the source region. The saturation is less pronounced
in MESFET’s B and C due to the flux of current through the
substrate. In the case of MESFET C, the current is slightly
higher with respect to MESFET B, above all for the lowest
values of Vs. Under saturation conditions, the current-gain
cut-off frequency, fr, is about 45 GHz in the three devices.

An example of the transient response currents at the gate and
drain terminals to the two voltage-step perturbations needed
to get the Y parameters is shown in Fig. 4. The transients
correspond to MESFET B at the bias point Vgg = —1.0V,
Vbs = 1.5 V. At t = 0%, a spike (whose amplitude
exceeds the range shown in Fig. 4) appears in the terminal
currents due to the feedback capacitance present in the intrinsic
device. This spike is proportional to the time derivative of the
applied voltage perturbation and is pure displacement current.
To get a proper estimation of the intrinsic capacitances, the
correct evaluation of these current spikes is essential [12]. In
our case this is assured by the value adopted for the time
step in the simulation, 10 fs, which is small enough to this
purpose. Although the currents shown in Fig. 4 are the result of
averaging ten different transients, noticeable fluctuations due
to thermal noise are still detected. The gate current is initially
null and, when the voltage perturbation is applied, undergoes
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Fig. 4. Transient response in the gate and drain currents of MES-
FET B to a voltage step of amplitude (a) AVgs = 0.125V, and
(b) AVps = 0.5V applied at t = 0 over the stationary point corresponding
to Vgs = —1.0V,Vpg = 1.5V. :

a transient due to the displacement current induced by the
redistribution of carriers in the channel, after which returns to
zero. In the case of the drain current, both displacement and
conduction components contribute during the transient, and
the initial and final values are different. The duration of the
transient changes depending on the operating point.

The intrinsic Y parameters obtained from the transients of
Fig. 4 by means of (1) and (2) are shown in Fig. 5. It can be
observed that their frequency dependence coincides with that
predicted by (3)—(6). Thus, Re(Y22) is practically constant
with frequency, Re (Y12) is null, Im (Y22} and Im (Y;2) are
proportional to frequency, etc.

The final step in this procedure is to apply (7)—(13) to
the previous Y parameters in order to determine the values
of the SSEC elements. The dependence on frequency of the
intrinsic elements obtained in this way is shown in Fig. 6. It
can be observed that all of them are frequency independent
at least up to 100 GHz, which is far beyond the frequency
range of device operation. This means that the proposed SSEC
describes correctly the ac behavior of the MESFET for this
bias point. In this way, the Monte Carlo method is shown to
be a good test to validate a given SSEC up to frequencies that
may be difficult to reach in experimental measurements.

The intrinsic elements of the SSEC have been calculated
at the same operating point for MESFET’s A and C as well.
All of them have also been found independent of frequency.
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Their values are given in Table I. It must be pointed out that
at Vgg = — 1.0V, Vps = 1.5 V, the drain current is not
very high, as can be observed in Fig. 3, due to the fact that
nearly all the channel is depleted by the gate voltage. This
means that under these conditions the accumulation of carriers
between the gate and the drain due to their transfer to the
upper valleys is not important. Several significant differences
are found among the three MESFET geometries. First of
all, the presence of carriers flowing through the substrate in
MESFET’s B and C makes Cy, increase in almost one order
of magnitude with respect to MESFET A, and g4 becomes
also higher due to the weaker saturation of the current.
Moreover, the transconductance decreases considerably. On
the other hand, both R; and 7 are lowered by the presence
of the substrate, since the source-gate and gate-drain paths
become less resistive. From these data, it is confirmed (what
is well known) that the presence of the substrate degrades
the MESFET performance. When the gate is moved towards
the source (MESFET C), some elements change with respect
to the case in which the gate is centered (MESFET B). Cys
increases and Cgyq decreases, as corresponds to the shorter
and longer distance between the respective electrodes. The
nearness between the gate and the source lowers the value
of the intrinsic resistance R;, while the greater gate-drain
separation enlarges the transit time between both contacts 7. It
is also detected that g4, is slightly lower and g, higher, what
was already expected from the current-voltage characteristics
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Fig. 6. Elements of the intrinsic small-signal equivalent circuit of Fig. 1
as a function of frequency for MESFET B at the working point in satu-
ration corresponding to Vgs = —1.0 V,Vps = 1.5V. (a) Capacitances,
(b) conductances, and (c) intrinsic resistance and delay time.

of Fig. 3. In conclusion, the displacement of the gate towards
the source improves somewhat the MESFET performance.
The same analysis has been carried out for a bias point
with a higher drain current, corresponding to Ves=—-05V,
Vps = 1.5 V. The values of the intrinsic SSEC parameters for
this point at 5 GHz are given in Table I. As compared with the
previous point, an important increase in the transconductance
and in the gate-source capacitance is detected, according to the
broadening of the active channel. The delay time has increased
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TABLE 1
VALUES AT 5 GHZ OF THE INTRINSIC SMALL-SIGNAL
EQUIVALENT-CIRCUIT ELEMENTS AT Vg = —1.0V,Vpgs = 1.5V

IN THE THREE MESFET’s CONSIDERED

MESFET Cp Cye R; ) T Cas 84
(101! Ffm) [ (100 Ffm) | (103 Qm) | (S/m) | (10-125) |(10-1 F/m)| (S/m)
A 6.28 345 1.43 115.6 | 0.944 0.46 3.16
B 7.37 2.99 1.00 97.5 | 0.634 3.07 11.32
C 6.76 3.15 0.89 102.3 | 0.717 3.07 10.48
TABLE I
VALUES AT 5 GHZ OF THE INTRINSIC SMALL-SIGNAL
EQUIVALENT-CIRCUIT ELEMENTS AT Vigs = —0.5V,Vps = 1.5V
IN THE THREE MESFET’s CONSIDERED
MESFET Cra C,s R; 8mo T Cye 8as
(101! F/m) [ (100 F/m) | (103 Qm) | (S/m) | (10-125) | (101 Fm) | (S/m)
A 1.96 5.79 1.06 1609 | 1.29 1.26 3.44
B . 3.62 5.13 1.11 1536 | 1.09 392 9.57
C 2.82 547 0.98 154.5 1.12 4.02 9.17
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Fig. 7. Cg4q and g4 at the working point in saturation corresponding to
Vas = —0.5V,Vps = 1.5V in MESFET B as a function of frequency.

as well due to the appearance of slow carriers in the upper
valleys between the gate and the drain, which leads to a charge
accumulation reflected in the substantial decrease of Cya [3].

The frequency dependence of the different elements has also
been analyzed. As in the previous bias point, Cys, Cys, R, T
and g0 are nearly constant with frequency up to 100 GHz
for the three MESFET’s. However, g4, and Cya present the
behavior shown in Fig. 7 for the case of MESFET B (a similar
result was found for MESFET’s A and C). They are strongly
dependent on frequency from 15 GHz: g4, decreases as the
frequency becomes higher, and C,4 increases. This depen-
dence has also been found experimentally [16]. Consequently,
the proposed equivalent circuit (Fig. 1) is valid with constant
parameters only up to 15-20 GHz for this working point. Both
elements, g4, and Cgya, are connected with the behavior of
the MESFET high-field region: the drain side of the active
channel. For Vgs = — 0.5 V a broad part of the channel is
not depleted, and an important accumulation of carriers in the
L and X valleys takes place at its drain end. In this region
the carrier velocity decreases although the field is increasing,
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what leads to a local negative differential resistance.

It seems clear that the two elements g4, and Cgy are not
enough to describe correctly the physical effects taking place in
the high-field region, which are more pronounced as the length
of the gate becomes shorter. Therefore, some changes must be
introduced in the equivalent circuit in order to characterize
these effects [17], [18]. A plausible modification is to split the
external drain series resistance in two contributions: a constant
external one, and an intrinsic bias-dependent resistance, which
may be positive or negative depending on the operating
conditions [16], [17]. The problem in such a case is to
derive analytical expressions for the elements of the equivalent
circuit.

V. CONCLUSIONS

A Monte Carlo technique for the calculation of the intrinsic
elements of the FET SSEC has been described and applied
to MESFET’s. The method consists in the extraction of the
different elements from the frequency-dependent Y parameters
of the intrinsic FET, obtained from the Fourier analysis of
the device transient response to voltage perturbations at the
terminals. For low drain currents under saturation the values
calculated for the elements of the SSEC are found to be
frequency independent in a broad range. This fact confirms
that under these conditions the proposed equivalent circuit
describes correctly the ac behavior of the MESFET in the
whole frequency range of operation. However, for high drain
currents gq, and Cyq depend on frequency due to the presence
of non-stationary dynamic phenomena in the channel, which
could be characterized by the inclusion of a drain intrinsic
bias-dependent series resistance in the SSEC.

Three different MESFET geometries and their influence
on the results have been analyzed. The presence of a semi-
insulating substrate increases considerably both g4, and Cj,,
while reduces g0, R; and 7. In general, the substrate de-
grades the MESFET electrical performance. When the gate is
displaced towards the source, Cy,, gmo and 7 are increased,
while Cyq4 and R; are reduced, on the whole improving slightly
the device performance, mainly at low frequency.

Finally, the Monte Carlo method, which includes all the
transport processes relevant to small semiconductor devices,
has been shown to be a powerful tool to check the validity
of small-signal models up to frequencies that are difficuit to
reach experimentally. Its only drawback could be the CPU
time needed for the simulation of the transients, which in any
case is not very long since these are relatively short.
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