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Abstract

A nonlinear lumped circuit model for GaAs MESFET which includes

the effect of Gunn-domain formation under the gate, mobility modulation,
and diffusion process in the channel boundary is presented. The
important design parameters such as Cin’ 9 Idsat and Ft etc. can be
derived from the model. The model not only predicts realistically the
nonlinear I-V characteristics, but it also provides a closed form design
criterion for avoiding instability due to Gunn oscillation. Moreover,

a small-signal circuit model having the same basic circuit structure as

the existing empirical small-signal model.in [2,10,14] can be derived
from this nonlinear model.

In addition, a two-segment piecewise-linear DC model is derived.

This piecewise-1inear model contains only four model parameters which
can be determined very easily by measurement. Because of its simplicity,
this model can be implemented into any CAD system to simulate complex
circuits with significantly less CPU time. The simulation results are
in excellent agreement with experimental data, and with results obtained

by a-much more time-consuming two-dimensional calculation.

+Research supported by the Office of Naval Research under Contract NO0014-
76-C-0572.

+?L.0. Chua and Y.W. Sing are with the Department of EECS, University of
California, Berkeley.



I. INTRODUCTION

GaAs MESFET is a three-terminal Gunn effect device with a Schottky
control gate. Because of its high-gain, high-speed and Tow-noise
property, GaAs MESFET has become increasingly important in both microwave
and high-speed digital circuits.

Two-dimensional analysis shows that: 1) The mobile carrier
distribution is not abrupt at the depletion layer boundary as in the
gradual channel approximation [1,2]. In other words, a transition region
exists in the depletion boundary and its width is close to the effective
channel thickness of the modern GaAs MESFET structure. 2) Field-dependent
mobility causes a reduction of the drain current [9]. 3) The formation
of a stationary Gunn domain at the drain side of the gate is responsible
for the current saturation in GaAs MESFET [2,3,9].

Several GaAs MESFET lumped circuit models have been proposed over
the past decade. The Schottky model [12] has been developed for general
JFET analysis purposes, but none of the above important effects has been
included. The Lettovec and Zuleeg model [3] takes into consideration
the mobility-field dependence, but does not consider the decrease in
drift-velocity with increasing field due to Gunn effect. It therefore
can not simulate the saturation region correctly. The Engelman and
Liechti model [6] takes into consideration both Gunn-domain formation
and mobility modulation effect. However, it is only a semi-empirical
model and is not derived from device physics. The Shur model [9,11]
uses the standard Schottky theory while adding a Gunn domain to achieve

a reasonably good agreement. However, it is only a small-signal model

and therefore can not simulate the nonlinear characteristics. Finally,
we remark that none of the above models takes into consideration the

important fact that the boundary between the neutral and depleted
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regions of the channel is not abrupt, and that also none of the
existing small-signal models [9,10,11,13] is derived as a special case
of a realistic nonlinear model.

Our objective in this paper 1is to present a new nonlinear Tumped

circuit model which not only considers all the important effects
mentioned above, but also does not require any iteration in calculating

the DC characteristics. Also,a small-signal model is derived from this

nonlinear model, which agrees with existing empirical small-signal models
[13] for microwave operations.

In addition, a two-segment piecewise-linear DC model is derived.

This model contains only 4 model parameters which not only can be easily
determined by measurement, but also have physical meanings. Because of
its simplicity, this model is particularly useful for implementation in
CAD systems to simulate complex GaAs circuits, such as high-speed GaAs
LSI circuits. Simulation results are in good agreement with both two-

dimensional calculations and experimental data.

II. DESCRIPTION OF THE NONLINEAR MODEL

Our nonlinear lumped circuit model, which will be derived and
evaluated in section VI, is shown in Fig. 1(a) along with its circuit
symbol and small-signal equivalent circuit in Fig. 1(b) and Fig. 1(c),
respectively. The element parameters and characteristics of the model

are defined as follows:

(1). Nonlinear controlled current source I,h:
Ich corresponds to the conduction current component in the channel
and is defined as follow:

6
I 32 3/2
Ien = —1v, {a"1 3 L HVpVggb) ™™ - (Vy-Vgg-b) ]}
141
EC

A Tep(VqsVgq) S (1)



where

Gy = T YpQNyd
a=1-(0.5-0,)(%
2
_1
b =17 ()
2
Ld _ aKOT
0°N,
= J2E_
K g

d 1is the channel thickness (typical value: 0.1 um to 1 um)
W 1is the channel width (typical value: 0.5 um to 1000 um)
L is the channel length (typicg] value: 0.5 um to 10 um)

Q 1is the electron charge (1.6x10']9 Coulomb)

.lscm'3 to 5x1017cm'3)

Nog is the channel doping (typical value: 1x10

U0 is the low-field electron mobility (typical value: 4.5 K to
8.0 K cmz/V.sec)

E. is the critical field (typical value: 3.5 K to 6.0 K V/cm)

Vp, 1s the built-in potential (typical value: 0.5 to 0.8 volt)

¢ is a proximity factor, (typical value: 6)

U. is ratio of effective mobility in the transition region to the

Tow-field mobility (typical value: 0.2 to 0.5)

(2). Nonlinear control current source Ido:

I, corresponds to the conduction current in the Gunn domain and

do
is defined as follows:

Tgo = Ta = CaFlVyaVpsVgg) A TyqlVys¥a.T55Vgo) - (2)
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where I_ is labelled in Fig. 1(c), Cq is defined in (5), and F(V],VZ,V )

gs
is defined as follows:
E]+k/VE
PV VpoVge) = | [v(E,) - v(E)1dE (3)
> E]
where v(E) denotes the field-dependent electron drift velocity, E] denotes
the electric field intensity of the channel under the drain end of the

gate and is defined as follows:

_ Ich(vl’vgs)
bt K Lep(VysVgs) “
GOL[a -q /V1_+Vb_-Vg_S:B] - Ec
Since Ido depends on Vis Vs, Ia’ and Vgs’ we denote it by Ido(v],vz,la,vgs)

in Fig. 1(a).

(3). Domain Capacitance:

_ €A
where
wd = average domain width
1 ‘jT (t) (6)
= lim = X t)dt 6
Toveo T 0 dom

where Xdom(') is a nonlinear function related to the domain width as
defined in [7].

(4). Nonlinear gate capacitance:

C
C .= —9d0_ (7a)



c =950 (7¢)

where
ngO’ CgaO’ and Cgso are zero-bias capacitances, and Vb is the
built-in potential.

(5). Nonlinear voltage-controlled current source:

Tgd = lgds e(vgd/vt) (8a)

lga = lgas e(Vga/vt) (8b)

lgs = Igss e(vgs/vt) (8c)
where

| P | and 1 are ijdeal saturation currents for the Schottky

gds® “gas gss
junctions, and Vt is the thermal voltage (26 mV at 300°K)

IIT. DESCRIPTION OF PIECEWISE-LINEAR MODEL AND PARAMETER DETERMINATION

METHOD
Although the nonlinear GaAs MESFET model presented in section II
is useful in predicting the complex nonlinear dynamic behaviors of the
device, it is still inefficient for large circuits. Moreover, it is
rather time-consuming to determine the model parameters. In the
GaAs MESFET LSI development, it is necessary to have a simple yet

reasonably accurate model to be used in such computer-aided circuit



analysis programs as SPICE, MSINC, ASPEC, etc., in order to simulate
circuits containing a large number of circuit elements. Two-

dimensional analysis is accurate but too expensive to be implemented

in circuit simulation programs and is only good for device development
purposes. On the other hand, the conventional junction FET model which
does not consider velocity saturation caused by the Gunn-domain formation,
can not give a reasonably accurate simulation.

In this section, we will present a simple piecewise-1inear model

which is derived from the more accurate nonlinear model in section II.
Inspite of its simplicity, the piecewise-1linear model not only takes
into account the velocity saturation effect caused by the Gunn-domain
formation, but also the source and drain resistance effects. Because
of its simplicity, this model can be implemented into any CAD system
to simulate complex circuits requiring a significantly less CPU time.
This piecewise-linear model, which will be derived in section VI,

is described as follows:

Piecewise- |[l4s A Ty(VogoVys) (9a)

Linear
del
Mode For Vds > Vdsat’
Ids = B[/Vb'vp b gs] v dsat (9b)
where

Vb is the built-in voltage = 0.7 volt

Vasat = Vs[1 * RygBOVp-V,, - gs)] & Vasat(Vgs) (9¢)



Note that this model contains only four model parameters; namely,

B = intrinsic transconductance
Vp = pinch-off voltage
de = source and drain resistance
VS = intrinsic saturation voltage corresponding to the saturation

velocity due to the Gunn domain formation.

Without knowing the detailed process and geometrical parameters, these
model parameters can be determined by measurement very easily. Two
examples will be given to illustrate the parameter determination method
and to demonstrate the accuracy of this model.

The parameter measurement procedure is as follows:

‘Step 1: plot I,  versus VVE:V;; in the saturation region.

Step 2: use linear regression method to obtain a straight 1ine which
best fits the data. Calculate the slope S1, and the X-axis
intersection Xq-

Step 3: plot V, ., versus VVE:V;;} where V... is defined as the corner
voltage between the linear region and the saturation region in the

IdS versus Vds characteristic.

Step 4: wuse linear regression method to obtain a straight line which
best fits the data. Calculate the slope 52.
Based on the data obtained from the above procedure, the parameters

can be calculated as follows:

2
V = -XJ +V
Piecewise- P 1 b
Linear Vs = Vgsat 2t vgs = vp
Model = S]/VS
Parameters -
de - 52/31




Two samples from different vendors (one from TI, the other from HP)
have been characterized and the model parameters obtained by the above

procedure are as follows:

TI device: HP device:

B = 0.202 B = 0.253
Vs = 0.48 Vs = 0.3]
Vp = -4,59 Vp = 1.43
de = 6.88 de = 11.6

Two families of Ids vs. Vs characteristics are shown in Fig. 2(a)
for the TI device, and in Fig. 2(b) for the HP device. The dash curves are
obtained by measurement, whereas the solid curves are calculated using
the piecewise-1inear model. Note the remarkable agreement everywhere
except near the knees where a slight discrepancy occurs.

In contrast, note the curve corresponding to V__ = 0 calculated

gs
using the conventional Junction FET model is way off the measured curve.

IV. NONLINEAR MODEL VALIDATION

The Ids versus Vds characteristics for GaAs MESFET (with d = 0.4 um
and N0 = 3x1016cm'3) as obtained by a two-dimensional simulation [2] are
shown in Fig. 3(a). Using the same parameters in the nonlinear model in
Fig. 1(a), we calculated the characteristics (drawn with small circles)
shown in Fig. 3(a). Although our model requires a much less computation
time, the agreement is very good. Note that the Ids versus VdS
characteristics in Fig. 3(a) exhibit the well-known "negétive resistance"

behavior of the Gunn domain [7], which has been observed in highly

homogeneous samples when the doping density is relatively small [2].



In Fig. 3(b) the active channel capacitance is calculated using the

nonlinear GaAs MESFET model in Fig. 1(a) and compared to the experimental
data [14]. The agreement is good over the entire operating range.

The initially decreasing value of Cin is due to the increase in the
depletion width. The active channel capacitance Cin approaches its
minimum at a value of Vds where the high-field domain is formed. By
further increasing Vds’ Cin increases monotonically. This phenomenon

is attributed to the Gunn-domain formation in the channel.

Thg transconductance I and the cut-off frequency Ft are calculated

using the nonlinear GaAs MESFET model in Fig. 1(a) and compared to the
experimental data in Figs. 3(c) and 3(d), respectively. Note that both
9, and Ft decrease monotonically for values of VdS greater than Vdsat'

This phenomenon is again attributed to Gunn-domain formation in the

channel.

V. GUNN OSCILLATION CRITERION

Depending on the device's physical and geometrical parameters,
and bias conditions, the GaAs MESFET can be operated at different modes;

namely Gunn oscillation, stable negative resistance, and normal FET

modes. Therefore, it is important to establish the criterion of
instability which results from the Gunn effect. In this section, we
will present a closed form Gunn-oscillation criterion for GaAs MESFET.

A Gunn domain starts to form when E] reaches the threshold field
Ep. If the electric field intensity in the drain side ohmic region is
greater than the domain sustaining field ES, the domain will travel from

the drain end of the gate to the drain contact and causes instability.

Thus a Gunn-oscillation criteria can be derived using this observation.
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Since the current in the drain side ohmic region must be equal to
the channel current, the electric-field intensity in the drain side

ohmic region EO can be related to E] as follows:

E
= 1 kK | oo
0t [ - § (AF,V 5 )] (10)
+

Ec

Thus, the stability criterion is given by

E
£y < P [1 - § (T Vb)) an
1468
o

VI. DERIVATION OF THE MODEL

A. Assumptions

The nonlinear GaAs MESFET model in section II is based on the

following assumptions:

1. The conduction current in the channel is dominated by majority
carriers (neglect the minority carriers) [1].

2. Due to the diffusion process, the boundary between the neutral
and the depleted portions of the channel is not abrupt. In other
words, a transition region exists in the order of several Debye
lengths. Also the carrier concentration changes gradually in this
transition region [1,2], and the distribution is approximated by
a linear junction.

3. The mobility modulation effect causes a reduction of the drain
current [3].

4. The formation of a stationary Gunn domain at the drain side of the

gate is responsible for the current saturation [2,4,5,6,9]. The high-
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field domain will form when the maximum electric field intensity under

the gate reaches the electron peak velocity field Ep [4,5]. After
the high-field domain has been formed, the relation between the
domain voltage V2 and the electric field intensity E] at the drain
side of the channel can be determined by a one-dimensional model
[2,4]. The description of the Gunn-domain characteristic is based

on the result developed in [7].

5. The ohmic resistance of the channel-to-source and the channel-to-
drain portions of the device are assumed to be in series with the
channel and the Gunn domain. They can be modeled realistically
by 1inear resistors [2] and treated as external components connected

to the "intrinsic" nonlinear model in Fig. 1(a).

B. Derivation of the Nonlinear Model

Consider the two-dimensional GaAs MESFET structure as shown in
Fig. 4(a) along with its symbol in Fig. 4(b). If we apply a reverse

bias gate voltage V__ across the device, the mobile carriers will be

gs
depleted from the metal-semiconductor junction, leaving the depletion
layer as shown in Fig. 5. Twe-dimensional numerical analysis [1,2]
shows that the boundary between the neutral and the depleted portions
of the channel is not abrupt. Generally, the formula describing the
transition region is very complicated and has to be solved by two-
dimensional algorithms [1]. For simplicity, the mobile carriers in the

transition region are assumed to be a linear function of y, where y

denotes the vertical distance indicated in Fig. 5. The electron density

distribution is expressed as follows:

1) In the completely neutral region:
for 0 <y <t, N=Nj ‘ (12a)

-12-



where t and N denote the thickness and electron concentration in the

neutral region.

2) In the transition region:

for t <y < tha, N=Ny(1 - L;l) (12b)
where

= (&) o,

L, is the Debye length (L, = /eKOT/QZNO),

¢ is the proximity factor which has been estimated from
two-dimensional analysis [1] to be equal to 6 [1].

3) In the completely depleted region:

for ttA <y <d, N=0 (12c)

where
d is the channel thickness.
Figure 6 shows the piecewise-]inéar approximation of the electron

density distribution used in this paper, as well as the one used in the

two-dimensional analysis in [1,2]. The result shows that the piecewise-
linear approximation is reasonably accurate.

By using Poisson's equation with Eqs. (12a), (12b) and (12c), the
following voltage across the junction can be obtained:

_ Wy

Vo = 55— [:l,- A2 + (d-t)(d-t-4)] (13)

gx

The thickness t in the complete neutral region is given by:

= 4.4 _ /e _1 2

Note that if no transition region is assumed, Eq. (14) agrees with

the result calculated from the one-dimensional one-sided abrupt junction
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approximation. The conduction current in the channel is given by
d .
Tp(x) = W [ NOxy) vioy)dy (15)
0

where
W is the channel width,
N(x,y) is the mobile charge density.
v(x,y) is the electron velocity.

d is the channel thickness.

Substituting Eqs. (12a), (12b), (12c), and (14) into (15), we

obtained:
2 t+A
Iep(x) = W {01 - & - %Agx-% (B 1 V(xy) + L; (1 - EYvixy)ar}
= Ak 1 (A A
- wangu{11 - - § gy B IE, + S v ) (16)
where

V(x,y) denotes the carrier velocity

_1 -t
Vere =1 [, (1= S (oo | (17)
) = Ly (18)
X’y = —————————
" fexZrEy?

The characteristic of Veff Versus Ex is calculated and is shown in
Fig. 7. For simplicity, we can introduce a proximity factor Ur such

that,
Veff = UrV(x,y) = UrUOEx (19)

Substituting Eq. (19) into Eq. (16), we obtain
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Ip(x) = WagNU[1 - & - vy - KA - (A) IE,

gx
= WdQNQU[a - & A BIE, (20)
where
a=1-&z-u) (21)
and
be gy () (22)

Also it was shown in [3] that the drain current is reduced due to
the mobility modulated by the field in the x-direction. In order to
jncorporate this effect, the following empirical expression given in [1,3]
is used for the mobility U in the channel region:
UOEx

E
142
c

where U0 denotes the low-field mobility, and Ec denotes the critical

field.

Uu-= (23)

Since the electric field under the gate is always smaller than the
electron-velocity peak field, Eq. (23) is a reasonally good approximation
for the relation between velocity and electric field in the channel
region. Substituting Eq. (23) into Eq. (20), we obtain the conduction

current in the channel:

WQNdU 2
= 0°"0 k / 1 (A

Ich(x) h E [a -d Vgx 12 (k) 1 Ex (24)

“"EL

c

Simplifying Eq. (24), we obtain

WQON . dU

Ip(x) = —g— [a - "A RN (25)

dv/
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Integrating both sides of Eq. (25) over the channel region, we
obtained,

G
o 2k v .32 oy oy 372 }
Leh LV, {avl 3 q [(Vy#Vp-Vgs-b) (Vy=Vgs=b)™""]
1+E— (26)
c
Note that if we set A = 0, in Eq. (26), (i.e., no transition
region) and Ec = = (i.e., no mobility modulation by x-direction field),
then Eq. (26) simplifies to the classic Schottky expression in the
linear region.

Now let us consider the conduction current under the drain end of

the gate
G- K
] "'E—
c

Since the current at any point in the channel must be equal,

Ich(vl) is equal to I,, we can equate Egs.(26) and (27) to obtain:

:, - Ich(V],Vgs) S (28)
k ch*'1°'gs
GOL[a -4q '/V1+Vb"vgs'b] -___EC__S__

It was shown in [4,5] that when E, exceeds the threshold field E_,

1 P
the Gunn domain appears and grows with increasing drain bias. We assume
that the stationary Gunn domain is in series with the channel and the
relation between the domain voltage Vs and E] can be determined by a
one-dimensional model [2]. Our description of the Gunn domain is based

on the model developed in [7]. The domain voltage can be expressed

as follows:
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av, Ep+k/Vy
@, [v(E;) - v(E)IdE
1 (29)
= g(Eq»Vy)

The gate-to-channel portion is modeled by 3 Schottky diodes whose
characteristics are governed by the well-known relationships given
in Eqs. 7(a), (b), (c), and Eqs. 8(a), (b), and (c),respectively. The

nonlinear circuit model described by Egqs. (7), (8), (26), (28), and (29)

is shown in Fig. 1(a).

C. Derjvation of the Piecewise-Linear Model

Now let us derive the piecewise-1inear model described in

section III. For typical parameters, the voltage V] across the channel

is less than V-V Therefore, expanding the term [V]-i-Vb-Vgs-b]3/2

gs’
in Eq. (26) and neglecting higher-order terms, we obtain the following

simplified expression:

where
B =Gok/d
V. =_(ad/k)2 + v
p b
Vi = Vas - Ichde

Substituting V, = Vds'Ichde into Eq. (30), we obtain

1+ BRSd[/Vb-Vp = V-V

Ien (31)

95]
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Equation (31) is valid until the Gunn domain is formed. It was
shown in [2,6,8,9] that the electron velocity is saturated when the
Gunn domain is formed and that the voltage across the channel under
this condition is equal to LE,. Hence, with V; = LE,, Eq. (30)

becomes:

Iep = BIAR-V - Np-Vgsl Vs (32)
where we introduce the new model parameter Vs = LES.

D. Derivation of the Small-Signal Model

The preceding analysis completes our derivation of the piecewise-
linear model described in section III. Let us turn next to the

derivation of the small-signal circuit model. From the nonlinear

model, we carry out a standard small-signal analysis by writing the

following two node equations for Fig. 1(a):*

dy dv dy
— gs ga gd
1g Cgs dt * Cga dt * ng t (33)
dv
.. a
Teh © 13 * Cga dt (34)
From Eq. (26), we obtain,
Tch = 9nvgs * 94V
= InVga * (95%9pVy (35)
where
9 A 3Ich
ms= avgs
Gok
= [/V]+Vb-vgs-b - /Vb-vgs-b] (3?)

+ .
A1l small-signal variables and parameters are d
case letters. P enoted by Tower
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ol
ch
94 W,

= Gola - § /T FV,V b1 (37)

From Eq. (27), we obtain,

iy = 958 * mvg, (38a)
where
ol
a
mA =—
= BVga
-GAE k
= 01 (38b)
NV b
2d 1+Vb Vgs b
From Eq. (29), we obtain,
dv2
(TET) = ney + hv2 (39)
where
a9
na 3 (40)
a9
ns 5 (41)
Substituting Eq. (35), (38a), (39) into (34), we obtain,
9; dv, g;h dvoq
(gi+gm)V1 - (—n_)('ﬁ) - (T)VZ * cga 1%_ * (m'gm)vga (42)

In the microwave operating range, the term (m-gm)vga is very much
smaller than the other terms and can be neglected. Consequently,

Eq. (42) becomes,

d(Tﬁf) ﬁ;’* Cga(-a%i) (43)
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A small-signal circuit model which is described by Egs. (33), (35),
and (43) is shown in Fig. 2(c). Note that the small-signal model derived
in this section is similar to the existing empirical small-signal model

given in {2,10,14].

VII. CONCLUSION
A nonlinear lumped circuit model of GaAs MESFET is proposed. The
model takes into account the modulation, the Gunn-domain formation, and

the diffusion process in the depletion boundary. A small-signal

circuit que] is derived from this nonlinear model. The structure

of this small-signal circuit model is very similar to the existing
empirical small-signal models currently used in microwave circuit design.

In addition, a piecewise-linear model is derived. This model contains

only four parameters which can be determined by measurement without
knowing the detailed manufacturing process and geometrical parameters.
The calculated results agree very well with those obtained by two-

dimensional simulations and experimental measurements.
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1.

(a)

(b)
(c)

LIST OF FIGURE CAPTIONS

GaAs MESFET nonlinear lumped circuit model.

The diamond shape symbols denote nonlinear current sources.

The symbols V__ and Vds denote the voltage from the gate

gs
to the source, and from the drain to the source,
respectively.

GaAs MESFET circuit symbol.

GaAs MESFET small-signal circuit model.

Characteristics calculated by piecewise-linear model:

(a)
(b)

Texas instrument fabricated device [10].-

Hewelett-Packard fabricated device (HFET 1000).

Comparison between measured and calculated results:

(a)
(b)
(c)
(d)
(a)
(b)
The

Drain current versus voltage characteristics.

Active channel capacitance versus voltage characteristic.
Transconductance versus voltage characteristic,

Cutoff frequency versus voltage characteristic.

GaAs MESFET cross section,

GaAs MESFET circuit symbol.

channel cross section of GaAs MESFET.

Comparison of electron density distribution.

Effective carrier velocity in x-direction versus the electric

field characteristic.
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