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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 semicon-
ductor devices including the electromagnetic-wave propagation
effects is presented. The performance comparison of two impor-
tant high-frequency devices—modulation doped field-effect tran-
sistor (MODFET) and metal-semiconductor field-effect transistor
(MESFET)—are illustrated using this model. The CESS simula-
tor 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—Pevice simulation, electromagnetics, MESFET's,
MODFET’s, semiconductor devices.

NOMENCLATURE

J Current density.

n Electron density.

q Electronic charge.

t Time.

v Electron velocity.

vqs  Drain-to-source voltage.
vgs Gate-to-source voltage.
tqs  Drain-to-source current.
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igs  Gate current.

), Gate charge.

@; Drain charge.

w Angular frequency.

gm  Transconductance.

R;  Gate-to-source resistance.
Cgs Gate-to-source capacitance.
Cgza Feedback capacitance.

(Cy4s Drain-to-source capacitance.
gq  Drain conductance.

Y,, Gate admittance.

Yga Gate-to-drain admittance.
Yy Drain-to-gate admittance.
Yiq Drain admittance.

. INTRODUCTION

HE modeling and simulation of semiconductor devices

were previously achieved by solving various combi-
nations 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 wave-
length 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

Orﬁgr high-frequency devices, using the finite-difference time-

domain (FDTD) method. When an ac signal is applied at the
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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 3 Source Ciate Divain
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 r""d/

the device width. The main advantage is achieved from this
model in the solution of integrated circuits. Until now, the 14 um

Undoped Gats

microwave amplifiers or any other integrated device structures
are simulated in parts and the active devices are replaced by - * | unf -
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 semiconductc

devices [12]. In this method, all the device characteristic Seuree Gasz Dirain

are preserved. This is a potential contribution of this mode X T

in high-frequency device simulations. The CESS model he ao -

already been proven to be a very powerful tool for analyzin /"/

the behavior of submicrometer gate MESFET’s [13].
The microwave and millimeter-wave amplification of two T Daped Giads (2617 icm3)

important semiconductor devices [such as modulation dopt * Uindoped Gats

field-effect transistor (MODFET) and metal-semiconducto

field-effect transistor (MESFET)] created considerable excite-

ment and optimism among the device as well as circuit engi- ()

neers. A unified charge—control and carrier velocity—saturatifig- 1. The simulated device structures. (a) MODFET. (b) MESFET.

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. TRRSaAs—GaAs heterostructure and have undoped GaAs as
dependence of carrier mobility, noise figure, and the smalln active layer, but the MESFET uses heavily doped GaAs as
signal parameters with temperature for the two devices &g active layer. Their very high-speed low-power consumption
presented in [15]. and relatively simple fabrication technology make them
In this paper, the performance comparison of MODFEZ strong candidate for upper millimeter-wave frequencies
and MESFET is performEd to demonstrate the pOtential EZZ] They have excellent power_de|ay re|ati0nship and
the CESS simulator. The dc performance, the eIectromagneH@duced short channel effects. However, overall MODFET

wave propagation effects, and the equivalent-circuit paramgerformances are better than those of MESFET's [23].
ters are presented. In dc simulation, the variation of transcon-

ductance and cutoff frequency with gate bias are shown
for MODFET and MESFET. The internal distributions of
potential, electron concentration, and electron energy are an

illustrated. The corresponding results are compared for these ) ] ) ]
two devices. The CESS simulator is a physically based model, which

The electromagnetic-wave propagation effects are obsenjakes care of nonisothermal transport and nonstationary elec-
in the two devices. The output voltage wave increases §ign dynamics as well as electromagnetic-wave propagation
magnitude as more and more electromagnetic energy mo@dects. This model couples the semiconductor model to a 3-D
along the device width. The device performance in terms Bfne-domain solution of Maxwell's equations.
output voltage is compared for the two devices using the The semiconductor model is based on the moments of the
electromagnetic model as well as the quasi-static model. Boltzmann's transport equation obtained by integration over

The equivalent-circuit parameters are extracted fdi€ momentum space. The integration results in a strongly cou-
MODFET and MESFET using a time-domain techniqué!ed highly no_nlmear set of partla_l dlfferer_1t|al equations called
Several researchers extracted these parameters emploff{fgconservation or hydrodynamic equations [24], [25]. These
different techniques [16]-[21]. In this paper, both multipl€guations prowd_e a time-dependent self-consistent solution
bias and multiple frequency extractions are done utilizinlg" €lectron density, electron energy, and electron momentum.
the hydrodynamic model in time domain. The extractefin® hydrodynamic equations are provided elsewhere [13]. The
parameters in this technique are capable of taking care &gctronic current density distributiofi inside the semicon-
the nonlinear behavior of the high-frequency devices. THICtOr device at any time is given by

i T ] ] ———f

Il. THEORY

Device Modeling

intrinsic small-5|gnal parameters are.also ext_racFed from the J(t) = —qgn(t)v(t). (1)
dc analysis. The dependence of equivalent-circuit parameters
on frequency and gate bias is observed. The electromagnetic-wave propagation effects can be com-

The MODFET’s [see Fig. 1(a)] and the MESFET's [seeletely characterized by solving Maxwell's equations. These
Fig. 1(b)] are field-effect devices. The MODFET usesquations are first-order linearly coupled differential equations
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~— are extracted according to the following basic definitions:
Intrinsic Model

Lg Rg ig id Rd Ld
GG G Cegd D .
— |1 -— Hiq
L & [ ] _ S
—[:‘—\/\+ 19 Ak - Im = ‘61}
Cgs Ri & 88 lvy=const.
j— — vd
vg gmivg l —_Cds C _ %
l "y # | Ovgs Vg=comst.
® . 1
S
Rs 8Ugs ¥ g=const.
6ids
Ls d =
I avds Vy=const.
ss Cpo = Q4
s =
Fig. 2. The generalized equivalent-circuit model for MODFET and MESFET Jvas U g=const.
including parasitic elements [26]. Her@m1 = gme™7“7. 3@9
Cga = 4
¢ avdg V _=const ( )
4= .

relating the field vectors, current densities, and charge densitieg mai perturbation is applied at different bias points and
at any point in space at any time. However, they must bg.qe parameters are obtained.
supplemented by constitutive relations.

The coupling between the two models is established by us-
ing the fields obtained from the solution of Maxwell’s equation lI. NUMERICAL TECHNIQUES
in the semiconductor model to calculate the current densities
inside the device. These current densities are used to updateah®evice Simulation
electric and magnetic fields using Maxwell's equations. The
initialization is provided by solving the semiconductor modqj
for the_ de charges a_nd currents in response to a specmeds ple rectangular geometry generally considered for semicon-
operating point. In this manner, the coupling between the t

: : - ductor device modeling. In this paper, several finite-difference
models results in the overall high-frequency character|st|i:eschniqueS such as the upwind and the Lax methods, are used
of the semiconductor devices. The details of the couplir?g ; '

A conjunction with the basic finite-difference formulation to
procedure can be found in [13]. achieve stable and accurate solutions [27]. The hydrodynamic
equations are coupled highly nonlinear partial differential
B. Equivalent-Circuit Parameters equations. The finite-difference scheme decouples these equa-

tions. The solution is obtained in a self-consistent evaluation of

In this paper, two techniques are used to obtain tl . : : . . :
pap d lgg three equations in conjunction with Maxwell's equations.

The finite-difference scheme was used in semiconductor
vice simulations. This scheme lends itself naturally to the

equivalent-circuit parameters. One technique is based on der of th luti in the followi i
ac analysis, and the other is based on the quasi-static analy s order of the soiution goes In the foflowing manner.

1) AC Analysis: The generalized small-signal equivalent- 1) momentum balance equation is solved;
circuit model of MODFET and MESFET is shown in Fig. 2 2) energy balance equation is solved;
[26]. The intrinsic part of the device is characterized by the 3) continuity equation is solved.

Y admittance matrix [16], [17] obtained from the followingThe current density distribution is calculated next using (1).
equation: A high-frequency sinusoidal excitation is applied on top of

the dc distribution. Maxwell’s equations are solved for the up-

; v oy : dated electric and magnetic fields in response to the sinusoidal
[.gs] = [Ygg Ygd] [ gs]. (2) excitation and the device current. The time-domain solution
tds dg  dd ] [Vds of Maxwell’'s equations is obtained using a 3-D mesh where

field components are arranged following Yee's method [28].
A sinusoidal voltage of different frequency is applied to th&sing a first-order differencing, Maxwell’s equations can be
gate and drain of the device separately, and the current anddleeoupled over a small time intervAt. These new fields from
voltage waveforms are obtained. The admittances are obtaifdaixwell's equations are used in the semiconductor model
from the magnitude and the relative phase information &fr the updated values of the current densities. These current
these current and voltage waveforms. The equivalent-circdinsities are then used in Maxwell's equations in the fol-
parameters are extracted from the real and imaginary partdaing time step of the sinusoidal excitation. This simulation
the admittances. This process is repeated at different frequprecess advances in the time domain until some appreciable
cies to obtain the frequency dependence of the small-sigedtctromagnetic-wave propagation effects are achieved. The

parameters. details of the numerical technique can be found in [13].

2) DC Analysis: In dc analysis, the stati¢—V character-  Higdon’s second-order boundary conditions are used to
istics are obtained first. The intrinsic small-signal parametegpgevent the reflections from the sides, i.e., from the back
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TABLE | 300
Device PARAMETERS USED IN THE SIMULATION ----&-- MESFET Vds=3V
Drain and source contacts 0.46 pm . 250+ MODFET
Gate-source separation 0.4 um E
Gate-drain separation 0.56 um %
Device thickness 0.4 pm E):
Device width 250 pm g
Device length 2.1 um —§
Gate length 0.22 um S
Spacer layer thickness 60 A §
Active (AlGaAs) layer thickness 0.1 um =
Active (AlGaAs) layer doping 2x1017 ¢m-3
Schottky barrier height 08V
DC gate-source voltage, Vgso 05V
AC gate-source voltage, Avgs 0.1and 0.3V Gate Bias (V)
Operating frequency, f 1-120GHz i )
Fig. 4. Comparison of transconductances of MODFET and MESFET struc-
tures.
800 dc biases, with no ac signal at the drain. Then, the waveforms
Vds=2.6 V -~~~y Lg=0.15um of the gate voltage, gate current, and drain current are obtained
’ N, Nd=2.e18 according to the simulation model explained in the previous
E 600 section. This procedure is repeated when the same ac input
= | A o is applied at the drain for different gate dc biases, with no
E h ac signal at the gate. The waveforms of the drain voltage,
3 o gate current, and drain current are similarly obtained. The ad-
§ 400 - mittances are calculated according to (2), from the magnitude
-§ Nd=1.cl18 and the relative phase information of the voltage and current
8 waves.
§ 200 The intrinsic small-signal parameters are extracted from
= — This Work the admittances. These parameters are then extracted for the
frequency range of 20-120 GHz with an interval of 10 GHz.
'''' Ref. [11] In i-stati lysis, th t btained usi
0 ' i quasi-static analysis, these parameters are obtained using
R 04 (3)and (4) by applying a small perturbation at the dc biases.
Since this is a quasi-static approach, no frequency dependence
Gate Bias (V) can be directly obtained.

Fig. 3. Comparison of transconductance of MODFET with [11] for different

gate lengths.

(- =

w) and from the right and left sides [29]. First-

IV. RESULTS AND DISCUSSIONS

A. DC Analysis

order absorbing boundary conditions are used on the top and N simulation parameters of MODFET [see Fig. 1(a)] and
bottom, as the field strengths are considerably low at thd¥&=SFET [see Fig. 1(b)] are summarized in Table I. In order to
surfaces. Both explicit and semi-implicit schemes have be¥glidate the CESS simulator, a MODFET structure similar to
incorporated to develop the model. The semi-implicit scheni'awkiet al. [11] is simulated to compare the performances.

offers a more stable simulation model. The stability criteriane transconductan_cgs are compared for aspect ratios of 7.5
for the semiconductor model and the electromagnetic moé’éld _3-75- They exhibit reasonable agreement with each other
provide different time constraints for the simulation. Hencé/} Fig. 3 o _
different time intervals are successfully used for the two !N Fig. 4, the variation of transconductangg, with
models. TheAtsemiconductor = t€N tiMes 0fAteiectromagnetic- gate biasvg is shown. The maximum trgnsconductance of
As this technique is computationally intensive, the simulatiot?® MS/mm and 174 mS/mm are obtained for MODFET

is performed on a massively parallel (MasPar) machine. and MESFET, respectively. A compressiongi is noticed
for both the devices for large positive and negative values

of vg. For large negativerg, it is due to the electron’s

injection deep into the GaAs layer and the negligible effect
A high-frequency sinusoidal voltage of peak 0.1 V andf v on those electrons. On the other hand, for MODFET

frequency 10 GHz is applied at the gate for different gat large positivevgs, this is attributed to the combined effect

B. Extraction of Small-Signal Parameters
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drain

source

Cut-off Frequency (GHz)

Gate Bias (V)

source

Fig. 5. Comparison of cutoff frequencies of MODFET and MESFET struc
tures.

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. Fog. 6. The contour plots for MODFET. The potential is drawn with steps
MESFET, it is due to the parasitic MESFET effect. Th@ftg%\ll t?/e electron density with steps ofx2 10'¢/cnr®, and the energy
variation of cutoff frequencyfy with gate biasvgs is shown " ¢
in Fig. 5. The maximunyy of 81 and 67.5 GHz is obtained for
MODFET and MESFET, respectively. The transconductang
and the cutoff frequency are higher for MODFET, which
support its potential for high-speed operations. The maximuiy A AR o
transconductance and the maximum cutoff frequency occlr
for MODFET at higher reverse gate voltage than MESFET],
which is expected.
The state of the MODFET and MESFET under dc steady-
state conditions are represented by the contour plots for
potential, electron density, and electron energy as shown fr
Figs. 6 and 7, respectively. The devices are biased;to=
4.0 V andvgs = —0.5 V and the dc distributions are obtained —_—
by solving the semiconductor model only. Figs. 6(a) and 7(a) 4.el6
show the equipotential lines with steps of 0.5 V. It can be segn
that most of the applied voltage is absorbed in the channgt
near the drain edge of the gate. Figs. 6(b) and 7(b) show
the contour plots of the carrier concentration with steps of  source
2 x 10'® Jem?. The corresponding energy contour lines arg
shown in Figs. 6(c) and 7(c) for energies with steps of 0.1 eV. . . . NN
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 MODFE[T
and 0.5 eV for MESFET. The formation of two-dimensional
electron gas is evident in MODFET and the electrons get hotter

; Fig. 7. The contour plots for MESFET. The potential is drawn with steps
in the case of MODFET as opposed to MESFET. of 0.5 V, the electron density with steps of>2 10'¢/cm®, and the energy

with 0.1 eV.

source

0.0

source

B. Effects of Electromagnetic-Wave Propagation

To demonstrate the electromagnetic-wave propagation
fects for MODFET and MESFET, a sinusoidal excitation of
peak of 0.1 V and 80-GHz frequency is applied between the Vgs(t) = vgeo + Avgs sin(wt) (5)

§ate and the source electrodes. The total gate voltage becomes
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T T T 0.5
z=31um — —— MODEFET
06 1 Z=94um --— # ]
— - A T e MESFET
S z=156 um i 0.4
= z=219 um N ’
&
8 0.2 &
[+
> g, 0.3
5 =
j=3 °
S 02 >
O =
= 0.2
&
o
‘0.6 1 1 1
0 10 20 30 0.1
Time (ps) .
Quasi-static Model
Fig. 8. The electromagnetic-wave propagation effects on output voltages of 0.0 T —_— — . .
MODFET for different device widths. 0 50 100 150 200 250
: i : Gate Width (um)
06 Zf31 um —— N Fig. 10. The comparison of output voltage variations with device width
) Zi;gg Sm o A obtained from the CESS model and the quasi-static model for MODFET and
= z=219 um -~ ,,_\ MESFET.
[0} ;o
g
;5 magnetic fields. In Fig. 10, the output voltage wave is shown
= for different device widths using these two models. MODFET
=1 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.
0.6 ! t L On the other hand, in the electromagnetic model, the output
0 10 Time (pS)ZO 30 voltage wave nonlinearly increases with the device width. This
|

phenomenon is expected due to the device—electromagnetic-
Fig. 9. The electromagnetic-wave propagation effects on output voltagesveive interaction. The exchange of energy between the elec-
MESFET for different device widths. trons and the electromagnetic wave takes place along the
device width. This behavior is absent when the output is
where vg, and Avgs are the dc and the peak ac voltagegbtained from the quasi-static analysis. Thus, the CESS model
respectively. The excitation is applied as a plane source pabvides the opportunity to choose the optimized device width
z = 0, as shown in Fig. 1. The CESS model is then solvddr maximum output voltage. This figure strongly supports the
for a few RF cycles, several tens of picoseconds, to avaide of the electromagnetic model for device simulation at high
the effects of the transients on the ac solution. The outputfiequencies.
obtained across the drain and source at several points alonfn Fig. 11, the output voltage is shown for different fre-
the device width in the-direction. guency using the quasi-static as well as the electromagnetic
The effects of the device wave interaction on the two devicesodel. The device width is 20@m. As expected, the output
can be represented by the output waveforms for differembltage is higher for MODFET than MESFET in both the
device widths in thez-direction. The output voltage wave,models. The output voltage decreases with frequency for the
as shown in Figs. 8 and 9, takes a finite time to respond ttwo devices. However, the differences in output voltage at
the input voltage wave. This delay is due to the finite devicéigh frequencies, obtained from these two models, demonstrate
switching time. Early in the simulation, the electronic effect ithe potential of using the electromagnetic model in device
not present and the wave amplitude decreases along the desicaulation to get the correct device response.
width. Later, as more and more electromagnetic energy isThe electromagnetic-wave propagation effect is validated by
propagated along the device width, the wave energy builds gpnulating a MESFET structure similar to [30]. The MESFET
and the wave amplitude increases. The higher amplitude of thees the following dimensions. The gate—source spacirigs
output voltage wave is observed for MODFET than MESFET,m, gate—drain spacing- 1.5 pm, gate length= 0.5 um,
which is expected. These figures clearly demonstrate the dirgatewidth= 1 mm, active layer thickness 0.2 um, active
relationship between the device gain characteristics and thger doping= 1 x 10'"/cn®. Two input voltages were
electromagnetic-wave propagation. used in the simulation: 0.1 and 0.3 V. Fig. 12 shows the
The effect of using the electromagnetic model in deviceomparison of the gain performances. The results exhibit
simulation is demonstrated in Fig. 10. MODFET and MESFEthe same trend; however, as expected, there are quantitative
are simulated using the quasi-static model as well as the CESfferences. In this paper, the CESS simulator was used, which
simulator. In the quasi-static model, Poisson’s equation géves the exact device behavior. In [30], the equivalent-circuit
solved to get the electric fields. In the electromagnetic modapproach was utilized. The difference in results is due to
Maxwell's equations are solved to obtain the electric arttie use of the full electromagnetic model and also retaining
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0.8 1.0
—&—  Quasi-static Model (MODFET) | — MODFET 3&8_3 v
~-=-%&='=  CESS Model (MODFET) ---— MESFET —

0.6 el Ouasi-static Model (MESFET) 0.8
’ ----®---  CESS Model (MESFET)
e ’
© 3 0.6

g 5

3 0.4 =

s :

3 8 044

B

=
S
0.2
0.2
0.0 - T . T r T —- 0.0
10 30 50 70 90 -1.8
Frequency (GHz) Gate Bias (V)

Fig. 11. The comparison of the output voltage with different frequendyig- 13. Variations of gate—source capacitadég, feedback capacitance
obtained from the CESS model and the quasi-static model for MODFET afigd, and drain-source capacitanc&; with gate bias for MODFET and
MESFET. MESFET using quasi-static approach.

24 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 quasi-
static approach are reported first. The variations of gate—source
capacitance s, feedback capacitandg;a, and drain—source
capacitance’ys with gate biasvgs are shown for MODFET
and MESFET in Fig. 13. The magnitude 6% increases as
vgs becomes more positive due to the accumulation of elec-
16 1 trons in the undepleted AlGaAs (doped GaAs for MESFET)

1 —&— Ref. [30] region close to the gate electrode. The observed increase

14 w-a=~  This Work (Input=0.1V) in Cgq with large negativevy; values results from the side

{ ----@--  This Work (Input=0.3V) broadening of the depletion zone so that its edge close to the

12 —epee e ———r drain will be more sensitive to the variations 4gs. On the

0 2 4 6 8 10 12 other hand, for large positive values @f, the right-edge of

the gate depletion zone moves toward the gate and is hardly

affected by the change ings. The value ofCys increases

Fig. 12. The comparison of gain characteristics of MESFET with that aith gate bias. The magnitude afys is relatively small

[30]. The gain characteristics for large-signal operation are also shown for gacause enough substrate region was not simulated due to

input voltage of 0.3 V. . . . . .
computational limitations. The difference in parametric values

for the two devices are as expected.

the Iarge_-sign_al aspects in _the CESS model, while the OlataThe variations for the two devices of some of the equivalent-
for [30] is §tr|ctly a sm_aII-S|gnal approach. To demonstrai;_arcuit parameters at different frequencies are shown in
the large-signal potential of the CESS simulator, the gaff]gs. 14-16. The dependence(f; on frequency for different
was recalculated for an input signal of 0.3 V. As shown ig is compared in Fig. 14 for MODFET and MESFET. The

; . ) ) s . .
Fig. 12, the gain becomes lower as the amplitude increas gnitude ofC,, decreases as the frequency increases. The

WhiCh is expef:ted. The strength _Of this approach is _not Yariation is more prominent in MODFET than MESFET.
_S'mp'_y Co_nf|rm|ng that Igrger_ amplltud_es reduce th_e gain, by} high frequencies, the displacement current from gate-to-
in estimating the fed“‘?“"” directly, using the p_hyS|caI r_nOd%rain contact becomes significant. As a result, the impedance
Moreover, the harmonlgs generated_ by the device nonlmearbtgtween the gate and drain contacts decreases. It eventually
can be analyzed by taking the Fourier transform of the O_UtHHEreases the feedback capacitangg. Since the total charge
signal. To the best of our knowledge, the CESS model is e s a function of the bias point, the increas€'in must
only direct approach that can perform this study. be compensated by a decrease(ip,. The dependence of
) o transconductanceg,, on frequency is demonstrated in Fig. 15

C. Equivalent-Circuit Model for MODFET and MESFET. The magnitude gf, decreases

The generalized equivalent-circuit model is already shovat high frequencies. When the displacement current increases
in Fig. 2 for MODFET and MESFET. The intrinsic small-at high frequencies, the fraction of the total current flowing

22

20

18

Gain (dB)

Frequency (GHz)
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20 Vds=3V —— MODFET
,g g -—— MESFET
aa B 159
3 8
E :
=§ g 10 -
o Q
e o2 g
2 3
2 £ 0]
& o1 —— MODFET g
) —--— MESFET
0.0 T T T T T T Y T T T T T v 0 r T T Y r T r T T T T T
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Frequency (GHz) Frequency (GHz)
Fig. 14. Variations of gate-source capacitaricg; with frequency for Fig 16. Variations of drain—source capacitantg, with frequency for
MODFET and MESFET at two gate biases. MODFET and MESFET at two gate biases.
300
Vds=3V 2) The simulation confirms that a significant device wave
250 - interaction takes place in high-frequency devices._
- 0 o 5 , 3) The energy exchange between the electromagnetic wave
E - and the electrons results in an increase in the output-
€ 2007 a—a ~ P o— - voltage wave amplitude along the device width the
§ e L A electromagnetic model is required in the device simu-
8 150 TR Beeee . A lation at high frequencies.
2 LR s L R S R .. — 4) The CESS simulator is capable of handling the large-
§ 100 - * signal operation successfully.
% | —®=— MODFET (Vgs=-0.2V) 5) The equivalent-circuit parameters depend on frequency
= el MODFET (Vgs=-0.4V) as well as on gate bias.
50 ----@--- MESFET (Vgs=-0.2V) 6) Reasonable agreement is achieved in comparison with
1 =~*-- MESFET (Vgs=-0.4V) published results. This fact validates the accuracy of the
0 —————p———————— CESS simulator.

S
° 20 40 60 80 100 120 140 The CESS model used in this paper has interesting contri-

butions toward the complete characterization of microwave
and millimeter-wave devices. The immediate application is
Fig. 15. Dependence of transconductapge on frequency for MODFET the optimization of the device geometry and the parameters.
and MESFET at two gate biases. The problems of electromagnetic coupling, discontinuities,
and parasitic elements resulting from distribution pads can

q hich is refl q fective d 9B studied. The complete characterization of a microwave
ecreases, which Is reflected as an effective decreagg, .in amplifier with input and output matching networks were

The variations of drain—source capacitanég with frequency developed using the CESS simulator [12]
for different vgs are shown in Fig. 16. The magnitude ©fi; '
increases with the increase of frequency. REFERENCES
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