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Physical Equivalent Circuit Model for
Planar Schottky Varactor Diode

PASCAL PHILIPPE, WALID EL-KAMALI, anD VLAD PAUKER

Abstract — A physical equivalent circuit model for the planar GaAs
Schottky varactor diode is presented. The model takes into account the
distributed resistance and capacitance of the active layer, the side-wall
capacitance, and the parasitic resistances and accurately accounts for the
high series resistance observed near the pinch-off voltage. The dependence
of the maximum series resistance on varactor size, frequency, and doping
profile has been theoretically investigated and the results agree well with
experimental data. The proposed model can be easily used for optimization
of planar Schottky varactor diodes with regard to broad-band monolithic
VCO constraints.

1. INTRODUCTION

HE ONLY TYPE of varactor compatible with the

standard GaAs MMIC process is the planar Schottky
varactor diode (PSVD) fabricated on a semi-insulating
substrate [1]. The high capacitance ratio needed for wide-
band VCO’s requires that the PSVD’s be biased up to
pinch-off voltage, at which the depletion layer reaches the
substrate [2]. However, near pinch-off, the effective series
resistance to the capacitance reaches a maximum which
can be high enough to cause a dip in the output power
characteristic of the VCO’s or can even cause the oscilla-
tion to cease [3]. Therefore a physical electrical model is
required which accurately accounts for the series resis-
tance—voltage characteristic of the PSVD’s up to pinch-off.
The model described herein takes into account the distrib-
uted resistance and capacitance of the active layer, the
parasitic resistances, and the side-wall capacitance. The
side-wall capacitance, which was not fully taken into
account in the earlier model of Scott et al. [3], is in fact of
great importance in the behavior of PSVD’s near pinch-off.
This is outlined in the results reported below, where inter-
est has been focused on the calculation of the maximum
series resistance as a function of the varactor size and the
frequency. The influence of the doping profile has also
been investigated.

Experimental results are then reported which agree well
with theory. Improvement and design of PSVD’s are fi-
nally discussed with regard to broad-band VCO con-
straints; these are high capacitance ratio, low minimum
capacitance, and low maximum series resistance at pinch-
off [4].
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I1I. PSVD MopEeL

A PSVD consists of a Schottky anode and two adjacent
ohmic contacts deposited on an N-doped GaAs layer. Its
electrical behavior can be modeled by the equivalent cir-
cuit shown in Fig. 1(a). The active layer under the anode
of length L and width W has to be regarded as a distrib-
uted R-C network, with C the capacitance of the deple-
tion layer and R the resistance of the conducting channel.
The capacitance C varies with the reverse voltage applied
to the anode according to

1)

where Q is the charge of the depletion layer. Assuming the
electron mobility g to be constant, the channel resistance
R varies according to

2

w(e(v,)-0(r))
where V

’» is the pinch-off voltage. The Schottky barrier
reverse conductance can be neglected at microwave fre-
quencies since it is much lower than the susceptance of the
depletion layer. Then, C, is the side-wall capacitance and
R, the series resistance to the ohmic contacts. Finally, the
Schottky anode is assumed to be equipotential and is
represented by an effective lumped resistance R ,, which is
related to the metallization resistance R,, of one anode
finger by

R(V)= 2

Rm
R,=+ (3)
where n is the number of anode fingers. This simplifica-
tion is usually valid up to 20 GHz for PSVD’s with anode
fingers up to 200 pm in width.

Taking into account the symmetry, the equivalent circuit
in Fig. 1(a) can be reduced to a second-order R—C net-
work in series with R, as shown in Fig. 1(b), where R, and
C, are, respectively, the input resistance and the capaci-
tance of the distributed R-C network. They are

_ R sinh(6)—sin(4)
'—Ecosh(ﬂ)—cos(f))
1 R sinh(6)+sin(0)

wC, 46 cosh(6)—cos(8)

(4)

(5)
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Fig. 1. Equivalent circuit of a planar Schottky varactor diode. (a)
Detailed equivalent circuit. (b) Equivalent series R—C network.

where

RCow
— - (6)
2
The second-order R—~C network in series with R, can
be transformed into an equivalent first-order network with
series resistance and capacitance given by

6=

R.=R G (7)
=R, +
‘ ’ wZTIZCS2 + (CI + CS)2
C+C,)C '
C,=C,+ ( ) (8)

¢ T WC+(C+C)
where
T,=R,C,. (9)

The above expressions describe the PSVD behavior up
to pinch-off. Fig. 2 shows an example of the theoretical
R (V) and C,(V) characteristics calculated at 3 GHz and
10 GHz for a 4 pmX300 pm PSVD with the doping
profile (a) depicted in Fig. 3. R, and C, are assumed to be
voltage independent.

The results may be interpreted as follows:

1) At low voltage (V' < V), the distributed effects are
negligible (# <1). Consequently, from expressions
(4) and (5), we find R, =R /12 and C,=C, and as
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Fig. 2. Theoretical R, (V) and C, (V) characteristics of a 4 um X 300
pm PSVD, calculated with the doping profile (a) shown in Fig, 3, and
with R, =1Q -mm, C,~=0.5 pF/mm, u=3000 cm?/V/s. Frequency
f =3 GHz (solid curves) and f =10 GHz (dashed curves).
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Fig. 3. Doping profiles assumed in theoretical calculations.

C > C,, we obtain
R,=R,+R/12
C,=C,+C.

Thus the capacitance C, of the PSVD is nearly the
sum of the depletion-layer and side-wall capacitances
while the series resistance R, is low.

2) At high voltage (V > V), the depletion layer extends
into the semi-insulating substrate. Therefore its
capacitance C is almost zero. Consequently, R, and
C, reduce to, respectively,

R,=R,
C,=C,.

3) Just before pinch-off (V' <V,), there is a rapid drop
in depletion-layer capacitance and a sharp increase in
channel resistance. The series resistance R first fol-
lows the increase of R; but it can be demonstrated
that a maximum in R, occurs in the voltage range
just before pinch-off, where

C, < Cyl+ . (10)
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If we assume that the increase of R, and decrease of C,
balance one another so that 7, = R,C, is almost indepen-
dent on voltage near pinch-off, a first-order approximation
to the maximum series resistance R can be calculated.

It is given by '
R =r 4yt 1 1
emax =BTV K1 20C, (11)

where

K=y1+ w2'ri2 . (12)

The expression (11) shows that R, ., is inversely propor-
tional to the side-wall capacitance value C, and decreases
with frequency. Moreover, R, ., increases with the value
of 7, near pinch-off and, hence, with anode length.

The dependence of R, ., on anode length is illustrated
by Fig. 4, which shows the R, . (L) characteristics
calculated at 3 GHz and 10 GHz with the doping profiles
(a) and (b) of Fig. 3. As expected, R, ., increases with
anode length but saturates to an upper limit at a few
microns depending on the doping profile and the frequency.
The saturation can be explained as follows: since the
distributed R—C network is a lossy transmission line, the
input wave attenuates while propagating and no change in
input impedance will result from an increase in anode
length once L is larger than twice the distance at which the
propagating wave vanishes (the ratio is 2 because the
distributed R-C network is excited at both extremities).
Mathematically, the saturation occurs once § >1. From (4)
and (5), it results that 7, =1/w, and hence K = V2. Placing
this value of X into (11), we find the upper limit of the
maximum reslstances:

1
RV =R 4+ 13
e =Rt T 13)
UL

The expression (13) shows that R ., is inversely propor-
tional to the frequency and the side-wall capacitance. The
corresponding quality factor Q is independent of frequency.
If we neglect the contribution of R, it is given by

0=v2 +1. (14)
Then, since the saturation occurs when # >1 at the maxi-
mum value of the series resistance, we can estimate the
frequency dependence of the saturation length L at which
the maximum series resistance reaches its upper limit. As

RCw
0= 5 and RC~L?

L, decreases with frequency according to

L ! (15)

K} ﬁ?'

The value of the saturation length L_ and the magnitude
of R, ... below the saturation length depend on the
doping profile. This is qualitatively illustrated by Fig. 4,
which compares the R, .. versus L characteristics corre-
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Fig. 4. Theoretical maximum series resistance R, . as a function of
anode length. Solid and dashed curves have been respectively calcu-
lated with the doping profiles (a) and (b) shown in Fig. 3.

sponding to the profiles (a) and (b) of Fig. 3. The profiles
(a) and (b) have the same doping level and total charge but
differ in their doping tail, which extends deeper into the
substrate for the profile (b).

Near pinch-off and for a given value of the depletion
layer capacitance, the channel resistance is lower for pro-
file (b). Consequently, the input time constant of the
distributed R-C network is lower and therefore the
saturation length is larger for this profile and the maxi-
mum series resistance is lower below the saturation length.
This result shows that one can obtain a significant reduc-’
tion of R, .. by decreasing the doping gradient of the
doping tail which extends into the semi-insulating sub-
strate.

III. COMPARISON TO EXPERIMENT

All the PSVD’s investigated have been fabricated by ion
implantation into GaAs semi-insulating substrate and have
four Ti-Pt-Au anode fingers. Their technological and
electrical characteristics are listed in Table I, where C,,, is
the capacitance at zero bias voltage.

Fig. 5 shows the measured R (V') and C,(V') character-
istics of PSVD/2a around the pinch-off voltage. These
characteristics have been fitted within 5 percent with our
model. The circuit element values R, C, and C, used to
provide the best fit have been extracted from measure-
ments by optimization techniques. The resulting variations
of R, C, and C, with bias voltage are shown in Fig. 6. The
channel resistance R increases nearly exponentially with
voltage while the depletion layer capacitance C decreases
abruptly to zero. Using these values of R, C, and C,, we
have calculated the variation of the maximum series resis-
tance R, ... versus anode length and frequency as, il-
lustrated by Fig. 7. The validity of this computation can be
verified by comparing the measured and calculated values
of R, . for PSVD/la, which differs from PSVD/2a
only in size. The anode length of PSVD /1a is larger than
the saturation length above 3 GHz; therefore its maximum
series resistance decreases as 1 /.
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TABLE I
PSVD’S INVESTIGATED
W L Cmax | Cmin vt
PSVD Cum) | Cum) | (pF) | (pF) | (V)

1R 329 5.1 |2.55{8.15] 3.8

2A 400 | 3.8 |1.95{D.20| 3.0

1B 398 | S.1 |2.25|@.15 | 8.5

2B 42 | 3.9 { 1.8 {@.20 ] B.5
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Fig. 5. R, (V) and C, (V) characteristics of PSVD/2a around pinch- °
off.
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Fig. 6. Equivalent circuit element values extracted from measurements

on PSVD/2a.

The influence of the doping profile has been experimen-
tally investigated. Second versions of PSVD/la and
PSVD /2a have been fabricated with a new doping profile,
as shown in Fig. 8. For PSVD /1b and PSVD /2b, a second
implant has been made deep into the substrate in order to
decrease the doping gradient between active layer and
substrate. The values of R, C, and C, have been extracted
as before from measurements on PSVD/2b, and Fig. 9
shows the calculated variations of R, ,,, with anode length
and frequency for the new doping profile. These results are
to be compared with those obtained with one implant,
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Fig. 8. (a) Single-implantation profile of PSVD /1a and PSVD/2a and
(b) double-implantation profile of PSVD/1b and PSVD/2b.
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Fig. 9. Maximum series resistance as a function of anode length for
double-implantation profile.
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shown in Fig. 7. With the double implant, the saturation
length has been increased and consequently R, ., de-
creased by about 30 percent at 3 GHz for PSVD/2b. For
PSVD/1b, the reduction of R, . is less significant since
its anode length remains close to the saturation length.

IV. DESIGN CONSIDERATIONS

The experimental results are in good agreement with
theory for the variation of R, ., with anode length,
frequency, and doping gradient at the substrate interface.
This leads us to some considerations for the design of
PSVD’s with regard to broad-band VCO constraints.

Broad-band monolithic VCO’s require a high capaci-
tance ratio C,,, /Cn, @ low minimum capacitance C,,,
and a low maximum series resistance R .. C .. is equal
to the side-wall capacitance value C,; therefore it depends
only on anode width:

) Cmin = Cs ~W.
C,x 18 composed of the depletion layer capacitance at
V' =0 (proportional to anode area) and of the side-wall

capacitance. Therefore the capacitance ratio C,, /C,..
varies with the anode length according to

Crax/Cain—1~ L.

The size dependence of the maximum series resistance is
more complicated. If we neglect the contribution of the
anode resistance, R, may be expressed as

_g(L.f)
max W
where g is a function which increases with anode length
and decreases with frequency.

The above relations show that two compromises have to
be found when choosing the size of a PSVD. First, a low
R .. requires a large anode width, while a small anode
width is needed to achieve low C,,. Secondly, the small
anode length required to obtain low R . is not always
compatible with the length required to achieve the desired
capacitance ratio, which is typically a few microns long.
Consequently the choice of the geometry of a PSVD is
based on a compromise, and if no satisfactory solution can
be found, an improvement in the PSVD is necessary.
Finally, after the size of the diode has been chosen, the
number of anode fingers has to be selected for the anode
resistance to have a negligible value. Typically, this re-
quirement is achieved by having anode fingers about 100
pm in width.

R

V. LARGE-SIGNAL CAD MODEL

A large-signal CAD model of PSVD reproducing the
behavior described above has been developed for time-
domain analysis. The distributed resistance and capaci-
tance of the active layer are simulated by three R-C cells,
which have been optimized to fit the input impedance of
the distributed R-C network over the largest frequency
band. The resistance R and capacitance C of the active
layer are deduced from the depletion layer charge accord-
ing to expressions (1) and (2). The charge versus bias
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Fig. 10. (a) Measured and (b) simulated characteristics using large-
signal model of a 4 pm X240 pm varactor.

voltage variation is described by the following empirical
expression:
‘Ve n
ff) (16)
Vs

where Q,, and n are adjustable parameters and ¥V is an
effective control voltage that makes the charge saturate
smoothly at pinch-off.

Vo =1/2({(V = V)’ + 82 = |[(V =V, '+ 82 + ¥, + )
(17

with V, and V,, respectively, the built-in and pinch-off
voltage, and & the smoothing parameter. The extrinsic
elements such as the access resistances, side-wall capaci-
tance, and leakage conductance are assumed to be voltage
independent. The input parameters of the model are the
anode size (W, L) and the number of anode fingers. Fig.
10 shows an example of the measured and simulated
characteristics of a varactor.

Q=Q0(1_

V1. CONCLUSIONS

A physical equivalent circuit model suitable for CAD
which accounts for the frequency behavior of PSVD’s up
to pinch-off has been reported. The maximum series resis-
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tance R ,, near pinch-off decreases with anode width and
frequency, and increases with anode length. Consequently,
there is no optimum. geometry for a PSVD with regard to
the broad-band monolithic VCO constraints and a com-
promise has to be found between R ax and Cpin o0 the
one hand, and R, and C,, /C,. on the other Invest1-
gation of the 1nﬂuence of the doprng profile has shown
that R, can be significantly decreased for a small-gate—
length PSVD (L<5 pm) by decreasing - the doping gradi-
ent between the active layer and the semr-msulatmg sub-
strate, Such a doping profile is unfortunately not suitable
for FET’s; therefore selective 1mp1antat10n is required to
improve the PSVD and hence broad band monolithic
VCO’
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