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Abstract: A new comprehensive empirical large signal model for 4H-SiC MESFETs is proposed. An enhanced

drain current model,along with an improved charge conservation capacitance model,is presented by the improve-

ment of the channel length modulation and the hyperbolic tangent function coefficient based on the Materka mod-

el. The Levenberg-Marquardt method is used to optimize the parameter extraction. A comparison of simulation re-

sults with experimental data is made,and good agreements of I-V curves, P, (output power) ,PAE (power added

efficiency) ,and gain at the bias of Vs =20V, Ips = 80mA as well as the operational frequency of 1. 8GHz are ob-

tained.
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1 Introduction

Silicon carbide has recently received increas-
ing attention for the unique properties of wide
bandgap (3.2eV ). high conductivity (4.9W
/(cm « K)),high saturated electron drift velocity
(2X10"cm/s),and high breakdown electric field
((2~4) X10°V/cm) . 4H-SiC MESFETs are con-
sidered to be potentially important devices for the
next generation in applications of high power,
high frequency, and high efficiency RF & MW
electric circuits” . The increasing demands of
CAD of MMIC and power RF & MW electric cir-
cuits for 4H-SiC MESFETs provide the impetus
for accurate and reliable large signal modeling.

Much effort has been made on the large sig-
nal modeling of 4H-SiC MESFETs. The analytical
model*~® and numerical model™® have been used
to investigate devices’ operating principles and to
evaluate their performance. But the accuracy is
limited and usually CAD tools cannot be embed-
ded directly in most cases. The table-based mod-
el has the advantages of rapid and accurate
modeling, but it has the limits of interpolation
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function and the scope of parameters extracted.
and also requires enough measured data to obtain
high accuracy.

The empirical and semi-empirical model is
one of the best choices of commercial RF & MW
circuit CAD tools for its advantages of simple ex-
pression, high accuracy and ease of implementa-
tion into CAD tools. Sayed''") and Manohar"'*
have developed a 4H-SiC MESFET empirical large
signal model, but some incomprehensible parame-
ters in their models limit their applications. In ad-
dition,an accurate and robust model is needed to
satisfy the increasing demands for the design of
radio frequency integrated circuits (RFIC’s).

In this study,an accurate and robust empiri-
cal large signal model for 4H-SiC MESFETs is
proposed. In this model, the drain current is im-
proved by the modification of the channel length
modulation and the saturation voltage coefficient
based on the Materka model, and a new charge
conservation capacitance model is also developed.
Moreover, the validity of the present model is
made by the comparison of simulated results with
measured data.
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Fig.1 4H-SiC MESFET large-signal equivalent cir-
cuit

2 Model description

The large-signal equivalent circuit of a 4H-
SiC MESFET is shown in Fig. 1. The circuit in-
cludes two parts including the external or parasitic
elements that are independent of the biasing con-
ditions and the intrinsic elements ( Ipss Igps Igs»
CopsCgss Cps and R;) within the dotted line box
that are dependent on the biasing conditions. The
parasitic elements can be obtained by the “cold
FET” method™ ', and the diode current ( Igs,
Isn) parameters by the Schottky junction current
model. The drain-source capacitance Cps is usually
modeled by a linear element as 2 ~ 3 times
Cpse''™ . Therefore, the critical elements in the
large signal equivalent circuit are drain current
I s s gate-drain,and gate-source capacitance.

2.1 Drain current model

The operational mode of a 4H-SiC MESFET
is different from that of a GaAs MESFET due to
its physical characteristics of high thermal con-
ductivity, high breakdown voltage, high saturated
electron drift velocity, and incomplete ionization
of dopants in 4H-SiC. Therefore,an improved em-
pirical DC drain current model for a 4H-SiC MES-
FET is given by

Ins = Ipsso X (1 -
T

tanh[a( Vis) VDS] ’

o
) X [1+A(Ves) V] X
VGs > VT (la)

Ips = 0, Vg << Vo (1b)
where

A Vgs) =20 + C Vs (2)

a(Vess) = ay + Cy Vs (3

The undetermined coefficients in this new
model are: Ipsy, linearly extrapolative drain-source

Table 1 Differences of parameters between present
model and Materka model

Materka model-1?]

Associated with Vpg

Parameter Present model

Vi Constant

Changes with gate
A . Independent on Vs
applied voltage Vs

Changes with gate
a . Independent on Vs
applied voltage Vs

Undetermined
0] . Kept constant at 2
coefficient

saturation current value at Vg = 0; V1, threshold
voltage; Q. fitting parameter; Ay, channel length
modulation coefficient at Vg = 0; o » saturation
voltage coefficient at Vg5 = 0; C,, Cy, fitting pa-
rameters.

The form of this presented DC drain current
model is based on the Materka model and
Ref.[12]. The differences between the present
model and the Materka model are listed in
Table 1.

As can be seen from the new drain current
model,the following features can be observed:

(1) Initialization is easily obtained due to the
fact that the new model has only 6 undetermined
coefficients,less than the 7 of the Manohar model
and 10 of the Sayed model, and the parameters
have their physical meaning which make for easy
initialization with the assistance of analytical
model"?;

(2) Robustness and easier convergence are
expected since there are no exponential undeter-
mined coefficients.

2.2 Capacitance model

As investigated before,the capacitance model
with the expression of Q-V (charge-voltage) can
reduce the errors produced by the conventional
approach of C-V (capacitance-voltage) by avoi-
ding charge nonconservation'” /. Also, consis-
tency of large- and small-signal models requires
that the condition of charge conservation be satis-
fied. Therefore,the form of Q-V is generally used
with respect to C-V to use the same equivalent
circuit as the small- and large-signal models. Here
an improved charge conversation capacitance
model is developed. The charge expressions are
given by

Qss = Caoso Vs +
Cilg{cosh[ S, (Vs — Dctanh(Dy Vp)) + K}
Sﬁ.

4
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QGD — CGD() [1 - (le - Pzz Vcs) V(}DjiM
(m — 1) (a + bVgs)
where Cgy is the zero biased gate-source capaci-
tance; C;» S,» Dcs Dxsand K are the fitting pa-
rameters related to gate-source capacitance; Cgpg

(5)

is the zero biased gate-drain capacitance;and P, ,
P, ,and M are the fitting parameters related to
gate-drain capacitance.

The gate-source charge expression (4) is from
Ref.[20],and a modification is made by adding
the coefficient K to enhance the accuracy of Qgs
which is different from the Angelov model**"’ but
similar to the model presented in Ref.[22]. The
additional coefficient K can describe the variation
of the nonlinear characteristics of Qgs with drain
terminal voltage accurately without altering the
properties of Cgs to Qs

The gate-drain charge model based on the
Statz model"**’ is improved by the modification of

Vlbi as Py — P,, Vs to describe the variation of
Cgp with applied gate voltage.

From Eqs. (4) and (5),ignoring cross effects
of gate-drain voltage Vgsp on Qgs during the dif-
ferential coefficient, the C-V expressions of ca-
pacitances are given as

Cgs = Qs = Cqs + Cftanh[sg( Vias —
D(;tanh(DK V(;D)) + K:I (6)

D)

3 Optimization strategy

The least-square method is used in the param-
eter extraction. The merit function is minimized
as follows in performing nonlinear regression.

Ny N, ,
1 (@ = Z{Z[%M} | ®
i=1 ij

j=1
where y;,y(x;,a) are the calculated and meas-

ured data respectively,and ¢;; is the standard devi-
ation of the ijth point.

To obtain the minimized merit function, the
Levenberg-Marquardt method is used in the opti-
mization. This method overcomes the problem of
instability in the iteration, which will be genera-
ted if the GAUSS-NEWTON method is used for
the odd derivative matrix once a linear correlation

in the derivative matrix appears* .

Initial
estimate

Merit
function

Least
squares ?
Yes

End

Mp=Mp+Mp’
Calculate
Mp’

Fig. 2 Flow chart of optimization

The flow chart of optimization is shown in
Fig. 2, where M, is the undetermined parameter
matrix and M; is the derivative matrix formed by
the Levenberg-Marquardt method.

4 Model verification and discussion

The verification is made through embedding
the present model into advanced design system
(ADS) developed by Agilent Corporation. The
parasitic elements are obtained by the “cold FET”
method, the capacitances can be extracted from
high frequency small signal parameter extraction,
and the current elements from the DC are meas-
ured with pulsed I-V.

The measured data are obtained from
Ref.[10]. The structure of the 4H-SiC MESFET is
an n-type channel with an asymmetrical gate
structure, with a 0.25pm depth of the n-type
channel doped around 1.4X10"cm™®, 0.2pm
thickness of n*-type contact layer doped around
7X10"%cm™?,p-type buffer layer doped about 5 X
10® cm™?, the channel length and width of the
gate are 0. 7pym and 2mm, respectively (multiple
gate fingers), and the spaces of the gate/source
and gate/drain are about 0. 5 and 3pm,respective-
ly. The initial guesses for iteration can be made
with the drain current quasi-analytical model'*
and analytical capacitance model*" . This will ac-
celerate the convergence and reduce the cases of
“pseudo-convergence” or “divergence” effective-
ly. Parasitic elements cited from Ref.[10] are lis-
ted in Table 2. The extracted parameters of the
drain current and capacitance model are listed in
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Table 2 Values of extrinsic elements for present 4H-
SiC MESFET™"”

Rs/Q | Ra/Q| Ro/Q|Ls/pH|La/pH|Lp/pH|Cpa/tF| Cpp/fF
5 12.5 9 440 498 | 205.5 | 374 520

Table 3
present model using Levenberg-Marquardt method
Ipsso/mA | Vi/V Q X/V 1 a/V T C/VHCy/ VT
242 -11.5| 1.99 0.021 | 0.350 | 0.0038 | 0.100
Copo/pF |Po1/V 1 P12/ V™! M
0.5 0.056 | —0.002| 2.52
Caso/PF | Ci/pF |Sy/V 1 |Dx/V-1 K/V
0.417 0.430 0.14 0. 001 3.57

Extracted parameters of Ips, Cops Cgs In

Tables 3 and 4 ,respectively,where the Levenberg-
Marquardt method is used to obtain the optimiza-
tion in the parameter extraction. The reverse satu-
ration current of the Schottky gate current model
is assumed to be 1mA and the ideality factor to be
2.As can be seen from Tables 3,the main extrac-
ted parameters Ipsss Vs Caso» Crsand Cgpy are all
proposed for a quantitative view, making the pres-
ent model robust and easy to comprechend. It
should be of practical significance for the applica-
tion of the present model to CAD tools.

Figure 3 shows a comparison of simulated re-
sults of the DC I-V curves of the 4H-SiC MESFET
with measured data,and a very good agreement is
observed. Figures 4 and 5 show a comparison of
the simulated results of Cgs and Cgp with meas-
ured data,and good agreements are also achieved,
especially in the high applied drain voltage range
in which the device operates mostly. Thus the er-
ror of gate-source and gate-drain capacitance
from the present model will have an acceptable
influence on the high frequency characteristics of
the MESFET.

400 A Measured  lgs=1-1,-3-5-7,-9-11V

Simulated

N A A
W

20 30 20
Vis/V

Fig. 3 Measured (symbol) and simulated (solid lines)
DC I-V characteristics of 4H-SiC MESFET

= Measured
Simulated

Ves=-1,3,-5-7,9-11V

1 1 1 1 1
0 10 20 30 40
Vis/V

Fig. 4 Simulated and measured results of Cgp when
static bias: Vps =19V, Ips =76mA.f=0.9~6GHz

8 =

Measured Vs =1,-3,-5,-7,-9,
Simulated °

C o/ 10F

1 1 1 1 1
0 10 20 30 40
ViV

Fig. 5 Simulated and measured results of Cgs when
static bias: Vps =19V, Ips = 76mA, f=0. 9~6GHz

Table 4 shows a comparison of the simulation
results from the present drain current model to
that from the Curtice-Cubic and Materka models,
which are active models of CAD tools,and Sayed
and Manohar’s models, which are the most re-
cently reported 4H-SiC MESFET models. The re-
gression tolerance is set at 107", and the number
of unchanged iterations is 10. In Table 4, RMS is
the root mean square. The results show that pres-
ent model has the best accuracy. Compared to Ma-
nohar and Sayed’s models,the new model decrea-
ses the difficulty of setting initial values and ac-
celerates convergence by avoiding the coefficients

Table 4 Comparison of the RMS error of the present

drain current model with the most used CAD model in
ADS

Number of
Drain current model R/I:AS undetermined

/% coefficients
Present model 0.0125 7
Sayed model (Modified_Anglev modeD) | 1.68 10
Manohar model 2.24 7
Curtice-Cubic!1?] 5.78 7
Materka 13 6.68 5
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Table 5 Comparison of the RMS error of the present
gate-source capacitance model with Normman Schein-
berg and Chameber model

Number of
Cgs model RMS/ % . ..
undetermined coefficients
Present model 10.5 6
Normman Scheinberg 10.7 5
Chameber 12.5 3

Table 6 Comparison of the RMS error of the present
gate-drain capacitance model with Normman Schein-
berg and Chameber model

3 Number of
CG[) model RMS/ 0/o . ..
undetermined coefficients
Present model 8.6 4
Normman Scheinberg 13.2 5
Chameber 18.3 3

with exponential behavior or undetermined coef-
ficients. Also, the accuracy has been improved by
the modification of the channel length modulation
coefficient and saturation voltage coefficient
compared to the GaAs FET-based Materka, Cur-
tice-Cubic, Statz,and TOM3 models.

Tables 5 and 6 show a comparison of the sim-
ulation results from the present capacitance model
to that from Normman Scheinberg and Chame-
ber’s model. The results show that our capaci-
tance model is significantly more accurate.

A comparison of the simulated results for P,
(output power), PAE (power added efficiency),
and gain with the measured data is shown in Fig. 6
~8. The bias is Vps = 20V, Ins = 80mA, and the
operational frequency f, is 1. 8GHz. The simula-
ted input and output impedances are 33. 4 — 74. 2j
and 41.4 + 53. 8j, respectively, which are quite
comparable to the measured input and output im-
pedances 22. 4 —74. 2] and 41. 4 + 53. 8j.

1000F
—B— Measured

800} —— Simulated -
2
E 600}
2

400}

200+

08~ 36~30" 60 80 100 120 140 160" 180

P /mW

Fig. 6 Measured and simulated results of P, at
Vs =20V, Ips = 80mA, f, = 1. 8GHz

—8— Measured
—— Simulated

C0 20 40 60 80 100 120 140 160 180
P /mW

Fig. 7 Measured and simulated of PAE at bias of Vps
=20V, Ips =80mA, f, =1. 8GHz

As can be seen from the comparisons,all sim-
ulation results match the experimental data well.
The difference between the simulated and meas-
ured data increases when the input power is more
than 100mW. The reasons may be: (1) The reduc-
tion of gain"*’ due to the self-heating effects for
the MESFET; (2) The trap effects in the buffer
layer increasing the errors between modeled re-
sults and measured data near the pinch-off region
for complicated [-V curves, which maybe mainly
introduced by the conducting substrate of the 4H-
SiC MESFET"/; (3) The shift of the parasitic re-
sistance due to frequency dispersion'*"*’. There-
fore it can be expected for the present model that
better agreement will be achieved if a semi-insula-
ting substrate is used for the device.

5 Conclusion

A novel empirical large signal model has been
presented for 4H-SiC MESFETs with an improved
drain current model for the modification of the

14+
L —m— Measured
12F Simulated
10 a
g 8- ‘-\
! N
& of
4k
2 -
O i 1 1 1 1 1 1 1 1 "
0 5 10 15 20 25

P,/dBm

Fig. 8 Measured and simulated of gain at Vps =20V,
Ips =80mA. f, =1. 8GHz



1028 R

(L

% 28 &

channel length modulation coefficient and the sat-
uration voltage coefficient based on the Materka
model, and with an improved charge conserving
capacitance model for the improved Angelov
model for Cgs and a new model for Cgp. The Lev-
enberg-Marquardt method was used to optimize
the parameter extraction. The present model has
been embedded into ADS to simulate the perform-
ance of a 4H-SiC MESFET. The comparison of
simulated results with measured data shows that
good agreements are obtained for the DC I-V
curves, P, » PAE, and gain at the bias of Vs =
20V, Ips =80mA and operational frequency of f,
=1.8GHz. The present model can be used for the
design of a 4H-SiC MESFET RF & MW circuit,
particularly 4H-SiC MESFET MMIC.

Further research should focus on modeling
some other important remnant issues such as self-
heating, frequency dispersion, and trap effects.
They should be also considered in the 4H-SiC
MESFETs large signal model in the future.
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