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Characteristics of an Area-Variable Varactor Diode

Dong-Wook Kim, Jae-Jin Lee, Young-Se Kwon, and Song-Cheol Hong

Abstract—Photoresponses and microwave characteristics of an
area-variable varactor diode are investigated in the frequency
range of 1-7 GHz. The on/off ratio of the capacitance as large
as 18.5 at 1 GHz is demonstrated and it is shown that the ratio
strongly depends upon the access resistance between the cathode
and the floating contacts. The capacitance of the diode is sig-
nificantly altered by optical illuminations. The change increases
nonlinearly with the input light power and the maximum value
of 450% is achieved at 1 GHz with 1045 nW light power. These
‘microwave and optical characteristics are described with a simple
equivalent circuit model.

I. INTRODUCTION

ARIOUS varactor diodes have been extensively used in

microwave applications, which include bandpass filter
[11, [2], phase shifter [3], voltage-controlled oscillator [4], [5],
mixer [6], nonlinear transmission line [7], [8], and frequency
multiplier [9]-[14]. The bandpass filter and the phase shifter
require a large capacitance change to obtain wide bandwidth
performance. This is because these circuits generally use
a varactor diode as an element of an LC resonant circuit
and its resonance frequency is inversely proportional to the
square root of capacitance value. In the voltage-controlled
oscillator applications, the applied bias voltage determines
oscillation frequency through capacitance variation. There-
fore, the voltage-controlled oscillator requires proper capac-
itance—voltage characteristics for linear frequency tuning as
wéll as a large capacitance change for a large bandwidth. On
the other hand, highly nonlinear capacitance characteristics are
important in such applications as mixer, nonlinear transmission
line, and frequency multiplier because these circuits utilize
harmonics generated through nonlinear impedance.

All the devices previously reported have common limita-
tions that the capacitance ratios, Ciax/Cmin, of them fab-
ricated on a single wafer should be the same and the ca-
pacitance—voltage characteristics should be determined by an
epitaxial layer. To overcome these limitations, we proposed
a novel area-variable varactor diode [15], whose capacitance
characteristics were determined mainly by layout patterns. The
proposed diode can increase the capacitance ratio to larger
value than other varactors and have various ratios on the same
wafer. We also find that the capacitance of the structure is
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Fig. 1. The cross-sectional view of the area-variable varactor diode and its
equivalent circuit (V,: zero bias voltage, V.-: fully reversed bias voltage).

very sensitive to external photo-illuminations. This property
can be utilized in optically controlled circuits such as optically
controlled oscillators and mixers [16].

In this paper, we present the microwave characteristics
and photoresponses of an area-variable varactor diode. The
operation of the diode is explained with an equivalent circuit
model. In Section II, the operation and the structure of the
area-variable varactor diode are presented. The microwave
characteristics of the diode are given in Section III. The
photoresponses of the diode are given in Section IV. Finally,

in Section V, conclusions are drawn.

II. THE AREA VARIABLE VARACTOR DIODE

The operation of the area-variable varactor diode is based
on the change of effective depletion area. Fig. 1 shows the
cross sectional view of the diode and its equivalent circuit,
which consists of anode, cathode and floating metal contacts
separated from the cathode by spacing, “S.” When the bias
voltage is zero, the effective depletion area is large as shown
in Fig. 1. If it is fully reverse-biased, the effective depletion
area becomes very small due to the fact that the depletion
regions under the floating contacts are. isolated from the
depletion region under the cathode. This leads to a large on/off
capacitance ratio, Cnax/Cmin, Which is proportional to area
ratio, (2W, + 25 + Wy)/W;. Therefore, the capacitance ratio
of the area-variable varactor can be determined by the layout
which includes the widths of the cathode, the floating contacts
and the spacings between the cathode and floating contacts.

The area-variable varactor diode has been fabricated in the
following sequence. The process flow is shown in Fig. 2. First,
the active region is isolated by a solution of 1 : 1 : 100
NH.OH : Hy0, : H;0. Then, dielectric film (SizN or
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Fig. 2. The process flow of the arca-variable varactor diode.

Si0y) is deposited by a sputtering machine or the Remote
Plasma Chemical Vapor Deposition (RPCVD) system and lift-
off process is performed consecutively. To reduce parasitic
capacitance and resistance, an air bridge process or a trench
isolation can be used. Second, the n active layer is etched to
a p* layer and a p ohmic metal (AuZn/Au) is evaporated.
Third, the n ohmic metal (AuGe/Ni/Au) is evaporated and
n and p metals are alloyed simultaneously by the Rapid
Thermal Annealing (RTA) system. Fourth, the n active layer
is slightly etched to separate the cathode from the floating
contacts. Finally, Au electroplating is performed to reduce the
resistance of the metallizations. This process is compatible
with conventional MMIC process except for the p ohmic metal
evaporation. - ;

Fig. 3 shows C-V characteristics of the area-variable var-
actor diode at 1 MHz. The measured diodes have 9 : 1 area
ratio and 16 : 1 area ratio, respectively and the cathode contact
area is 1.75 x 10~* cm?. They are measured at 1 MHz with
HP4275A multifrequency LCR meter. The epitaxial layer is

composed of a 2000 A, 5 x 10*® cm~2 Si-doped n™ layer, a -

2000 A, 3 x 1017 cm—3 Si-doped n layer, a 5000 A, 5 x 1013
cm~3 Be-doped p~ layer and a 5000 A, 10'® cm™3 Be-doped
pT layer. The capacitance transition occurs in the bias range of
6-8 V. When the reverse bias voltage is small, the capacitance
characteristics are flat because of the thick p~ layer. It is found
that the capacitance ratios are well matched to the area ratios
of layout patterns. o
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Fig. 3 The large-area quasistatic C-V characteristics of the area-variable
varactor diodes (measurement frequency = 1 MHz) (a) area ratio = 9 : 1 and
(b) area ratio = 16 : 1. ’

III. MICROWAVE CHARACTERISTICS

Microwave C-V characteristics show large differences com-
pared with the quasistatic C~V characteristics in Fig. 3. The
devices are fabricated on an epi layer grown on GaAs (100)
substrate by Molecular Beam Epitaxy (MBE) and the epi layer
consists of a 1000 A n' layer with 5 x 10'® cm™3, a 4000 A
n layer with 1017 ¢cm~3 and a 5000 A p* layer with 3 x 10%°
cm™2. On-wafer measurement is performed to characterize the
varactor diode with a Wiltron 360 vector network analyzer
and Cascade on-wafer probes. The measured device has about
10 : 1 area ratio and 3 pum spacings between the floating
contacts. and the cathode, which is also 3 um wide (W7 in
Fig. 1) and ~22 ym long.

The capacitance as a function of the. bias voltage in the
frequency range of 1-7 GHz is shown in Fig. 4. As the
frequency increases, the rate of capacitance change decreases.
The capacitance ratio of C (0 V)/C (=4 V) is about 5.4 and
that of C (1 V)/C (—4 V) is about 18.5 at 1 GHz. These
capacitance ratios are not well matched to those of the layout
patterns. This is because of side access resistance between the
cathode and the floating contacts, which becomes relatively
large compared with the reactance under the floating contacts
in the high frequency operation. The resistance distorts the
conventional C-V" characteristics of the diode and produces
its peculiar characteristics.
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Fig. 4. The capacitance as a function of the bias voltage extracted from
microwave measurements in the frequency range of 1-7 GHz. The area ratio
of the cathode region and the floating contact regions is about 10 and the
spacing between the cathode and the floating contacts is 3 pm. The cathode
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Fig. 5. The quality factor versus the bias voltage extracted from microwave
measurements in the frequency range of 1-7 GHz. The geometrical parameters
of the measured device are same as those in Fig. 4.

Fig. 5 shows the quality factor versus the bias voltage in
the frequency range of 1-7 GHz. As the reverse bias voltage
increases, the value of the quality factor () increases. Also,
the () value increases with the frequency in the bias range
of capacitance transition. This is due to the combined eifects
of the large capacitance at low frequency and the large side
access resistance. In general, the quality factor of the area-
variable varactor diode is not a monotonic function of the
frequency and has the minimum and the maximum at specified
frequencies depending on the geometrical structure.

Ignoring parasitic capacitances and lead inductances, the
area-variable varactor diode can be simply modeled as the
series resistance, R, the capacitance under the cathode, C.,
the side access resistance, R,, and the capacitance under the
floating contacts, Cs. So, the equivalent series capacitance,
Ceq, and the quality factor, (), can be expressed as

w?R2C2C? 4 (Cs + C.)?

w?R2C.C2? + C. + C,
w*R2C2C, + Cs + C,

w[w?R,R2C2C? + R,C? + R.(C. + C5)?

Ceq = (1)

Q= )
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Fig. 6. The capacitance versus the bias voltage from the measured resulis
and the equivalent circuit model in the frequency range of 1-7 GHz without
optical illumination (dark condition). The modeled data are calculated from
the equivalent circuit with Cc = 70 {F, 10 : 1 area ratio and R, = 955 ).
(The dark solid symbols and “+" marked open symbols indicate the measured
data. The open symbols and the dotted lines indicate the modeled data.)

At a specific frequency, the capacitance ratio is saturated
due to nonzero access resistance in spite of the increase of the
area ratio as predicted by (1).

The capacitance value with the bias voltage extracted from

‘the equivalent circuit model is compared with the measure-

ment data in Fig. 6. The modeled C. of 70 {F is calculated
from the cathode area and the area ratio is 10. The slight
difference between the modeled capacitance and the measured
capacitance is caused by parasitic elements not considered in
the equivalent circuit. Reduction of the side access resistance,
R, leads to a sharp and large capacitance change. To improve
the quality factor, the spacing between the caihode and the
floating contact must be very small and/or active channel
transport characteristics must be superior along the direction
of the cathode to the floating contact.

IV. PHOTORESPONSE RESULTS

The properties of the diode are quite sensitive to the access
resistance, which can be significantly modified by optical
illuminations on the access area. In order to examine the
possible optical controllability of the diode, the microwave
characteristics are investigated under optical illumination. The
used laser diode has a 670 nm wavelength and its power can
be adjusted with an external current control.

Fig. 7 shows the capacitance variation with the bias volt-
age at 1 GHz under various illumination intensities. The
capacitance value under illumination is normalized to that of
dark condition at each bias voltage, which is set to 100%
at each bias voltage. The input light powers estimated from
illuminated area are 220, 737, and 1045 nW. The capacitance
at —0.75 V with 1045 nW input light power is ~4.5 times
as large as that of dark condition. As the input light power
increases, the capacitance increases nonlinearly with the input
light powers. This is because the access resistance is decreased
due to the generation of electron-hole pairs by the light
absorbed in the access area [17]. The capacitance variations
at forward biases are small because the access resistance is
already small at forward biases.
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Fig. 7. The capacitance variation with the bias voltage under optical illumi-
nation. The input light powers are 220, 737, and 1045 nW. The capacitance
value 15 extracted at 1 GHz and the capacitance value under dark condition
is normalized to 100% at each bias voltage.
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Fig. 8. The capacitance variation with the bias voltage under optical illumi-
nation. The input light powers are 220, 737, and 1045 nW. The capacitance
value is extracted at 5 GHz and the capacitance value under dark condition
is normalized to 100% at each bias voltage.

The capacitance variations with the bias voltages at 5 GHz
under illuminations are also shown in Fig. 8§ and the maxima
of the capacitance variations move toward forward bias region,
compared with the data at 1 GHz. The magnitude of the
variation is reduced to almost half of that in Fig. 7.

Fig. 9 shows the capacitance variations with the bias volt-
ages in the frequency range of 1-7 GHz under 1045 nW light
power illumination. As the frequency increases, the capac-
itance variation decreases and the maxima of the variation
curves move toward forward bias. The maximum capacitance
variation changes from ~170% at 7 GHz to ~450% at 1 GHz.
This can be simply explained by (1). The frequency increase
results in the decrease of the equivalent series capacitance,
Ceg.

All these capacitance variations due to optical illuminations
can be simply modeled with the variation of the access
resistance. Fig. 10 shows the measured capacitances and the
simulated data by the simple equivalent circuit model in the
frequency range of 1-7 GHz under optical illumination (input
light power, L = 220 nW). The dark solid symbols and
“x” marked open symbols indicate the measured data. The
open symbols and the dotted lines indicate the modeled data.
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Fig. 9. The capacitance variation with the bias voltage in the frequency range
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Fig. 10. The capacitance versus the bias voltage from the measured results
and the equivalent circuit model in the frequency range of 1-7 GHz under
illumination (input light power, L = 220 nW). The modeled data are
calculated from the equivalent circuit with C. = 70 fF, 10 : 1 area ratio
and Rr = 630%2. (The dark solid symbols and “x” marked open symbols
indicate the measured data. The open symbols and the dotted lines indicate
the modeled data.)

Little discrepancy between the measured data and the modeled
data at 1 GHz is expected to be due to complex optical
responses of the depletion regions and the simple circuit model
that precludes parasitic capacitances and lead inductances. All
these capacitance variations of the varactor diode are large
enough to be utilized in optically controllable circuits such as
oscillators and mixers.

V. CONCLUSION

In order to obtain various C-V characteristics in a single
chip, we had proposed a novel area-variable varactor diode.
Its microwave characteristics and capacitance variations due
to optical illuminations were investigated in the frequency
range of 1-7 GHz. It was demonstrated that the capacitance
ratio at 1 GHz was maximally 18.5 and strongly depended
on the access resistance between the cathode and the floating
contacts. Using a simple equivalent circuit model we explained
the capacitance value in the frequency range of 1-7 GHz.
It was also shown that the C'-V characteristics were quite
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different at each frequency and the capacitance ratio decreased
as the frequency increased. The varactor diode showed large
capacitance variations under optical illuminations. As the input
light power increased, the capacitance variation increased
and its maximum change of 450% was demonstrated. The
capacitance variation was modeled by modifying the access
resistance. Finally, it was mentioned that further optimization
of the area-variable varactor diode would make it possible to
use it in optically controlled microwave circuits.
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