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Abstract —An analytic, large-signal model for the GaAs MESFET is
presented. The- new device model is physics based and describes the
conduction and displacement currents of the FET as a function of instanta-
neous terminal voltages and their time derivatives. The model allows
arbitrary doping profiles in the channel and is thus suitable for the
optimization of ion-implanted and buried-channel FET’s. It also accounts
for charge accumulation in the conducting channel at high electric fields
and the associated capacitance in a self-consistent manner. Theoretical
predictions of the model are correlated with experimental data on X-band
power FET’s, and excellent agreement is obtained.

- 1. INTRODUCTION

HE TECHNOLOGY for producing GaAs monolithic

microwave integrated circuits (MMIC’s) is rapidly
advancing from the research and development stage to
production. The development of a computer-aided design
(CAD) tool for the key component of this technology, i.e.,
the GaAs MESFET, is essential. Although significant work
has been presented on GaAs MESFET modeling, a unified
approach to MESFET modeling in the context of MMIC
design is yet to be reported. A MESFET CAD tool suit-
able for MMIC design and optimization should encompass
four features: (1) It should include the effects of process-
related device parameters (dimensions, material parame-
ters, doping profile, channel thickness, recess depth, etc.)
on the overall performance of the chip. This is especially
important since the external fine-tuning or “tweaking”
capability utilized in hybrid technology is difficult to em-
ploy in MMIC development. Device-circuit interactions
play an important role and cannot be ignored. (2) Device
models must be computationally efficient on micro- or
minicomputers to allow for simulation of FET circuits in
an economic fashion. (3) The model must provide the
circuit designer with synthesis capability. (4) The device
model must have nonlinear capability.

Shockley [1] provided the original FET model applicable
to long-gate-length devices operating in a nonsaturated
velocity mode. Subsequent models generally fall into four
categories: (1) DC and RF small-signal models [2]-[4]
which improve Shockley’s analysis by including velocity
saturation effects and nonuniform donor distribution in
the channel. These models suffer from restrictive allowed
gate-length to channel-depth ratios and unrealistic calcu-
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lated drain—source resistance values. (2) Numerical models
[5]-[8] which solve the fundamental, nonlinear, coupled
partial differential equations of the device using finite-dif-
ference or finite-element numerical techniques. These
models are important for understanding the device physics
but are computationally inefficient for RF circuit simula-
tions. Some work on large-signal RF circuit simulations
using numerical models has been reported [9]. (3) Em-
pirical and semiempirical models [10]-[12] which rely on
parameter extraction from measured dc and /or RF small-
signal S parameters, These models have a high degree of
computational efficiency and can be easily implemented in
circuit simulators and are very popular among circuit
designers. However, since the device must be fabricated
before the model can be determined, this approach is not
ideal for studying the effects of process-related FET
parameters on the overall performance of the circuit. (4)
Large-signal analytic models [13]-[14] which attempt to
solve the fundamental device equations with a minimum
number of simplifying assumptions. These models try to
bridge the gap between numerical models and circuit-simu-
lation-oriented empirical models. This type of model is
ideal for design optimization studies since the device need
not be fabricated before it can be investigated.

There are three effects that must be included in the
analytic models in order to establish an accurate descrip-
tion of device performance: (1) The “velocity vector rota-
tion” phenomenon [13], which refers to the rotation of the
velocity vector toward the drain electrode with increasing
drain-source voltage, must be considered. This will im-
prove the accuracy of the calculated output resistance.
This phenomenon has been confirmed in numerical simu-
lations [14]. (2) The “abrupt depletion approximation”
must be removed. (3) Local charge neutrality in the con-
ducting channel is not maintained. Numerical simulations
[14] have shown that there is a charge buildup in the
channel at large drain-source voltages and short gate
lengths, i.e., at large electric fields.-Madjar ef al. [15], [16]
have shown that excess carrier charge at the drain elec-
trode must be included in order to obtain a continuous
potential solution, although their approach to this problem
is empirical. The magnitude of this accumulation should
be a function of the field structure and device parameters.
A comprehensive model requites that the charge domain
be analytically characterized. -

In this paper, a new large-signal, analytic model for the
GaAs MESFET is presented. The new model has the novel
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features that arbitrary doping profiles are allowed and
charge accumulation or depletion in the conducting chan-
nel is modeled in a simple fashion. The inclusion and
physical description of the charge domain permit a true
large-signal, analytic MESFET model to be developed. It
is known that for short-gate-length devices, due to the
1increase in the electric field, electrons accumulaté near the
drdin end of the gate. The magnitude of this charge and
the capacitance associated with it are calculated by this
model in a self-consistent manner for the first time.

Theoretical results of this model are correlated with
experimental data on Raytheon X-band power FET’s. DC
and RF small-signal parameters calculated with the model
are compared with similar parameters extracted from mea-
sured data at different bias voltages. The harmonic balance
method [17] is wsed to simulate the output power and
power-added efficiency of these power FET’s in RF cir-
cuits at large drive levels. Excellent agreement between the
modeled and measured results is obtained. The new model
permits the systematic investigation of RF performance
due to parameter variations [18]. In this context the model
is very useful for process simulation studies, as well as RF
design applications [19].

1I. Tue DEvVICE MODEL

A. Model Formulation

The active or “intrinsic” region of an FET is shown in
Fig. 1. This region consists of the area of the channel
directly under the gate electrode. The model is formulated
around this region. All other regions of the device are
modeled phenomenologically using external linear ele-
ments. The applicable device equations are

q
v == [N =n(x, )] )
J=—gno+qDvn (2)
_ dn
J=g—o 3
v T=q— (3)
and
- _ JE
thJ+€5; (4)
where
E=-v¥ (3)

is the electric field, ¢ is the electrostatic potential, N is the
arbitrary donor concentration in the channel, n is the
free-electron density, © is the electron velocity, D is.the
diffusion coefficient, J s the conduction current density
(drift+ diffusion), and J, is the total current density (con-
duction + displacement). It is assumed that © and E are
codirectional, i.e., o= — u(E)E, where u(E) is the field-
dependent mobility. The formulation of the model is inde-
pendent of the functional form of the v—E characteristic
and v—FE characteristics including negative differential
mobility regions can be utilized. In this work, however, the
saturating v— E characteristic shown in Fig. 2 is used. This
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Fig. 1. Active region of an FET used in the model.
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Fig. 2. Velocity field characteristic used in the model.

v—FE characteristic has been found to produce accurate
results for most practical applications. Based upon the
magnitude of the electric field in the channel, specifically
at the y = g boundary (E(x, a)), the device can operate in
one of three modes:

E(0,a)<E(L,a)<E, (mode-A)
E(0,a)<E(L,,a)=E,<E(L,a) (mode-B)
E <E(0,a) <E(L,a). (mode-C)

The plane x= L, indicated in Fig. 1 separates the
saturation and linear regions of the device. The source and
drain currents are calculated by integrating J over the
entire x =0 and x = L boundary planes, respectively. The
gate contact (y = 0) is modeled as an ideal constant poten-
tial boundary while the substrate interface (y=a) is
treated ds an ideal reflecting boundary.

Since (1)—(3) are coupled together, a functional form for
n(x,y) is assumed a priori in order to solve for ¥
analytically. In general, » must vary continuously from
almost zero near the gate (y = 0) to a value almost equal
to the background doping concentration in the channel
(y = a). In order to produce a smooth transition for an
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Fig. 3. (a) Transition function and (b) free electron distribution of an
ion-implanted FET.

arbitrary doping profile, the following functional form for
n(x, y)is assumed:

n(x,y)=[1+y(x - L)]T(d(x), »)N(y) (6)
where T(d(x), y) is a transition function and is defined as

(™)

1
T(d(x),y)=1- T
’ 1+exp y——-z( )]

The term [1+ y(x — L,)] allows for charge accumulation

- or depletion in the channel. As will be shown, the €xcess
charge in the channel allows for a self-consistent solution
of the Poisson equation in the saturation region (L; < x <
L). For x< L, (ie., the linear region), y=0. Whether
accumulation or depletion occurs in the channel will
deperid on the sign of y, which is determined from
the solution of ¥ in the saturation region. In the Yama-
guchi-Kodera model [13], only the ¥ < 0 case was allowed.
In the linear region (i.e., x < L;, y=0), at y =d(x) the
carrier concentration is 50 percent of the background
doping. Therefore, d(x) can be thought of as an “effective
depletion—layer width.” Fig. 3(a) shows the variation of T
with y for a typical device and gate-bias condition. Fig.
3(b) shows the carrier concentration corresponding to an
ion-implanted profile as obtained from (6). For y < d(x),
T = 0 and therefore n = 0. For y > d(x), T=1and n=N
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This formulation ignores the out-diffusion of carriers into
the substrate. If one definies the “transition region” be-
tween depletion and channel as the region where n varies
from 5 percent to 95 percent of N, from (6) and (7) it
immediately follows that this corresponds to d —3A < y <
d +3A. Thus the width of the “transition” region is 6A.
Numerical simulations [13] show that this region usually
extends to about 6A,, where A, is the Debye length.
Therefore, A must be of the order of the Debye length.

B. Solution for The Potential ¥

Yamaguchi et al. [13] showed that the solution to (1) can
be represented by a linear superposition of two compo-
nents, i.e., ¥ =¥, + ¥,, where ¥, is the Laplacian poten-
tial due to the impressed voltages on the electrodes and ¥,
is due to the space charge in the channel and satisfies the
Poisson’s equation. In mathematical terms,

with boundary conditions
¥,(0,a) =0 (9a)
¥o(L,a) =V, (9b)
W (X, a) =0 (9C)
‘I'O(X,O) =0 (9d)
and
V¥ =——(N-n) (10)

with boundary conditions

2,(0,a) =0 (11a)
¥, (L,a) =V, (11b)
i9—\E(x a)=0 (11¢)
‘I’l(x,()) =Ves = Vi (119)

where V,, is the built-in voltage of the gate Shottky
contact, and V,, and V, =V;+V, are the applied
gaté—source and dram source voltages across the intrinsic
FET, respectively. The solution to (8) with boundary con-
ditions (9a)~(94) is

(2j+1)w ] Qj+1)= }
= ), A;ssinh|————x|sin} ———
Yolx,y) JE,O ;i 5o x| Y
(12)
where
4V, .
4,= ~ [@j+1)aL] (j=0.1,---).
(2j +1) 7 sinh —

For most FET’s L/a>1; therefore A, converges rapidly
and it is sufficient to consider the first term only. By doing
so, however, ¥, will no longer satisfy boundary condition
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(9b). Thus to preserve the boundary condition, one must
reapply (9b) to the first term in equation (12) to get

V. TX T
———%—TL—sinh(—)sin(z—z—). (13)
sinh(»-)

2a

2a
The solution for ¥, depends on the carrier concentra-
tiou n. Using definitions (6) and (7), ¥, can be determined
assuming |38 2%, /9y?| dominates |3 2¥, /dx?|. For 0 < x <
L,, we get

(5, y) == INACOND)

\I'O('Xa y) =

Vi
N(y")dy” dy’+ —x. (14)
For L, <x < L(d(x) =d,), the solution is

q ra ra :
W) == [ [T= T,y NG by
y N

" q
+ fx + :Y(X - Ll)
[ [ T(d y NG . (15)
Yy

The last term in (15) is the potential due to the accumula-
tion or depletion charge. For x < L,, the “depletion-layer
width” d varies as a function of x. To solve for d(x), we
must apply condition (11d) to (14). The result is an im-
plicit solution for d(x) of the form

q V.
~ IR+ Tx =V =V, (x<Ly) (16)

where

Fy(d)= ff [1-7(d, y") N (") dy" dy".

It can be shown that for the special case of uniform
doping (N(y) = N,) and using the abrupt depletion ap-
proximation (A — 0), F;(d) reduces to N,d* and d(x) can
be solved for explicitly to yield the expected result

d(x)=\/(212Nio)(~%—x——V:gs+Vm).

In general, however, F;(d) depends on the arbitrary dop-
ing profile and cannot be calculated analytically. Instead,
for a given doping profile, F;(d) is tabulated numerically
as a function of d for 60 values of 4 in the interval [0,2a].
Then for any given values of V,, and x, the corresponding
value of Fi(d) can be calculated from (16) and cubic
spline interpolation can be used on the tabulated numbers
to get d(x). This procedure is computatlonally very effi-
cient and accurate.

1EEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 36, NO. 2, FEBRUARY 1988

The pinch-off voltage V,, is defined as the gate-source
voltage for which the channel is completely pinched off at
the source side (x=0). That is at V,,=V,,, d(0)—c0
which implies #n(0, y) — 0. From (16), we can write V,,, as

q ra pa
V =V, —— N(y")dy"dy'. 17
po b1 G-/(.)'/):’ (y ) y .y ( )

< L, d(x)=d,, where d; is found by sub-
L, in (16). Applying condition (11d) to (15)

For L, <x
stituting x =
yields

——F(d)+Vx+ “y(x=L)F(d) =V, -,

1

(Ly<x<L) (18)

where
E(d) = [*[T(d.y )N (") dydy.
0 vy '
From the definitions of V,, and F,(d), it follows that

_Vbz)_Fl(d)- (19)

pPo

F(d)=-~(
q

Thus additional integration is not required for the calcula-
tion of F,(d). Equation (18) must hold for all L, < x < L;
therefore

— €V

qLF,(d,) ' (20)

'}/:

Equation (20) gives the solution for the slope of the carrier
concentration in the saturation region. For y <0 (V; > 0),
charge depletion in the channel occurs, whereas for y >0
(V1 <0) accumulation results. The solution for ¥, will
arise from the current continuity equation. The effect of
the extra charge in the channel is to enable ¥ to satisfy the
potential boundary condition (11d) while the depletion-
layer width is held constant in the saturation region.

C. Drain Current

In order to solve for the current, the electric field
distribution in the device is calculated. The electric field
has two components: one due to ¥, and the other due to
¥,. The x component of the electric field in both the linear
and saturation regions can be approximated by

Ex(x,y):—ﬁ[l—(i’—l)zJ

L a

ax\ . (7Y V)
— h - _—
£cos (za)sm( )L

4 (21)
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wher
¢ 7L

2a
_h'n'L
sm(2 )

I

3

a

and the second-order Taylor’s expansion of the original
function about y = a is utilized. At the substrate interface
(y = a), the magnitude of the electric field becomes

E(x,a)=|E(x,a)]

=E+£Y£cosh(2). - (22)

L L 2a

By definition of the plane x = L,, E(L,, a) = E,. Combin-
ing this with (22) and solving for L, yields

L1=(E’”ﬁ)ln[n+\/’q2—~T];

(2a EL-V\ al
n=|— | ———/sinh|—].
wL) Nz (2a)

(23)

where
(24)

Thus given ¥V,  and V|, L, can be explicitly determined.
To calculate the current, the conduction current density
as given by (2) is integrated. In the linear region (x < L),
there is no.x dependence of the carrier concentration;
therefore, only the drift component of J is considered. In
the saturation region, however, the diffusion term must
also be included. The details of the calculations of the
source and drain currents are described elsewhere [20]. In

general, the source and drain currents can be written in the

following forms:
I.=AV,+ B (25)
IL,=AV,+ B (26)

where A, A’, B, B’ are nonlinear functions of ¥, and de-
vice parameters. Following the “quasi-static approach of
Yamaguchi et al. [13], i.e, dn /3t =0, in (3) and neglect-
ing the current through the gate contact, the current con-
tinuity condition (3) reduces to I, = I,. In the model, the
Newton~Raphson method is used to calculated the root of
the equation f(V)=1,—1,=0.

Fig: 4 shows the algorithm for the model. Starting with

material and device parameters, a set-of preliminary calcu-

lations is done as represented by the INITIAL block.
These calculations involve the tabulation of F,(d) and
three other doping-profile-dependent integrals used in the
model for 60 values of d. The INITIAL step takes about
30 seconds of CPU time on a Microvax-II computer. This
step is done once for a particular device and need not.be
repeated. Following the INITIAL step, given a set of bias
voltages, the solution for ¥, is found using - Newton’s
method. An approximate analytic solution for V; is used
as the initial value. The solution for ¥; takes about 2—4
iterations o converge to a relative error of 1074 for the
currents I, and I,. Once ¥, is found, all parameters of the

FET Parameters §

ll’reliminary Calculations

| oy

h J
I Initialize 'V,

"y

Determine the Mode 5

v L 2 » v
Mode-A Mode-B ’ Mode-C
Calculate Calculate Calculate
Is s Ig Iy, Ig I , Iy

Fig. 4. Algorithm for the FET model.

 TABLEI
DEVICE PARAMETERS

Parameter (Unit) “Value

"|Gate Length (in) 0.56
Gate Width (nm) 1200
Channel Thickness (pm) 0.35

; {Recess Depth (nm) 0
Gate Resistance (o) 0.4
Source Resistance (m) 0.8
Drain Resistance () 0.8
Gate Induclance (nH) 0.08
Source Inductance (nll) 0.08
Drain Inductance (ntI) 0.08
Saturation Velocity cmfsee .| 1.5 x 107
Low-Field Mobility cm?/V.sec | 4000
High-Field Diffusion Coeff. | cm?/sec 10
Critical Field kV/em 3.75
Break-Down Voltage v 20
Gate Schottky v 0.70
Built-in Voltage

model are calculated The gate and drain displacement
currents are related to the time derivatives of V,, and V,

gs
Vs
Vd s

through the capacitance matrix {15], [16]

(27)

i _ Cy Cp i
iy Cu Cyu| 0t
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Fig. 6. Measured and modeled J-V characteristics for the Raytheon
ion-implanted GaAs FET.

where the capacitance matrix is in general nonsymmetric.
External shunt diodes (nonlinear resistors) are used to
model gate—drain breakdown and forward-biased gate
leakage currents. For a given set of bias voltages, the
calculation of all parameters takes about 32 milliseconds
total CPU time on a Microvax-IT computer.

III. SIMULATION RESULTS

The model is used in conjunction with the method of
harmonic balance [17] to study the large-signal perfor-
mance of RF circuits. The NCSU harmonic balance analy-

200 T T T T T
Vds = 40 A%
0 measured
150 |-
—— model
n
E 10}
g
1)
50 -
0
-6
Vi (V)
@
20 T T T 1 I
Vg =40V
o measured
1.5 |- -

—— model

Cys B

0.0

-6 -5 -4 3 2 -1 0

V (V)
(b)

Fig. 7. Calculated and measured (a) small-signal transconductance and
(b) small-signal gate—source capacitance.

sis program can, in general, be used to study single FET
circuits such as single-stage amplifiers, feedback ampli-
fiers, and doublers. Table I shows the parameters of an
experimental X-band power FET. The measured C-V
profile and the analytic, least-square fit to the doping
profile which was input to the model is shown in Fig. 5.
The measured and calculated static -V characteristics of
the FET are shown in Fig. 6. The calculated small-signal
parameters of the device were compared with those ex-
tracted from measured S parameters in the 2-18 GHz
frequency range. The most important nonlinear elements
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g, and C, are shown in Fig. 7 as a function of V,, at
V,,=4.0 V. A sharp drop in the gate—source capacitance
occurs near the pinch-off voltage due to the cutoff of the
channel. Beyond pinch-off, the only contribution to C,
comes from the fringing capacitances due to the charges
distributed beyond the gate edges.

Fig. 8(a) shows the excess charge in the channel. For
small drain—source voltages, slight depletion (Q o, > 0)
near the drain is observed. At large drain—source voltages
and small V,,, accumulation ({4, <0) is observed in-

stead. The accumulated charge has a capacitance as- -

sociated with it, indicated as C, (domain feedback ca-
pacitance). To our knowledge, this is the first analytic
calculation of this capacitance. Fig. 8(b) shows the calcu-
lated and measured C,, versus ¥, for three gate-bias
conditions. Good agreement between the model predict-
ions and experimental data is obtained.

Using the harmonic balance simulator, the large-signal
performance of the power FET’s at X-band (10 GHz) has
been calculated. Fig. 9(a) shows the output power at the
fundamental frequency versus the input power at the bias
condition of V, =60 V and V,=-210 V (J,=200
mA). The calculated small-signal gain of the device was
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10 L Vgg =21V B
2wk -
g
i)
E s —
Q.:g 10 = -
0 F o measured
— —— model -1
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-20 -10 0 10 20 30
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® 20 1™ T T 1T T 1T T
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20 =

10 |=
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1 |
20 30
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Fig. 9. (a) Calculated and measured P, versus Py, for the Raytheon
ion-implanted GaAs FET (W =12 mm, L, ~0.5 pm, f=10 GHz,
V=6V, ¥V, =—21V). (b) Calculated and measured gain versus P,,,.
(c)'Calculated and measured power-added efficiency versus P,
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10.3 dB, which agrees well with the measured gain of 10
dB, as shown in Fig. 9(b). The output power at the 1-dB
gain compression point'is shown to be about 27 dBm. The
power-added efficiency versus input power is shown in
Fig. 9(c). The measured maximum power-added efficiency
is 28 percent which agrees well with the calculated value of
30 percent. It should be noted that these results were
obtained with no parameter adjustments once the device
doping profile and geometry were determined.

IV. CONCLUSIONS

A new physics based large-signal analytic model for the
GaAs MESFET has been presented. The new model allows
for arbitrary doping profiles, and considers the effects of
such nonuniform doping profiles on. the nonlinearities of
the FET. The model also takes into account the accumula-
tion of charge in the channel at large drain-source volt-
ages in a manner consistent with the Poisson and current
continuity equations. The model accepts as input data
device geometry, material parameters, bias, and RF oper-
ation conditions. It returns small- and large-signal RF
performance including output power, gain, efficiency,
harmonic content, and impedances. DC, RF small-signal
and large-signal parameters of Raytheon 1.2 mm X-band
power FET’s have been calculated and compared with
measured values. Excellent agreement between the theoret-
ical and experimental results is obtained. The model is
useful in both device and circuit design optimization appli-
cations.
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