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Performance of MODFET and MESFET: A
Comparative Study Including Equivalent
Circuits Using Combined Electromagnetic
and Solid-State Simulator
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Abstract—A combined electromagnetic and solid-state (CESS)
simulation model for the analysis of submicrometer semiconductor devices including the electromagnetic-wave propagation
effects is presented. The performance comparison of two important high-frequency devices—modulation doped field-effect transistor (MODFET) and metal–semiconductor field-effect transistor
(MESFET)—are illustrated using this model. The CESS simulator couples a semiconductor model to the three-dimensional (3-D)
time-domain solution of Maxwell’s equations. The semiconductor
model is based on the moments of the Boltzmann’s transport
equation. The simulation uses the electromagnetic-wave concept
to emphasize the better performance of MODFET over MESFET.
The electromagnetic-wave propagation effects on the two devices
are thoroughly analyzed. The use of the electromagnetic model
over the conventional quasi-static model provides the actual
device response along the gatewidth at high frequencies. The
exchange of energy between the electrons and the electromagnetic
wave is observed. The CESS model also facilitates the optimum
choice of the device width in terms of the output voltage. This
model is capable of predicting the large-signal behavior of the
submicrometer devices as well. The equivalent-circuit parameters
are extracted at high frequencies for MODFET and MESFET,
using a time-domain approach as well as a quasi-static approach.
Index Terms—Device simulation, electromagnetics, MESFET’s,
MODFET’s, semiconductor devices.
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Current density.
Electron density.
Electronic charge.
Time.
Electron velocity.
Drain-to-source voltage.
Gate-to-source voltage.
Drain-to-source current.
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gm
Ri
Cgs
Cgd
Cds
gd
Ygg
Ygd
Ydg
Ydd

Gate current.
Gate charge.
Drain charge.
Angular frequency.
Transconductance.
Gate-to-source resistance.
Gate-to-source capacitance.
Feedback capacitance.
Drain-to-source capacitance.
Drain conductance.
Gate admittance.
Gate-to-drain admittance.
Drain-to-gate admittance.
Drain admittance.

I. INTRODUCTION

T

HE modeling and simulation of semiconductor devices
were previously achieved by solving various combinations of Poisson’s equation, continuity equation, and the
momentum and energy balance equations, in many different
forms [1]–[11]. In most cases, the dc and low-frequency
performances of semiconductor devices were analyzed. They
are modified later for high-frequency simulation purposes.
Moreover, these models are mostly in two dimensions, which
do not include the electromagnetic-wave propagation effects.
When the device operates in the millimeter-wave range, where
the device width is comparable to the electromagnetic wavelength and the short wave period may be comparable to the
electron relaxation times, the interactions of the conducting
electrons with the electromagnetic wave cannot be neglected.
In this paper, Maxwell’s equations are used in conjunction with
a three-dimensional (3-D) hydrodynamic model to develop a
combined electromagnetic and solid-state (CESS) simulator
for high-frequency devices, using the finite-difference timedomain (FDTD) method. When an ac signal is applied at the
device input with appropriate dc bias, the CESS simulator
predicts the correct device response and accounts for the
energy transfer between the electrons and the electromagnetic
wave.
The CESS model has a lot of potentials in characterizing the
high-frequency semiconductor devices over the conventional
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quasi-static model. It is capable of showing the transfer of
energy between the device and the electromagnetic wave.
Nonlinearity of the devices are evident in the responses
obtained from the solution of the electromagnetic model
while the quasi-static model shows linear behavior along
the device width. The main advantage is achieved from this
model in the solution of integrated circuits. Until now, the
microwave amplifiers or any other integrated device structures
are simulated in parts and the active devices are replaced by
the lumped elements. This process loses a lot of information
about the device, including the nonlinearity. The CESS model
allows the direct coupling and integration of semiconductor
devices [12]. In this method, all the device characteristics
are preserved. This is a potential contribution of this model
in high-frequency device simulations. The CESS model has
already been proven to be a very powerful tool for analyzing
the behavior of submicrometer gate MESFET’s [13].
The microwave and millimeter-wave amplification of two
important semiconductor devices [such as modulation doped
field-effect transistor (MODFET) and metal–semiconductor
field-effect transistor (MESFET)] created considerable excitement and optimism among the device as well as circuit engineers. A unified charge–control and carrier velocity–saturation
model is used to compare the high-frequency performance of
MODFET and MESFET in [14]. The model achieved useful
power gains at high frequencies with reduced gate length. The
dependence of carrier mobility, noise figure, and the smallsignal parameters with temperature for the two devices are
presented in [15].
In this paper, the performance comparison of MODFET
and MESFET is performed to demonstrate the potential of
the CESS simulator. The dc performance, the electromagneticwave propagation effects, and the equivalent-circuit parameters are presented. In dc simulation, the variation of transconductance and cutoff frequency with gate bias are shown
for MODFET and MESFET. The internal distributions of
potential, electron concentration, and electron energy are also
illustrated. The corresponding results are compared for these
two devices.
The electromagnetic-wave propagation effects are observed
in the two devices. The output voltage wave increases in
magnitude as more and more electromagnetic energy moves
along the device width. The device performance in terms of
output voltage is compared for the two devices using the
electromagnetic model as well as the quasi-static model.
The equivalent-circuit parameters are extracted for
MODFET and MESFET using a time-domain technique.
Several researchers extracted these parameters employing
different techniques [16]–[21]. In this paper, both multiple
bias and multiple frequency extractions are done utilizing
the hydrodynamic model in time domain. The extracted
parameters in this technique are capable of taking care of
the nonlinear behavior of the high-frequency devices. The
intrinsic small-signal parameters are also extracted from the
dc analysis. The dependence of equivalent-circuit parameters
on frequency and gate bias is observed.
The MODFET’s [see Fig. 1(a)] and the MESFET’s [see
Fig. 1(b)] are field-effect devices. The MODFET uses

(a)

(b)
Fig. 1. The simulated device structures. (a) MODFET. (b) MESFET.

AlGaAs–GaAs heterostructure and have undoped GaAs as
an active layer, but the MESFET uses heavily doped GaAs as
an active layer. Their very high-speed low-power consumption
and relatively simple fabrication technology make them
a strong candidate for upper millimeter-wave frequencies
[22]. They have excellent power–delay relationship and
reduced short channel effects. However, overall MODFET
performances are better than those of MESFET’s [23].
II. THEORY
A. Device Modeling
The CESS simulator is a physically based model, which
takes care of nonisothermal transport and nonstationary electron dynamics as well as electromagnetic-wave propagation
effects. This model couples the semiconductor model to a 3-D
time-domain solution of Maxwell’s equations.
The semiconductor model is based on the moments of the
Boltzmann’s transport equation obtained by integration over
the momentum space. The integration results in a strongly coupled highly nonlinear set of partial differential equations called
the conservation or hydrodynamic equations [24], [25]. These
equations provide a time-dependent self-consistent solution
for electron density, electron energy, and electron momentum.
The hydrodynamic equations are provided elsewhere [13]. The
electronic current density distribution J inside the semiconductor device at any time t is given by
J (t)

=

0

q n(t) v (t):

(1)

The electromagnetic-wave propagation effects can be completely characterized by solving Maxwell’s equations. These
equations are first-order linearly coupled differential equations
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are extracted according to the following basic definitions:
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=
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Fig. 2. The generalized equivalent-circuit model for MODFET and MESFET
gm e0j! .
including parasitic elements [26]. Here, gm1

=

relating the field vectors, current densities, and charge densities
at any point in space at any time. However, they must be
supplemented by constitutive relations.
The coupling between the two models is established by using the fields obtained from the solution of Maxwell’s equation
in the semiconductor model to calculate the current densities
inside the device. These current densities are used to update the
electric and magnetic fields using Maxwell’s equations. The
initialization is provided by solving the semiconductor model
for the dc charges and currents in response to a specified dc
operating point. In this manner, the coupling between the two
models results in the overall high-frequency characteristics
of the semiconductor devices. The details of the coupling
procedure can be found in [13].
B. Equivalent-Circuit Parameters
In this paper, two techniques are used to obtain the
equivalent-circuit parameters. One technique is based on the
ac analysis, and the other is based on the quasi-static analysis.
1) AC Analysis: The generalized small-signal equivalentcircuit model of MODFET and MESFET is shown in Fig. 2
[26]. The intrinsic part of the device is characterized by the
Y admittance matrix [16], [17] obtained from the following
equation:


igs

ids



=



Y gg

Ygd

Ydg
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vgs
vds


:

(2)

A sinusoidal voltage of different frequency is applied to the
gate and drain of the device separately, and the current and the
voltage waveforms are obtained. The admittances are obtained
from the magnitude and the relative phase information of
these current and voltage waveforms. The equivalent-circuit
parameters are extracted from the real and imaginary parts of
the admittances. This process is repeated at different frequencies to obtain the frequency dependence of the small-signal
parameters.
2) DC Analysis: In dc analysis, the static I –V characteristics are obtained first. The intrinsic small-signal parameters
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(4)

A small perturbation is applied at different bias points and
these parameters are obtained.
III. NUMERICAL TECHNIQUES
A. Device Simulation
The finite-difference scheme was used in semiconductor
device simulations. This scheme lends itself naturally to the
simple rectangular geometry generally considered for semiconductor device modeling. In this paper, several finite-difference
techniques, such as the upwind and the Lax methods, are used
in conjunction with the basic finite-difference formulation to
achieve stable and accurate solutions [27]. The hydrodynamic
equations are coupled highly nonlinear partial differential
equations. The finite-difference scheme decouples these equations. The solution is obtained in a self-consistent evaluation of
the three equations in conjunction with Maxwell’s equations.
The order of the solution goes in the following manner:
1) momentum balance equation is solved;
2) energy balance equation is solved;
3) continuity equation is solved.
The current density distribution is calculated next using (1).
A high-frequency sinusoidal excitation is applied on top of
the dc distribution. Maxwell’s equations are solved for the updated electric and magnetic fields in response to the sinusoidal
excitation and the device current. The time-domain solution
of Maxwell’s equations is obtained using a 3-D mesh where
field components are arranged following Yee’s method [28].
Using a first-order differencing, Maxwell’s equations can be
decoupled over a small time interval t. These new fields from
Maxwell’s equations are used in the semiconductor model
for the updated values of the current densities. These current
densities are then used in Maxwell’s equations in the following time step of the sinusoidal excitation. This simulation
process advances in the time domain until some appreciable
electromagnetic-wave propagation effects are achieved. The
details of the numerical technique can be found in [13].
Higdon’s second-order boundary conditions are used to
prevent the reflections from the sides, i.e., from the back

1
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TABLE I
DEVICE PARAMETERS USED IN THE SIMULATION

Fig. 4. Comparison of transconductances of MODFET and MESFET structures.

dc biases, with no ac signal at the drain. Then, the waveforms
of the gate voltage, gate current, and drain current are obtained
according to the simulation model explained in the previous
section. This procedure is repeated when the same ac input
is applied at the drain for different gate dc biases, with no
ac signal at the gate. The waveforms of the drain voltage,
gate current, and drain current are similarly obtained. The admittances are calculated according to (2), from the magnitude
and the relative phase information of the voltage and current
waves.
The intrinsic small-signal parameters are extracted from
the admittances. These parameters are then extracted for the
frequency range of 20–120 GHz with an interval of 10 GHz.
In quasi-static analysis, these parameters are obtained using
(3) and (4) by applying a small perturbation at the dc biases.
Since this is a quasi-static approach, no frequency dependence
can be directly obtained.
Fig. 3. Comparison of transconductance of MODFET with [11] for different
gate lengths.

=

(z
w) and from the right and left sides [29]. Firstorder absorbing boundary conditions are used on the top and
bottom, as the field strengths are considerably low at these
surfaces. Both explicit and semi-implicit schemes have been
incorporated to develop the model. The semi-implicit scheme
offers a more stable simulation model. The stability criteria
for the semiconductor model and the electromagnetic model
provide different time constraints for the simulation. Hence,
different time intervals are successfully used for the two
models. The tsemiconductor ten times of telectromagnetic .
As this technique is computationally intensive, the simulation
is performed on a massively parallel (MasPar) machine.

1

=

1

B. Extraction of Small-Signal Parameters
A high-frequency sinusoidal voltage of peak 0.1 V and
frequency 10 GHz is applied at the gate for different gate

IV. RESULTS

AND

DISCUSSIONS

A. DC Analysis
The simulation parameters of MODFET [see Fig. 1(a)] and
MESFET [see Fig. 1(b)] are summarized in Table I. In order to
validate the CESS simulator, a MODFET structure similar to
Shawki et al. [11] is simulated to compare the performances.
The transconductances are compared for aspect ratios of 7.5
and 3.75. They exhibit reasonable agreement with each other
in Fig. 3.
In Fig. 4, the variation of transconductance gm with
gate bias vgs is shown. The maximum transconductance of
229 mS/mm and 174 mS/mm are obtained for MODFET
and MESFET, respectively. A compression in gm is noticed
for both the devices for large positive and negative values
of vgs . For large negative vgs , it is due to the electron’s
injection deep into the GaAs layer and the negligible effect
of vgs on those electrons. On the other hand, for MODFET
at large positive vgs , this is attributed to the combined effect

SOHEL IMTIAZ AND EL-GHAZALY: PERFORMANCE OF MODFET AND MESFET

927

(a)

(b)
Fig. 5. Comparison of cutoff frequencies of MODFET and MESFET structures.

of the onset of parallel current conduction paths under the
gate within the highly doped AlGaAs layer and the complete
formation of two-dimensional electron gas (2DEG) which
no longer responds to the variations in gate voltages. For
MESFET, it is due to the parasitic MESFET effect. The
variation of cutoff frequency fT with gate bias vgs is shown
in Fig. 5. The maximum fT of 81 and 67.5 GHz is obtained for
MODFET and MESFET, respectively. The transconductance
and the cutoff frequency are higher for MODFET, which
support its potential for high-speed operations. The maximum
transconductance and the maximum cutoff frequency occur
for MODFET at higher reverse gate voltage than MESFET,
which is expected.
The state of the MODFET and MESFET under dc steadystate conditions are represented by the contour plots for
potential, electron density, and electron energy as shown in
Figs. 6 and 7, respectively. The devices are biased to vds
: V and vgs 0 : V and the dc distributions are obtained
by solving the semiconductor model only. Figs. 6(a) and 7(a)
show the equipotential lines with steps of 0.5 V. It can be seen
that most of the applied voltage is absorbed in the channel
near the drain edge of the gate. Figs. 6(b) and 7(b) show
the contour plots of the carrier concentration with steps of
2 2 1016 /cm3 . The corresponding energy contour lines are
shown in Figs. 6(c) and 7(c) for energies with steps of 0.1 eV.
The region between the gate and the drain is of high energy,
where the electric field is strong, especially at the drain edge
of the gate where the energy exceeds 0.7 eV for MODFET
and 0.5 eV for MESFET. The formation of two-dimensional
electron gas is evident in MODFET and the electrons get hotter
in the case of MODFET as opposed to MESFET.

40

= 05

(c)
Fig. 6. The contour plots for MODFET. The potential is drawn with steps
1016 /cm3 , and the energy
of 0.5 V, the electron density with steps of 2
with 0.1 eV.

2

(a)

=

B. Effects of Electromagnetic-Wave Propagation
To demonstrate the electromagnetic-wave propagation effects for MODFET and MESFET, a sinusoidal excitation of a
peak of 0.1 V and 80-GHz frequency is applied between the

(b)

(c)
Fig. 7. The contour plots for MESFET. The potential is drawn with steps
1016 /cm3 , and the energy
of 0.5 V, the electron density with steps of 2
with 0.1 eV.

2

gate and the source electrodes. The total gate voltage becomes

vgs (t) = vgso + 1vgs sin(!t)

(5)
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Fig. 8. The electromagnetic-wave propagation effects on output voltages of
MODFET for different device widths.

Fig. 10. The comparison of output voltage variations with device width
obtained from the CESS model and the quasi-static model for MODFET and
MESFET.

Fig. 9. The electromagnetic-wave propagation effects on output voltages of
MESFET for different device widths.

1

where vgso and vgs are the dc and the peak ac voltages,
respectively. The excitation is applied as a plane source at
z
, as shown in Fig. 1. The CESS model is then solved
for a few RF cycles, several tens of picoseconds, to avoid
the effects of the transients on the ac solution. The output is
obtained across the drain and source at several points along
the device width in the z -direction.
The effects of the device wave interaction on the two devices
can be represented by the output waveforms for different
device widths in the z -direction. The output voltage wave,
as shown in Figs. 8 and 9, takes a finite time to respond to
the input voltage wave. This delay is due to the finite deviceswitching time. Early in the simulation, the electronic effect is
not present and the wave amplitude decreases along the device
width. Later, as more and more electromagnetic energy is
propagated along the device width, the wave energy builds up,
and the wave amplitude increases. The higher amplitude of the
output voltage wave is observed for MODFET than MESFET,
which is expected. These figures clearly demonstrate the direct
relationship between the device gain characteristics and the
electromagnetic-wave propagation.
The effect of using the electromagnetic model in device
simulation is demonstrated in Fig. 10. MODFET and MESFET
are simulated using the quasi-static model as well as the CESS
simulator. In the quasi-static model, Poisson’s equation is
solved to get the electric fields. In the electromagnetic model,
Maxwell’s equations are solved to obtain the electric and

=0

magnetic fields. In Fig. 10, the output voltage wave is shown
for different device widths using these two models. MODFET
has higher output voltage than MESFET, which is evident
from both the models. The output voltage wave monotonously
increases along the device width in the quasi-static model.
On the other hand, in the electromagnetic model, the output
voltage wave nonlinearly increases with the device width. This
phenomenon is expected due to the device–electromagneticwave interaction. The exchange of energy between the electrons and the electromagnetic wave takes place along the
device width. This behavior is absent when the output is
obtained from the quasi-static analysis. Thus, the CESS model
provides the opportunity to choose the optimized device width
for maximum output voltage. This figure strongly supports the
use of the electromagnetic model for device simulation at high
frequencies.
In Fig. 11, the output voltage is shown for different frequency using the quasi-static as well as the electromagnetic
model. The device width is 200 m. As expected, the output
voltage is higher for MODFET than MESFET in both the
models. The output voltage decreases with frequency for the
two devices. However, the differences in output voltage at
high frequencies, obtained from these two models, demonstrate
the potential of using the electromagnetic model in device
simulation to get the correct device response.
The electromagnetic-wave propagation effect is validated by
simulating a MESFET structure similar to [30]. The MESFET
has the following dimensions. The gate–source spacing 1.5
m, gate–drain spacing 1.5 m, gate length 0.5 m,
1 mm, active layer thickness
0.2 m, active
gatewidth
1 2 1017 /cm3 . Two input voltages were
layer doping
used in the simulation: 0.1 and 0.3 V. Fig. 12 shows the
comparison of the gain performances. The results exhibit
the same trend; however, as expected, there are quantitative
differences. In this paper, the CESS simulator was used, which
gives the exact device behavior. In [30], the equivalent-circuit
approach was utilized. The difference in results is due to
the use of the full electromagnetic model and also retaining

=

=

=

=

=

=
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Fig. 11. The comparison of the output voltage with different frequency
obtained from the CESS model and the quasi-static model for MODFET and
MESFET.

Fig. 12. The comparison of gain characteristics of MESFET with that of
[30]. The gain characteristics for large-signal operation are also shown for an
input voltage of 0.3 V.

the large-signal aspects in the CESS model, while the data
for [30] is strictly a small-signal approach. To demonstrate
the large-signal potential of the CESS simulator, the gain
was recalculated for an input signal of 0.3 V. As shown in
Fig. 12, the gain becomes lower as the amplitude increases,
which is expected. The strength of this approach is not in
simply confirming that larger amplitudes reduce the gain, but
in estimating the reduction directly, using the physical model.
Moreover, the harmonics generated by the device nonlinearity
can be analyzed by taking the Fourier transform of the output
signal. To the best of our knowledge, the CESS model is the
only direct approach that can perform this study.
C. Equivalent-Circuit Model
The generalized equivalent-circuit model is already shown
in Fig. 2 for MODFET and MESFET. The intrinsic small-
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Fig. 13. Variations of gate–source capacitance Cgs , feedback capacitance
Cgd, and drain–source capacitance Cds with gate bias for MODFET and
MESFET using quasi-static approach.

signal parameters (inside the dashed rectangle) are extracted
using the ac dynamic approach, as well as using the quasi-static
approach.
The equivalent-circuit parameters extracted from the quasistatic approach are reported first. The variations of gate–source
capacitance Cgs , feedback capacitance Cgd , and drain–source
capacitance Cds with gate bias vgs are shown for MODFET
and MESFET in Fig. 13. The magnitude of Cgs increases as
vgs becomes more positive due to the accumulation of electrons in the undepleted AlGaAs (doped GaAs for MESFET)
region close to the gate electrode. The observed increase
in Cgd with large negative vgs values results from the side
broadening of the depletion zone so that its edge close to the
drain will be more sensitive to the variations in vds . On the
other hand, for large positive values of vgs , the right-edge of
the gate depletion zone moves toward the gate and is hardly
affected by the change in vds . The value of Cds increases
with gate bias. The magnitude of Cds is relatively small
because enough substrate region was not simulated due to
computational limitations. The difference in parametric values
for the two devices are as expected.
The variations for the two devices of some of the equivalentcircuit parameters at different frequencies are shown in
Figs. 14–16. The dependence of Cgs on frequency for different
vgs is compared in Fig. 14 for MODFET and MESFET. The
magnitude of Cgs decreases as the frequency increases. The
variation is more prominent in MODFET than MESFET.
At high frequencies, the displacement current from gate-todrain contact becomes significant. As a result, the impedance
between the gate and drain contacts decreases. It eventually
increases the feedback capacitance Cgd. Since the total charge
stored is a function of the bias point, the increase in Cgd must
be compensated by a decrease in Cgs. The dependence of
transconductance gm on frequency is demonstrated in Fig. 15
for MODFET and MESFET. The magnitude of gm decreases
at high frequencies. When the displacement current increases
at high frequencies, the fraction of the total current flowing
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Fig. 14. Variations of gate–source capacitance
MODFET and MESFET at two gate biases.

Fig. 15. Dependence of transconductance
and MESFET at two gate biases.

gm

Cgs

with frequency for

on frequency for MODFET

through the channel region between the source and the drain
decreases, which is reflected as an effective decrease in gm .
The variations of drain–source capacitance Cds with frequency
for different vgs are shown in Fig. 16. The magnitude of Cds
increases with the increase of frequency.
V. CONCLUSIONS
A CESS simulator is demonstrated for the complete
analysis of submicrometer semiconductor devices, including the electromagnetic-wave propagation effects. The
performance comparison of two important high-frequency
devices—MODFET and MESFET—are presented. The results
of the simulation provide a number of important findings
summarized as follows.
1) The simulation uses the electromagnetic-wave concept
to emphasize the better performance of MODFET over
MESFET.

Fig. 16. Variations of drain–source capacitance
MODFET and MESFET at two gate biases.

Cds

with frequency for

2) The simulation confirms that a significant device wave
interaction takes place in high-frequency devices.
3) The energy exchange between the electromagnetic wave
and the electrons results in an increase in the outputvoltage wave amplitude along the device width the
electromagnetic model is required in the device simulation at high frequencies.
4) The CESS simulator is capable of handling the largesignal operation successfully.
5) The equivalent-circuit parameters depend on frequency
as well as on gate bias.
6) Reasonable agreement is achieved in comparison with
published results. This fact validates the accuracy of the
CESS simulator.
The CESS model used in this paper has interesting contributions toward the complete characterization of microwave
and millimeter-wave devices. The immediate application is
the optimization of the device geometry and the parameters.
The problems of electromagnetic coupling, discontinuities,
and parasitic elements resulting from distribution pads can
be studied. The complete characterization of a microwave
amplifier with input and output matching networks were
developed using the CESS simulator [12].
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he worked on the simulation of submicron-gate MESFET’s, University of
Ottawa, Ottawa, Ont., Canada, where he worked on the analysis of E -plane
circuits, the University of Texas at Austin, first as a Research Assistant and
then as a Post-Doctoral Fellow, Jet Propulsion Laboratory, NASA, Pasadena,
CA, where he was a Summer Faculty Research Fellow working on millimeterwave mixers, CST-Motorola, Inc., while on sabbatical leave from ASU,
working on modeling semiconductor devices for RF applications, and IEMN,
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