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A New Model for the Dual-Gate
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CLINT LICQURISH, STUDENT MEMBER, IEEE, MICHAEL J. HOWES, SENIOR MEMBER, IEEE, AND
CHRISTOPHER M. SNOWDEN, MEMBER, IEEE

Abstract —The development of a novel GaAs dual-gate MESFET model
suitable for the design and analysis of microwave circuits is described. The
model, a quasi-two-dimensional physical model, is numerically efficient due
to a unigue formulation of the carrier transport equations. The model
includes a comprehensive description of the geometric and material param-
eters accounting for recess structures, nonuniform doping profiles, current
injection into the buffer layer, forward-biased gate conduction, and surface
depletion. The accuracy of the model under dec, small-signal, and large-sig-
nal operating conditions is assessed by comparing simulated and measured
performance.

I. INTRODUCTION

HE DUAL-GATE FET (DGFET) has proved to be

an extremely versatile device, as demonstrated by the
wide variety of microwave applications for which the de-
vice has been considered. These have included mixers,
amplifiers, phase shifters, switches, frequency multipliers,
and frequency discriminators. Despite this, there is little
evidence to suggest that the device is being widely incorpo-
rated into commercial circuits. The failure of the DGFET
to find widespread use is due partly to the inability to
analyze DGFET circuits accurately because of the absence
of accurate and numerically efficient mathematical models
for the device. Since the device generally operates under
nonlinear conditions, it is essential that a model of the
DGFET be capable of predicting this mode of operation if
it is to be used for practical circuit analysis.

Previous attempts at describing the nonlinear behavior
of the DGFET have concentrated on equivalent circuit
models [1], [2], although analytical [3] and physical [4], [5]
models have also been considered. Equivalent circuit mod-
els have not proved satisfactory for the modeling of
DGFET’s since several dc and RF measurements over a
range of bias points are required to determine the circuit
elements and their nonlinear behavior. Closed-form analyt-
ical models represent a compromise between equivalent
circuit and physical models. These require empirical ex-
pressions, derived from either measured electrical perfor-
mance or an understanding of the device physics, to
characterize a given device. Physical simulations have the
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intrinsic capability to model all modes of device operation
and require only the material and geometric details for the
definition of the device. One-dimensional physical models,
utilizing the gradual channel approximation, have been
used to investigate the noise and gain performance of
DGFET’s [6], [7]. For modern devices, where the gate
length to active layer thickness ratio exceeds the boundary
conditions, more rigorous physical models need to be used.

This paper examines the application of physical model-
ing techniques to the characterization of the DGFET. A
full two-dimensional model is described which, although
capable of predicting device performance, is found to have
only limited application due to its excessive computational
requirements. However, the physical understanding ob-
tained from the full two-dimensional model is used to
develop a novel quasi-two-dimensional model for the de-
vice. The new model is shown to be numerically efficient
and suitable for the accurate analysis of DGFET circuits.

II. PuysiCAL MODELING OF THE DGFET

The full two-dimensional physical model uses the first
two moments of the Boltzmann transport equation to
describe the carrier transport processes. This formulation
requires the solution of two equations. The first is the
current continuity equation

N 1

__=_v.J

PPt (1)

where

J=gNupE + gDVN (2)
where J is the current density, g the electronic charge, p
the electron mobility, E the electric field, D the diffusion

coefficient, and N the electron density. The second equa-
tion is Poisson’s equation:

3)

where ¢ is the potential, N, the doping concentration, and
€.€, the dielectric constant. Finite difference methods are
used to solve these equations at cach node of a regularly
spaced rectangular mesh. With a mesh spacing of 0.02 um
in both dimensions and a mesh of 375X 31 points, the
model is suitable for modeling most commercially avail-
able devices.

= (N, = N)
€€,
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Fig. 1. (a) Contours of potential for a GaAs dual-gate FET (V,, is the
built-in potential) and (b) three-dimensional representation of the
potential distribution, obtained from the full two-dimensional simula-
tion.

The simuiation proceeds with the bias voltages applied
to each contact but with the doping concentration
throughout the device in an unperturbed state. The simula-
tion time taken for the doping concentration to achieve a
steady-state distribution consistent with the applied volt-
ages defines the computer run time for the model. With a
time step of 0.02 ps, this is typically 25 ps, which requires
2000 CPU seconds on an Amdahl 5860 mainframe com-
puter. One of the advantages of the two-dimensional phys-
ical model is the insight that it gives into the operation of
the device. This can clearly be seen in the two-dimensional
contour plot and the three-dimensional representation of
the potential distribution shown in Fig. 1(a) and (b) re-
spectively. These results are for the simulation of a DGFET
with geometric and material parameters as shown in Fig. 2.
The potential distribution shows that, despite the negative
bias applied to gate 1, the voltage drop across gate 2 is
greater; that is, the effective negative bias on gate 2 is
greater due to self-biasing.

The suitability of the model for analyzing RF perfor-
mance has been investigated [S]. It was found that, for the
simulation of a microwave mixer with an intermediate
frequency (IF) of 5 GHz, over 7000 CPU seconds were
required to simulate the first two cycles of the IF. Thus,
although the model provides information on the nature of
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device behavior which could not be obtained from alterna-
tive models, the full two-dimensional model is impractical

" with regard to the analysis of DGFET microwave circuits.

The insight gained from the simulation into device oper-
ation has facilitated the development of a new physical
model for the DGFET. The potential contours shown in
Fig. 1(a) indicate that while the conducting channel is
two-dimensional, the electric field within it can be as-
sumed to be one-dimensional since the contours are virtu-
ally parallel. This assumption provides the basis for the
development of a quasi-two-dimensional model in which
the carrier transport equations are solved in one dimension
and the two-dimensional aspects of device behavior are
retained through the conducting channel description.

It has been observed from the simulation of submicron-
gate-length MESFET’s using a full two-dimensional en-
ergy-transport model that hot-electron effects play a signif-
icant role in the carrier transport processes [8]. For a
1.0-pm-gate-length single-gate FET it was shown that 10
percent of the device current was due to hot-electron
effects; this increased to 30 percent for a 0.3-um-gate-
length FET. 1t is therefore essential that these effects be
included in the device description if the model is to be
applied to submicron-gate-length DGFET’s. This has been
achieved by using the hydrodynamic formulation of the
semiconductor equations, which requires the solution of
the Poisson, current continuity, energy conservation, and
momentum conservation equations. Following the method
of Cook and Frey [9], the energy conservation equation in
one dimension is

(4)

dw 3
755[

_PT%
e

where w is the average electron energy, 7, is the energy
relaxation time, and v is the electron velocity. The momen-
tum conservation equation in one dimension is

20w 2w8N}

”=“(W)[E_ 39x  3Nox

()

It is the inclusion of the second term in (5) that accounts
for the energy contribution to the electron velocity; this
term has been neglected in previously published quasi-
two-dimensional models [10], [11]. It has been observed
that the diffusion current term, 2wdN/3Ndx, is only sig-
nificant where there are rapid changes in the electron
concentration [12], and since this only occurs around the
edges of the Schottky barrier depletion regions, the diffu-
sion current contribution to the carrier transport process
can be neglected.

The numerical efficiency of the model results from the
formulation of the carrier transport equations. Following
the technique of Carnez e al. [10], the carrier transport
equations are reduced to a single quadratic in velocity,
although the coefficients are more complex due to the
inclusion of the spatial derivative of energy in (5). The
model equations are solved in one dimension using finite
difference methods with a space step of the order of 0.01
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pm. The boundary conditions for the simulation are the
gate voltages and the source—drain current. A rigorous
physical solution requires an iterative scheme to determine
the physical parameters for a consistent solution to the
carrier transport equations at each space step. This is
necessary because the transport parameters p(w) and
7,(w) are determined from curve fits to Monte Carlo
simulation results [10], [13] and cannot be updated until a
new value of the average energy w(x) has been obtained.
Initial values for the parameters are defined from the value
of the average energy at the previous step. However, it has
been observed that there is little change in u(w) and
7,(w) between space steps, so the iterative scheme can be
neglected without adversely degrading the accuracy. The
displacement current term, €,dE /dt, which is included in
the transport equations for RF simulations, requires an
additional iterative scheme.
The conducting channel is defined by

N,
() =147 1= 5 | ©

with

Y, = A(x)-Y(x) (7)

where Y, is the undepleted active layer thickness, A(x) is
the active layer thickness, and Y(x) is the depleted channel
thickness. The empirical factor Y,, the magnitude of which
lies in the range 0.1 pm to 0.5 pm for typical MESFET
structures [14], accounts for the penetration of the elec-
trons into the buffer layer. For recessed gate structures
A(x) will be a function of x. Y(x) is defined by either
surface depletion or the Schottky barrier depletion regions
with an abrupt transition assumed between the depleted
and undepleted channel regions.

The Schottky barrier depletion region model used in this
simulation is a hybrid of two previous models. The source
side of each gate is modeled by using an elliptic approxi-
mation based on the analysis of the depletion region
profiles published by Wasserstrom and McKenna [15]. The
drain sides are modeled using a modified form of a model
used by Sandborn et al. [11]. Ladbrooke et al. [16] have
observed that the occupancy of the surface states is GaAs
MESFET’s is bias dependent and that the surface states
have a pronounced effect on the microwave performance.

1 020 1 022 1 024
Ny (m)
(b)
Fig. 2. (a) A cross section of the GaAs dual-gate FET modeled using the two-dimensional simulation and (b) doping profile.

This is taken into account by using a variable surface
potential model, with the surface depletion thickness Y,
for the gate 1-source region defined by

2€€, (x)
@+ Up{x)—
gN, |Pa ™ U

Ugs1
st(x) = Lg (8)

SG1

where ¢, is the built-in surface potential, vy is the
channel potential, v, is the gate 1-source potential, and
L, is the source—gate separation. Similar expressions
exist for the surface depletion thickness in the intergate
region and the gate 2—drain region.

Nonuniform doping profiles have been included in the
device description by following the technique of Shur and
Eastman [17], which determines an effective doping den-
sity N; and channel thickness A from A(y) and N,(y).
The effective doping density and channel thickness thus
obtained replace N, and A is the model equations.

Forward conduction of the gate contacts is modeled
using a thermionic-emission-diffusion model of the form

9V qVs
Ig—ZJoexp(nkT)[l exp(—- T )] (9)

where

T (10)

where V=V, — V,,(x), the voltage drop across the barrier
for x about the depletion regions, k is Boltzmann’s con-
stant, T is the temperature, 4** is the effective Richard-
son constant (1.44x10® m~2K~?), Z is the gate width,
V4 1s the built-in potential of the Schottky barrier, and »
is the ideality factor. The accuracy of this model has been
verified for GaAs Schottky barriers by Rhoderick [18].
Two schemes for calculating the gate currents have been
considered. The conventional approach, where the current
is determined from the gate-source voltage directly, has
been compared with an iterative scheme. The iterative
scheme is used to find the gate and source currents that are
consistent with the voltage drop across the Schottky bar-
rier depletion regions.

The specific contact resistivity, the metallization thick-
ness, and the contact areas are used to determine the
impedances associated with these fabrication-dependent

Vi
J0=A**T2exp(-— Ul )
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Fig. 3. The quasi-two-dimensional model and its parasitic circuit ele-
ments used for the simulation of the three-port S parameters.

parameters. The nature of the gate metallization is re-
quired so that the built-in voltage can be specified.

IIL

The simulation has been implemented on an Amdahl
5860 mainframe computer. A single dc bias point requires
less than 0.1 CPU second, which is more than 20000 times
faster than the full two-dimensional simulation. The model
may be used to determine the nonlinear behavior of the
intrinsic elements of an equivalent circuit model for the
DGFET under the quasi-static approximation. This would
yield a numerically efficient large-signal model for the
DGFET. However, in order to overcome the inherent
limitations of the quasi-static approximation the model has
been applied directly to the analysis of microwave circuits.

DC SIMULATION

IV. SMALL-SIGNAL SIMULATION

The S parameters for the DGFET are determined from
the quasi-two-dimensional model in a simple three-step
procedure. A combination of small-signal sinusoids are
applied about a fixed dc bias operating point to enable the
three port admittance, or Y, matrix to be calculated. Ini-
tially a signal is applied to gate 1 for an RF open circuit at
the drain and an RF short circuit at gate 2. For the second
step both gates are RF short-circuited with a small-signal
drain current imposed. Finally, small-signal sinusoids are
applied to both gates with the drain held at a short circuit
to RF. For each step a set of time-varying gate currents
and drain voltage are obtained. This provides enough
information, with some redundancy, for the three-port Y
matrix to be determined. The redundant information is
used to ensure that the overall procedure is consistent.

The Y matrix thus calculated represents only the intrin-
sic device. It remains for the intrinsic parasitics (metalliza-
tion resistances and intercontact capacitances) and the
package parasitics (bond wire impedances and package
capacitances), shown in Fig. 3, to be included in the device
description. The elements are successively added to the
device by adding the series elements to the Z matrix and
the parallel elements to the Y matrix. The order in which
the elements are added is shown in Table I. Finally the
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TABLE 1
THE ORDER FOR EMBEDDING THE PARASITICS TO THE
INTRINSIC DEVICE MODEL

Step Elements Added Matrix

Cdsi

R, R L

Rgl, Rg2, d, s, s

cig, cgs , Cds

Lgl, LgZ, Ly

E R N
<N N

DGFET

MODEL

S
Ve2

Fig. 4. The dual-gate FET circuit used for large-signal analysis.

S-parameter matrix for the embedded device is obtained.
A set of three-port S parameters from 2 to 18 GHz in 1.0
GHz steps takes 100 CPU seconds on a mainframe com-
puter.

V. LARGE-SIGNAL SIMULATION

The application of the model to the analysis of mixer
circuits required the development of an efficient large-sig-
nal algorithm. The algorithm employs the harmonic bal-
ance method [19], which partitions the circuit into linear,
frequency-domain and nonlinear, time-domain parts.
Large-signal equivalent circuit models often require two
iteration schemes: a time-domain scheme to determine the
dependent nonlinear device variables (voltages and/or
currents) and a large-signal algorithm to determine the
steady-state solution. This approach is unsuitable for cir-
cuits where the nonlinear device is described by a physical
model because the computational effort required to achieve
the steady state would be excessive. Thus, to improve the
numerical efficiency a large-signal algorithm has been de-
veloped that avoids the need to iterate within the time
domain. Consider the circuit of Fig. 4, which shows the
physical model embedded in a linear circuit consisting of
parasitic elements, the termination impedances at each
port (Z,, Z,,, and Z,), and the applied voltages and
current (V3, V3, and I7). On applying Kirchhoff’s laws to
the circuit three coupled frequency-domain equations are
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obtained:

LAVgl + LBVg2 + Ll = fl(Vgh nga Idx)

(11)
(12)
(13)

where L, — L, contain elements of the linear circuit, and
fi. [, and f; are nonlinear functions defined by the
physical model.

The algorithm proceeds with estimates for the dc¢ and
applied RF signal components of the independent vari-
ables V,, V,,, and I,,. The gate currents and drain voltage
are then determined from the physical model. Using a fast
Fourier transform, the frequency-domain equivalents of
these time-domain signals are obtained, the nonlinear
functions are then calculated, and (11)-(13) are solved for
Va» Vg, and I, for each frequency component. These
new values of V, V,,, and I, identified by the super-
script L, will be different from the initial estimates; to
reach the steady-state solution the differences between ¥V,
and Vi, V,, and V5, and I, and I}, have to be mini-
mized. This is achieved by updating the independent vari-
ables by using the method of Hicks and Kahn [20]. The

estimate of ¥, for the kth iteration is determined from

(14)

and similarly for V,,, and I, ,,. The convergence parame-
ter p determines the rate of convergence and the stability
of the large-signal algorithm. Although Hicks and Kahn
proposed an iterative method for updating the convergence
parameter to optimize the rate of convergence, a constant
value of 0.9 for p was found to give consistent behavior
over a range of bias conditions and drive levels. The
waveforms continue to be updated until a steady-state
solution is reached. Convergence is said to be achieved
when, for each harmonic component at each port, the
voltage reflection coefficient between the linear and non-
linear networks is better than —40 dB. Typically 50 itera-
tions are required for convergence to be attained; this
requires 250 CPU seconds on a mainframe computer. For
high drive levels and those cases where forward conduction
through the gates becomes significant additional iterations
are needed.

The number of frequency components considered in the
circuit analysis is determined by the circuit application.
Truncation of the spectral components is achieved, if re-
quired, by assuming that short-circuit terminations exist at
both gates and that an open-circuit termination exists at
the drain for spectral components beyond the highest
frequency of interest.

VL

To assess the behavior of the model under dc, small-sig-
nal, and large-signal operation, measurements were made
on a commercial device. The Plessey P35-1310 device was
selected since the geometric and material parameters for

LDVTg1+ LEng + Lpl, =f2(ng ng, Ids)

LGVgI + LHng + L1, = fz(Vgls V;;z’ Ids)

ngl = pV(k—l)gl +(1- p)V(i—l)gl

VERIFICATION OF THE MODEL
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Fig. 5. The variation in the simulated I, for the Plessey P35-1310
dual-gate GaAs FET is shown for upper and lower limits in active layer
thickness (V; =V,, =0 V).

this device were available—with the exception of the ac-
tive layer thickness, for which the manufacturing toler-
ances were specified. When these limits were included in
the device description the range in the simulated I, was
43 mA to 100 mA, shown in Fig. 5, which is in excellent
agreement with variation in this parameter given in the
manufacturer’s data sheet [21]. Similar agreement was ob-
served in the variation in the pinch-off voltage.

The transfer characteristics and quasi-static transcon-
ductance were measured using a HP 4145A semiconductor

_parameter analyzer. For a number of bias conditions the

measured and simulated transfer characteristics are shown
in Fig. 6. Measured and a simulated values of g,, are
shown in Fig. 7. The active layer was varied to obtain the
best fit between measured and simulated performance. The
agreement is generally excellent for all of the transfer
characteristics, which indicates that the interaction be-
tween the gate contacts is being correctly modeled. The
discrepancies that occur for high drain currents, which
coincide with regions of apparent negative output conduc-
tance in the measured data, are due to thermal heating
effects. At present the model does not account for heat
generation and flow although the transport parameters are
a function of lattice temperature.

Forward gate conduction was also investigated experi-
mentally. The gate 2 current versus drain voltage for
Vgp=1.0= V, V; =0V is shown in Fig. 8. Note that there
is a “background current” of 1x10~7 A due to surface
leakage current, a phenomenon not included in the device
description. The measured data were used to determine the
ideality factor n, which was found to be 1.52 for gate 2. It
is interesting to note that »n for gate 1 was found to be
1.47; the difference in n between the two gate contacts is
indicative of fabrication process variations. Also shown in
Fig. 8 are results obtained by using both iterative and
direct methods for calculating gate current within the
simulation. The results for the noniterative technique were
obtained by defining V7 as the voltage drop between the
gate contact and the beginning of the depletion region.
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The superior accuracy of the iterative technique is clearly
visible.

The development of an efficient optimization routine
[22] enabled the parasitic elements shown in Fig. 3 to be
de-embedded from the data sheet S parameters. It was
necessary to optimize only the parasitic elements since the
intrinsic circuit elements were defined by the physical
model. The simulated and measured S parameters are
shown in Fig. 9. While the agreement is not exact for each
of the nine S parameters, the correct trends are evident.
The discrepancies are due in part to anomalies in the
measured data and the relatively simple lumped element
circuit used to describe the parasitics.

To evaluate the behavior of the model under nonlinear
conditions the performance of a simple mixer circuit was
investigated. The circuit was fabricated in suspended sub-
strate stripline and consisted of a transmission line with a
nominal characteristic impedance of 50 @ terminated to
RF in 50 © at each port. This simple circuit topology was
selected to simplify the modeling of the microwave circuit,
which enables the emphasis to be placed on the compari-
son between the measured and the simulated nonlinear
behavior of the DGFET. The measured and the simulated
variation in power output of the significant frequency
components with local oscillator power are shown in Fig.

Vg1=-04v  Ppp=-17 dBm — Measured
Vg2=0.5v - - Simulated
Vis=4.0v

Output Power (dBm)

Local Oscillator Power (dBm)

Fig. 10. Comparison of measured and simulated output power variation
for the local oscillator and its second harmonic ( f; o, fo1.0), the inter-
mediate (f;), the RF (fzg), and the image ( f,) frequency components
with local oscillator power.
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10 for a mixer with a local oscillator of 10 GHz and an RF
signal of 11 GHz and power of —17 dBm. The overall
agreement between measured and simulated performance
is good although there are differences of up to 4 dB
between some of the components. The discrepancies are
principally due to the description of the parasitics used in
the model.

VIL

A new, comprehensive model for the DGFET has been
described. The combination of a numerically efficient
physical model and a harmonic balance large-signal algo-
rithm provides a powerful tool for the investigation of
DGFET nonlinear circuit behavior. Since the device de-
scription is defined by the fundamental processing param-
eters, the sensitivity of device and circuit performance to
processing variations can be investigated. Note also that
the complex measurement procedures required for the
definition of equivalent circuit models of the DGFET are
to a large extent avoided since the device description can
be defined from dc measurements if some of the physical
parameters are known, The complexity of the circuit re-
quired to complete the device description for RF applica-
tions depends on the device environment. To investigate
the accuracy of the model the simulated and the measured
performance of a commercial DGFET have been com-
pared. The simulation and the measurement of a simple
mixer circuit were used to assess the large-signal operation
of the model. For dc, small-signal, and large-signal modes
of operation, the agreement between measured and simu-
lated values is encouraging. The model is currently being
applied to other commercial DGFET’s and the large-signal
algorithm is being extended to permit the analysis of
intermodulation distortion.

CONCLUSIONS
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