IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-30, NO. 5, MAY 1982 719

A MESFET Variable-Capacitance Model for
GaAs Integrated Circuit Simulation

TOHRU TAKADA, KIYOYUKI YOKOYAMA, MASAO IDA, axpD TSUNETA SUDO

Abstract —A simple MESFET capacitance model which has a clearly
explained physical meaning for a wide bias voltage range has been devel-
oped for use in simulations of GaAs integrated circuits.

In this model, gate~source and gate—drain capacitances are represented
by analytical expressions which are classified into three different regions
for bias voltages: a before-pinch-off region including the neighborhood of
the built-in voltage, an after-pinch-off region, and a transition region.

2-dimensional analysis results support the validity of the analytically
derived capacitance model. The model is applicable to MESFET’s used in
integrated circuits that have low donor-thickness product.

I. INTRODUCTION

IN THE PAST few years, GaAs integrated circuits
(1C’s) fabricated from Schottky gate field effect transis-
tors (MESFET’s) have emerged as a promising technology
for the development of high-speed digital circuits. For the
design of IC’s, a simple and accurate circuit simulation
model is required.

Simplified analytical models for GaAs MESFET’s have
been reported [1], [2], [3]. However, a capacitance model
suitable for normally off-type GaAs MESFET’s, by which
direct coupled FET logics (DCFL’s) are constructed, has
not been reported. In the DCFL’s, the gate—source voltage
V,s of a MESFET varies widely from the neighborhood of
the built-in voltage to the voltage which pinches off the
channel. Therefore, the model should be valid in the wide
bias voltage range for accurate logic simulation. In previ-
ous papers, the bias-voltage-dependent capacitance for the
neighborhood of the built-in voltage and for the neighbor-
hood of the pinch-off voltage have not been clarified.

This paper discusses the bias voltage dependent capaci-
tances for GaAs MESFET’s with a view toward deriving a
simplified and reasonable capacitance model which is ap-
plicable to a wide bias voltage range. 2-dimensional analy-
sis is also carried out in order to confirm the validity of the
derived model.

The equivalent circuit of a GaAs MESFET is shown in
Fig. 1. In this paper, we consider only C,; and C,, that are
voltage dependent capacitances. The other capacitances
determined by the parallel conductor spacing C,,, C,y4;,
and C,,, have been calculated by Pucel et al. as capaci-
tances independent of the internal space charge [3].

The devices studied here are GaAs MESFET’s having
low donor-thickness products of active layers (<1< 1012
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cm™?), such as normally off MESFET’s or normally on
MESFET’s with slightly negative threshold voltages. Since,
in these MESFET"s, the amount of stationary charge accu-
mulation which exists under the drain-side edge of the gate
is too small, it can be assumed that there is no effect of
accumulation on the capacitance characteristics [4].

In the following sections, we consider the capacitances
by classifying them into three regions: a before-pinch-off
region with a built-in voltage nearby, an after-pinch-off
region, and a transition region.

II. INTERNAL GATE-SOURCE CAPACITANCE C,,

A. Before-Pinch-Off Region

Our calculation is based on the simplified charge distri-
bution shown in Fig. 2 in order to discuss the low donor-
thickness product FET. The internal space charge region
can be divided into three sections, sections I, II, and III
whose charge amounts are Q,, Q,, and Q,, respectively.
Internal gate-source capacitance C,, is expressed as

Cy=C TG+ C3 = (%Q?:) b o (D
where Q, is the total space charge and
Con ( %% ) V, — V= const ®)

Here, we assume that the depletion layer edge beneath the
gate varies linearly from the source-side edge to the drain-
side edge as shown in Fig. 2. In addition, we assume that
the carrier concentration changes abruptly at the boundary
of the depletion layer. O, then becomes

1/2
1 Ve =V, +V,
v, —V, +Vd)1/2
+ | =& < (5)
( Y
V,=aN,a’/(2¢) (6)
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Fig. 1. MESFET equivalent circuit. R, source ohmic resistance, R,,: gate-to-source resistance, R, :
drain ohmic resistance, R,,: gate-to-drain resistance, R,: leak resistance, I,: channel current, I
gate-to-source current, I,,: gate-to-drain current, C,;: internal gate—source capacitance, C,y: internal
gate-drain capacitance, Cg,: gate—source stray capacitance, Cp,,: gate-drain stray capacitance. and

Cy4s: drain-source stray capacitance.
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Fig. 2. Internal space charge distribution in the before-pinch-off region.
[, gate length, /,;: gate-to-source distance, /,,: gate-to-drain distance,
a: active layer thickness, V,: gate potential, V., external source
potential, V.,: external drain potential, V,: internal source potential,
and V,: internal drain potential.

where g, N;,, W, V,,, €, and ¥, are electron charge, carrier
concentration of the active layer, gate width, built-in volt-
age, GaAs permittivity, and pinch-off voltage, respectively.

From (2) and (5), we obtain
1 1/2
C= Wi,
“ ok ( ) *
We also approximate that the charge distribution forms

in sections II and III are quarter arcs. Q, and Q, are then
given by

gN e
V= VetV

()

V,,—V,+V,

_7T 2 bt g 5
Q2_ 4a quW I/p (8)

. T Ve =V, +V,y
0y = galgN W "0t 9)

Equations (3), (4), (8), and (9) are applied so that G, and

C,s3 become

Cgﬂ:gew (10)
(11)

As a result, we obtain C,, in the before-pinch-off region as

Wi
C, = eW+ g(

g 2 2‘/5

Equation (12) is an increasing function with the internal
gate—source voltage V,; it shows a very large value when
V,s 1s in the neighborhood of V,.

We are interested in knowing whether (12) is reasonable

C,3 =0.

quE 1/2
Vo=Vt 7, |

(12)

or not whenever V, is high enough (near V,)) for a
gate-to-source current to flow significantly large. In order
to clarify this point, we carried out 2-dimensional numeri-
cal analysis. The solid line in Fig. 3 is the 2-dimensional
analysis result for an external gate-source capacitance
Cosiexy at 0 V Vo, which is defined as

g
_ (A9,
Cgs(ex) - ( AVs(ex)

(13)

) Viex) — Vg = const

In 2-dimensional analysis, we obtain the Cesiexy nstead of
the C,;. The device parameters used in the analysis are as

follows:
l,=1,=1,=1.0pm, a=0.09 pm,
W=10 pm, N,=1.0X10'7 ¢cm™3,
€, =12.6,R,,=R,=0Q,V, =0.7V.

The result shows that the C,,, obtained by 2-dimensional
analysis in the before-pinch-off region increases with Ves(enys
then decreases above about 0.5 V. This bias voltage depen-
dence is significantly different from that for C,s In the
neighborhood of ¥,,.C,, increases with Vs even if Vo is
above 0.5 V.

The reason why the C,,, decreases as Ves(ex) increased
in a higher V., region can be explained as follows: Costen)
is expressed from (1) and (13) as

N a1,
Cgs(ex) - Cgs 1= Rse aV

gs(ex)

(14)
where [ is a source current (see Appendix I). Since I is
equal to the gate current when Visexy 18 0 V, I is given as

I, = I,{e?/*TWseo™ R ~1} (15)

where I is half the gate Schottky diode saturation current
and ¢/kT is the thermal voltage. Thus, 91, / WV pgeny 10 (14)
becomes

al q — T
«a—I/—y——: {Ioﬁeq(VgS(ex) Rula)/(k )}

gs(ex)
1+ q R 1, q(Vgl(eX)fR\elg)/(kT) . 16
/ KT se of )

Since (16) is a function approaching 1 /R, asymptotically,
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.the parenthesis term in (14) apprqaches zero as Vi is
increased. Therefore, the C, ., is given as

Cgieny = Cys at small Vestexy
Costexy =0, atlargeV, o)

The broken line in Fig. 3 is the result calculated from
(12), (14), and (16) using an R, of 200 £ which is obtained
from a and /. The calculated result of C,.,, obtained
using (12) agrees relatively well with the C, ., by the
2-dimensional analysis. Consequently, we can say that (12)
is reasonable as an internal gate-source capacitance ex-
pression in the before-pinch-off region even if V,, is in the
neighborhood of the V.

We notice from (12) that C,; does not depend on the V.
In our 2-dimensional analysis, results showed that C, .
increases as V., is increased. However, this C, ., in-
crease with V., is relatively small. For example, Cy.y
for V,, of 1.0 V at ¥V, of 0.5 V is about 9 percent larger
than C, . for ¥V, of 0 V [5]. It is considered that this
increase 1s mainly caused by the rise of V, potential due to
the R,, and drain current. Therefore, we can say as a
first-order approximation that the internal gate—source
capacitance C,, does not depend on the ¥ as long as the
nonaccumulation assumption holds true.

B. After-Pinch-Off Region

When the V,, is decreased beyond threshold voltage Vy,
the internal space charge distributes as shown in Fig. 4.
Here, V,, is defined as

Vo =V = Ve (17)
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Fig. 5. The model of the internal gate~source capacitance.

In this voltage region, we can ignore the portion of C
directly under the gate because of the rapid advance of the
depletion zone into the substrate. C, is then given by

~

Cgs = Cgs4 + CgsS
8Q4)
C . ,=
g4 ( aI/s Vg—Vd=const L (18)
_(39s
CgsS - ( aVs )Vg—Vd:const

where 0, and Q. are space charge amounts in the sections
indicated in Fig. 4, which are expressed as follows:

a
Qu=qgNW 71 (19)
[=yd2—a? (20)

¢

dw:\/—m(Vbl—I/g+Vs) (21)

0
Qs =nd2-gNW (22)

a Vbt_Vth
tan0=—=1¢ = o -
! I/th—-I/:gs

On the basis of (18), C,,, and C, s are derived as
__€wa

(23)

Cg:4 - —E——l— (24)
€Ew a
Cgs5:7(20—7). (25)
Therefore, Cys in the after-pinch-off region becomes
= A
C,, =ewtan A (26)

The solid line in Fig. 5 shows the V,  dependence of C,,
which is calculated using (12) and (26), using the same
device parameters as in the 2-dimensional analysis.
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Comparing the calculated C,, from (26) in Fig. 5 (C,,
should be almost equal to C,,, in principle because very
small current flows) with the 2-dimensional analysis result
in this region in Fig. 3, we note that the two results agree
well in the lower ¥, region. However, the C,, obtained
from the 2-dimensional analysis is larger than the C,, from
(26) above about —0.025 V V. Therefore, (26) is applica-

ble only in the following limited ¥ region:
Vs <V~ Vi o
Ve, =015V |’

C. Transition Region

In the study described above, (12) and (26) were rea-
sonably derived physically for the before-pinch-off region
and the after-pinch-off region, respectively. However, C,
calculated from the two equations does not agree with
Cs(ex) Obtained by the 2-dimensional analysis in the vicin-
ity of the ¥, value of V, as shown in Figs. 3 and 5.

The disagreement is caused by an abrupt depletion layer
assumption. Strictly speaking, the carrier concentration
does not change abruptly at the boundary of the depletion
layer due to the diffusion effect [6], [7]. Therefore, C,; also
does not change abruptly but changes gradually. Since the
Cysexy Change in the transition region in Fig. 3 is almost
linear, we can model the C, in the transition region as the
broken line drawn in Fig. 5. C,; in this region then be-

comes

vV, —V,
=ewtan ! —b "t
& Vtr2
Iw N
| Zew+ -2 KAl
2 22V Vo= (Vo + Vi)
V., —V,
—ewtan~ !,/ &t
Vtr2

AVee = (Ve = Vi) }/ Vit + Vi) (28)

where V,, and V,, are about 0.08 and 0.15 V, respectively.
Since V,, and ¥V, are values dependent of the active layer
carrier concentration, an additional investigation should be
carried out if a more accurate simulation model is required.

III. INTERNAL GATE-DRAIN CAPACITANCE C,,

The internal gate—drain capacitance G, 1s an important
parameter which reflects the logic speed significantly due
to the Miller effect.

If a charge accumulation at a drain-side edge under the
gate does not occur or the amount of such accumulation is
negligibly small, C,, should be represented by the same
expressions as C,; since the drain and source are symmetric
with respect to the gate. The previous C,, model reported
by Pucel et al. [3] is not represented by the same expression
as C,,. Although this model can be applied for large V, to
show small C,,, it cannot be used for smaller V.

The nonaccumulation assumption is realized for the
MESFET’s used in integrated circuits, such as normally off
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Fig. 6. ———— is the internal gate—drain capacitance C,, versus internal
drain-source voltage, ¥, (model). —is the external gate—drain capa-
citance  Cyyexy versus external drain-source voltage Ve, (2-
dimensional analysis).

MESFET’s or slightly normally on MESFET’s. Thus, the
C,, expressions can be obtained, as follows, by replacing

the ¥V, by V,,in (12), (26), and (28) described in Section
II. For Vi, >V + Vi

lW N )1/_
T g qiv,€
C —ew+ ——— 29
g2 22(V,,,—ng #)
For Vi = Vi <V <V + Vit
v, =V,
C, =ewtan ! | b1
g4 Vtr2
et 12 AL
2 22 Vbt_(Vth_*—I/trl)
Vv, —V.
—ewtan !,/ 210
I/tr2
'{I/gd_(Vvth_I/trZ)}/(I/trl—i_V;r2)' (30)
For V ,<Vyp—Vin
vV, =V
— —1 bt th
C,q =ewtan ——Vth_ng. (31)

When V, is constant, C,, decreases as ¥, is increased,
while C,; does not change as ¥, is increased. Coq as a
function of ¥V, calculated from (29), (30), and (31) is
shown in Fig. 6 as broken lines. The external gate—drain
capacitance C, ., obtained by the 2-dimensional analysis,
is shown in Fig. 6 as solid lines. Here, Couex) 18 defined as

AQ
ng(ex) = ( AVd(e[x) ) v (32)
f s(ex) = const
We found that the difference between C,, and C, .,

increases with V. It can be inferred that this difference is
due to a voltage drop which results from a drain current 7,
and gate-to-drain resistance R ,,. Since the higher V,s makes
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the larger voltage drop due to the larger drain current, the
difference between C,, and C, .y, increases as V,, is in-
creased. Therefore, in principle, C ;. should be almost
equal to C,, in the lower V,, range because of the small
drain current. C,, obtained by our model in Fig. 6 shows
good agreement with the 2-dimensional analysis results in
the lower V range. Consequently, it can be concluded that
(29), (30), and (31). are reasonable enough to use as an
accurate C,; model.

1V. CoONCLUSIONS

In order to obtain an accurate circuit simulation model
of GaAs MESFET’s used in integrated circuits, bias-volt-
age-dependent capacitances were investigated. The capaci-

tance expressions were analytically derived by classifying

them into three regions for bias voltages: before-pinch-off,
after-pinch-off, and transition regions.

The 2-dimensional analysis study was also carried out
and its results agreed well in all bias-voltage regions with
those calculated by the obtained model.

This model is applicable to GaAs MESFET’s that have
low donor-thickness products such as normally off
MESFET’s and slightly normally on MESFET’s.

The important information obtained in the investigation
is enumerated below. ‘ »

1) The external gate—source (or external gate—drain)
capacitance decreases with increased gate—source (gate—
drain) voltage in the vicinity of the built-in voltage due to
the gate-to-source (gate-to-drain) current flowing.

2) The internal gate—source (internal gate—drain) capacr-
tance in the before-pinch-off region including the neigh-
borhood of the built-in voltage can be expressed as an
increasing function with gate—source voltage (gate—drain)
which is obtained on the assumption of an abrupt deple-
tion layer.

3) The internal gate—source (gate—drain) capacitance in
the after-pinch-off region, which is almost equal to the
external one, can be expressed as a functron 1ndependent
of the gate length.

4) The internal gate—source (gate—drain) capacitance in
the transition region, which is almost equal to the external
one, increases almost linearly with the gate—source (gate-
drain) voltage. This characteristic is owing to the gradual
change in the carrier concentration at the boundary of the
depletion layer.

APPENDIX |

An incremental external source potential ¥,
as

s(ex

) is defined

AV (exy = Viexy1 — Veexyz:

Then, C, . and C,, are expressed by
o -0 _ a0
gs(ex) ~ AV(ex) Vs(ex)l _Vs(ex)z
- AQ,
A Vs(ex)l { (ex)2+ 2Rse}

where I;; and I

I, are gate-to-source current at V(ex) Vient
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and V(ex) Vi(exy2> Tespectively. From the above equatrons,
the following relation is derived:

CSS(CX) I,— 1, — Al
Cgs l TR, Vs(ex)l - Vs(ex)z -l Rse AV(ex) '
Here,
Vestey =V ™ Vien)
then,
A, . Al
AVs(ex) - AI/gs(ex)

is obtained. Consequently, C,.,, can be approximated as

gs(ex

o,
C s(ex) = .Cgs ( - Rse aV )

8
gs(ex)
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Power Combiner with Gunn Diode
Oscillators

JOSEPH J. POTOCZNTAK, HAROLD JACOBS, FeLLOW, IEEE, CHARLES M. LO CASIO, AND
GABRIEL NOVICK, MEMBER, IEEE

Abstract — Combiners were developed using two Gunn diodes in dielec-
tric waveguide (image line) oscillator circuits. The optimum configuration
consisted of each Gunn diode being imbedded in a separate dielectric cavity
as a primary source of oscillation. The dielectric resonators were then
radiatively coupled to a common dielectric resonator from which the
combined power could be obtained. It was found that the combined power
was greater than the sum of the power obtainable from separate isolated
oscillators. The proposed combiner appears attractive from the point of
view of simplicity.of construction and low cost and should be applicable to
the millimeter-wave region, where the difficulties of precision machined
metal-walled cavities are very great.

I. INTRODUCTION

N THE SEARCH for higher power semiconductor
diode oscillator devices, the use of combiners has been
suggested. Kurokawa [1] has published results with 12

Manuscript received November 12, 1981; revised December 30, 1981.
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packaged IMPATT diodes giving 10.5-W CW output at 9.1
GHz. He coupled individual coaxial oscillators to a main
cavity from which the energy was extracted. He further
found that it was important to have minimal coupling
between the oscillators and also small coupling coefficient
from the oscillator to the main cavity. The coaxial struc-
tures (housing the resonators) were separated by 1 /2 wave-
length and were individually tuned so that each
resonator—diode combination would oscillate at the same
frequency. Further work by Kurokawa [2] gave a detailed
theory for the design of his combiner assembly.

Following these publications, due to the power limita-
tions of IMPATT diodes, many investigations associated
with millimeter waves have turned to investigating IM-
PATT diode combining techniques at 94 GHz and 140
GHz as the only means of obtaining adequate power [3] for
radar applications using solid-state devices.

In this report, efforts were made to combine two Gunn
diodes for approximately 10-GHz operation. Furthermore,
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