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It is not in principle clear which of the capacitors forming a varactor is responsible for the capacitance change at
the transition voltage. We analyzed a theoretical case of transition voltage of the varactor formed by ideal
Schottky diodes. Since real devices often do not behave strictly according to thermionic theory we also analyzed
the transition voltage of experimental metal-semiconductor-metal (MSM) varactor with a two-dimensional
electron gas and an MSM varactor with a dielectric layer. We found that the transition voltage of the MSM
varactor was determined by the reverse-biased diode of the varactor. A voltage drop on the forward-biased
diode was too low to spill over electrons in the AlGaN layer and to reduce the capacitance of the structure. The
transition voltage of the MSM varactor was therefore very close to – the threshold voltage of the single diode.
The situation was different with the MSM varactor with higher leakage current or in MSM varactor with the di-
electric layer. The voltage drop on the forward-biased diode is no more negligible and both parts of the varactor
were polarized by voltage drops on them that were caused by direct current flow. In this case, the transition volt-
age of the varactor was enhanced by the voltage drop on the forward-biased diode. Since the transition voltage
determines the voltage region inwhich the varactor protect circuit devices connected in series to the varactor the
presented results may help to tune this voltage region.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The varactor as a voltage dependent capacitor is widely applied in
oscillators, filters and frequency multipliers [1,2]. Its undisputable ad-
vantage is the ability to be directly integrated with other active semi-
conductor devices. The same is true for AlGaN/GaN-based varactors
with a two-dimensional electron gas (2DEG), which is a very conve-
nient structure for RF devices [3]. Varactors are, for example, used to
protect another device in a circuit against voltage surge [4,5]. The degree
of protection is related to the capacitance swing that is an important pa-
rameter of the varactor and is defined as the ratio between the high and
the low capacitance of the varactor. A metal-semiconductor-metal
(MSM) varactor consists of two Schottky diodes that are connected
back to back. Application of III–V heterostructures with a 2DEG in
varactors allows for deviceswith awider capacitance swing. The voltage
swing of the varactor, which defines the voltage range over which a de-
vice connected in series with the varactor is protected against voltage
surges, is an interesting parameter [6]. However, experimental results
show that technological treatment [7] changes the properties and the
voltage width of the varactor only slightly.

Similarly, as in a metal-insulator-semiconductor heterojunction
field-effect transistor (MISHFET), a thin dielectric layer inserted be-
tween themetal gate and the AlGaN barrier layer should reduce leakage
currentflowing through the device [8–10]. However, as it will be shown
further, the dielectric layer also reduces the forward current [11], which
has a final impact on the transition voltage of the varactor. In this paper,
we analyze factors that influence the transition voltage of an MSM
varactor and anMSM varactor with an insulating layer – a metal insula-
tor semiconductor heterojunction (MISH) varactor.

Under increasing external bias, the varactor capacitance drops from
a plateau value when one of the capacitances connected in series drops
down. The transition voltage from the high to the low capacitance of a
reverse-biased diode of the varactor depends on the Schottky barrier
height, doping concentration of the AlGaN layer, AlGaN layer thickness
and on Al mole fraction which is connected with the value of the polar-
ization charge [12]. The transition voltage of the forward bias region de-
pends principally on the same parameters. The bias voltage for the
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varactor capacitance drop was studied in [13]. Marso et al. [14] found
that the transition voltage is divided between the two diodes with a
~4.1 V voltage drop on the reverse-biased diode and 0.9–1 V on the for-
ward-biased one. It means theoretically that the reason for the capaci-
tance transition of the varactor may be either the capacitance
transition of the reverse-biased diode or that of the forward-biased
diode. We study factors influencing the transition voltage of MSM and
MISHFET varactors. While there are several experimental and theoreti-
cal investigations of different types of varactor, it appears that no circuit
simulation of the transition voltage of varactors has yet been developed.
This paper reports on a simulation study and experimental results eluci-
dating factors that influence the transition voltage ofMSMandMISHFET
varactors.

2. Theory and experiment

Two Schottky diodes connected back to back which form the
varactor divide external voltage to voltage drops on the forward-biased
diode and the reverse-biased diode. Because of a higher resistance of the
reverse-biased diode, the voltage drop is higher on this diode. It is clear
that the capacitance of the diodes connected back to back may, in prin-
ciple, decrease either if the voltage drop on the reverse-biased diode
reaches the value at which its capacitance decreases or the voltage
drop on the forward-biased diode reaches a much lower value where
the forward bias diode capacitance vanishes because of the spill-over
of electrons into the AlGaN layer.

For ametal semiconductor diode, the thermionic current density as a
function of voltage is

J ¼ J0 exp
qV
nkT

� �
−1

� �
; ð1Þ

where n is an ideality factor of the diodes and

J0 ¼ A��T2 exp −
qϕ
kT

� �
ð2Þ
Fig. 1.View and the cross-section of the two Schottky gate capacitors forming the varactor. G is
is the saturation current density and φ is the barrier height. The voltage
drops on single diodes are [15]
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for the forward-biased diode and
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for the reverse-biased diode. The whole applied voltage is the
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We studied experimentally an MSM varactor prepared on an
Al0.25Ga0.75N/GaN heterostructure grown on 350 μm thick silicon sub-
strate. In contrary to previous studies, we used device topology which
enabled us to measure separately electrical properties of the single di-
odes of the varactor. A schematic view of the experimental structure is
shown in Fig. 1. A circular topology of HEMT (C-HEMT) was used. The
source/drain Ohmic contacts were formed using a Nb/Ti/Al/Ni/Au me-
tallic system, alloyed at 850 °C for 35 s. Sequential electron beam evap-
oration of an Ir/Al gatemultilayer (7 periods of Ir/Al) followed by a top Ir
layer and lift-off were carried out subsequently to form 120 nm thick
ring gate contacts of variable area. The Schottky contact of ourmeasured
diode is formed by the electrode G (gate) and the Ohmic contact by the
electrode D (drain) of the transistor structure. The varactor characteris-
tics are measured between G electrodes of the diodes. The distance be-
tween the diodes forming the varactor was typically 2 mm.

Wemeasured I-V and C-V curves at a frequency of 1MHz of HFET ca-
pacitors between the gate and the drain of the transistor structure and
the source was left floating. Varactor structures were measured be-
tween two neighbouring Schottky gates. We also studied an MSM
varactor with the dielectric layer under the metal gate – analogous to
a MISHFET. Therefore, we prepared metal-insulator-semiconductor
the Schottky gate and D is theOhmic contact. Varactor is formed between the G electrodes.
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(MISH) capacitors, too. The topology of the structures was the same as
that of the HFET MSM varactor. The heterostructure was prepared by
MO CVD technique. The thickness of the AlGaN layer with an Al mole
fraction of 25% was 25 nm and that of Al2O3 was 20 nm, and the layer
was deposited by atomic layer deposition (ALD). The gate was formed
using Ni/Au metallization, and the used gate area of the MSM varactor
and MSM varactors with the dielectric layer was 9.42 × 10−4 and
1.32 × 10−3 cm2. Concentration of the 2DEG was 6 × 1012 cm−2

and electron mobility 2300 cm2 V−1 s−1. The doping concentration
of AlGaN and GaN layers were estimated from a simulation to be
1 × 1015 and 1 × 1016 cm−3, respectively.

3. Results and discussion

3.1. MSM varactor

The above-mentioned equations enable us to construct I-V charac-
teristics of the single diodes and also the I-V characteristics of the
whole varactor. Fig. 2 shows simulated I-V curves of varactors with
Schottky barrier heights of 1.4 and 1.26 V. These barrier height were
chosen since experimental diodes have such barriers as is shown later.
In the case of the 1.4 V barrier height, two different diode ideality factors
Fig. 2. I-V curve of a varactor with two back-to-back connected diodes and voltage drops
on forward VF and reverse VR biased diodes for a) Schottky barrier height φ = 1.4 V and
ideality factor n = 1 and b) φ = 1.4 V and ideality factor n = 3 and c) φ = 1.26 V and
ideality factor n = 3.4.
were considered. Besides the I-V curve of thewhole structure, simulated
voltage drops on the forward- and reverse-biased diodes are also
shown. It is shown that for both barrier heights the voltage drop on
the forward-polarized diode in the varactor is negligible compared
with that of the reverse-polarized diode. For the forward-polarized
diode, the voltage reaches ~0.02 V, and it does not increase further
since the current is limited by the saturation current. This valuewas cal-
culated for the Schottky diode with a unity ideality factor. For non-ideal
thermionic transportwith a higher ideality factor (n=3or n=3.4), the
voltage drop on the forward-biased diode may be higher but still below
0.05 V.

This calculated value of the voltage drop on the forward-biased
diode is lower than the value of ~1 V assessed in Ref. [14], which is
the voltage at which the capacitance of the forward-biased AlGa/GaN
heterostructure vanishes. Our results show that the transition voltage
of the Schottky diode varactor should be practically the same as the
threshold voltage of the corresponding HEMT transistor. Merely this is
true for Schottky diode contact with no or negligible leakage current
of the diode. Unlike the transistor with one Schottky contact and one
Ohmic contact, the Schottky diode varactor had only two identical
Schottky contacts and no Ohmic contact.

We verified the results using experimental samples. Fig. 3 shows C-V
curves of theMSMvaractor togetherwith capacitance curves of both ca-
pacitors of the varactor. For single diodes wemeasured a small hystere-
sis of the curves and for the varactor the hysteresis was approximately
the sum of hysteresis of the particular diodes. Fig. 4 depicts I-V curves
of the capacitors and the varactor. The reverse current of the diodes
was very small, and it was below the sensitivity of the measurement
set-up. The Schottky barrier heights of the diodes were extracted from
the I-V curves according to [16] assuming thermionic current transport
over the barrier. The barrier height of diode onewas φ1 = 1.26 V and of
the diode 2 φ2 = 1.40 V and ideality factor n=3 and 3.4, respectively -
the values forwhich the I-V curveswere calculated. Also shown are sim-
ulated I-V curves of the diodeswith extracted parameters fromanupper
part of the forward I-V curves.

It is seen that the transition voltage of theMSM varactor is practical-
ly the same as the threshold voltage of the capacitors. This confirms our
theoretical calculation that there is a practically negligible voltage drop
on the forward polarized diode. But if the reverse current is not negligi-
ble the transition voltage of the varactor is higher than the threshold
voltage of the single capacitors, as was confirmed in Ref. [14].

The curves reveal an interesting feature. Although the curves of the
single diodes are relatively similar, the capacitance curve of the varactor
is not symmetrical with respect to the zero voltage. This effect is fre-
quently observed in practice [1,14]. It was assumed to be caused by a
non-uniformity of Schottky diodes. But this does not seem to be the rea-
son in our case. An explanation may come from the presence of deep
traps in AlGaN, GaN, and at the interface between layers of thematerials
[17,18]. Processes of charging and discharging the traps have very long
Fig. 3. C-V curves of single diodes of the varactor and the C-V curve of the varactor
composed of the two diodes.



Fig. 4. I-V curves of the single diodes of the varactor and a C-V curve of the varactor
composed of the two diodes.
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time constants, and onemay also expect a hysteresis in the capacitance
curve.

The capacitance of the varactor stems from a series combination of
the geometrical capacitances of the AlGaN region of both the reverse
and forward biased diodes. This capacitance falls down at the bias at
which one of the capacitances (with much higher probability the re-
verse biased diode) drops. This is connected with emptying of the
2DEG of this diode. It is also of note that the varactor capacitance is
slightly higher at the plateau than that one would expect for the two
equal capacitances connected in series. The capacitance of the single di-
odeswasmeasured using the secondOhmic contactmade on the AlGaN
surface. The Ohmic contact is not present in the varactor. The Ohmic
contact itself also introduced some series resistance and the potential
drop on it influenced slightly the resulting capacitance [19]. In the
varactor, where the Ohmic contacts are absent, the resulting combina-
tion of capacitances in series is then higher than that expected from
two single capacitors in series.
3.2. MSM varactor with dielectric layer

The insertion of a dielectric layer below the gate electrode generally
diminishes the leakage current of the device. Ideally, if no current flows,
charges on the capacitor electrodes must be equal. The transition volt-
age of such a structure should be double of the threshold voltage of
the single capacitor. But this is not the case in experimental structures,
because of existence of the leakage current, which is always present.
The external voltage is not partitioned between the diodes according
to the law of electrostatics. The real transition voltage of the MISH
varactor is thus lower than this value.
Fig. 5. C-V curves of single diodes with a thin dielectric layer and the varactor formed by
the capacitors. Also shown is the simulated C-V curve of the varactor from the measured
C-V curves of the single capacitors.
We measured C-V and I-V curves of two single capacitors with a
20 nm Al2O3 dielectric layer – MISH capacitors. It is seen in Fig. 5 that
the C-V curves of both capacitors are very similar. Also shown is a mea-
sured C-V curve of the final varactor and in a part of the voltage region
also a simulated C-V curve of the varactor from the C-V curves of the in-
dividual diodes. In order to obtain the simulated curve we searched for
every measured (Ci1,Vi1) point from the reverse part of the C-V curve of
the first diode an equivalent measured point (Cj2,Vj2) on the forward
part of the second diode so, that the charge on the diodes is equal

Ci1Vi1 ¼ C j2V j2: ð6Þ

These two points represent at the same time onemeasured point of
the varactor with the voltage Vi1 + Vj2 and the capacitance (Ci1Cj2)/(Ci1
+ Cj2). Here we see again higher measured capacitance than expected
according to simulation the final varactor capacitance as a series con-
nection of the two measured capacitors.

It is seen that the hysteresis of the C-V curves had practically no in-
fluence on the varactor transition voltage. Fig. 6 presents I-V curves of
the two diodes separately and as back-to-back connected diodes – a
varactor. The reverse current is here higher than for the Schottky diodes
and it is probably a consequence ofmuch lower barrier height (0.48 eV).
The reason for this difference should be a different gate material used
and technology of the gate preparation.

In this case, the I-V curves do not have a high rectification ratio, and
there is a smaller ratio between forward and reverse currents thanby an
ideal Schottky diode. The ratio between the forward and reverse cur-
rents is already not so large, which means that a significant, non-negli-
gible, voltage drop occurs also on the forward-polarized diode. This
voltage drop shifts the transition voltage of the varactor (Fig. 5) to
higher voltages compared with the threshold voltage of the single
diodes.

The I-V and C-V curves of the single diodes and the varactor are
shown again in Fig. 7 together in one plot. The I-V and C-V curves of
diode 2 are shown in opposite voltage in the same way as if the diodes
are connected in the varactor. Since the two diodes are not ideally equal,
their I-V and C-V curves slightly differ. Additionally, the final I-V and C-V
curves of the varactor are not strictly symmetrical with respect to the y-
axis. The difference between the transition voltage of diode 1 and that of
the varactor δV1 on the left-hand side is ~1.5 V and the same difference
between diode 2 and the varactor δV2 on the right-hand side is ~1.7 V.
The substantial result of this comparison is that this voltage difference
is in each case equal to the voltage drop on the second forward-polar-
ized diode. Certainly, the sum of the voltage drops equals to the voltage
applied on the varactor. This experiment confirms the above-men-
tioned consideration that the transition voltage of the MISH varactor is
higher than the threshold voltage of the appropriate MISH capacitors.
Fig. 6. I-V curves of the single capacitors with a thin dielectric layer and the varactor
formed by the capacitors.



Fig. 7. I-V and C-V curves of the MSM varactor with the dielectric layer and voltage drops
on the single capacitors compared with the differences between the transition voltage of
the varactor and the threshold voltage of the single capacitors.

Fig. 8. C-V curves of the MISH varactor measured for both voltage directions. Also shown
are C-V curves of the capacitors forming the varactor.
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The capacitance of the MISH capacitor in forward bias commonly
does not decrease to a zero value with increased forward voltage but
it increases through the second capacitance step to accumulation capac-
itance – the geometrical capacitance of the dielectric layer [19]. To de-
termine the actual voltage shift of the varactor transition voltage
compared with that of the equivalent MISH capacitor is not simple
since one has no analytical expression of the MISH capacitor current
as a function of voltage unlike the one available for the current through
an ideal Schottky diode varactor. But onemay assume that according to
the above considerations, the transition voltage of theMISHFET varactor
is considerably higher than the threshold voltage of an appropriate
MISHFET transistor. The measure of increase of the varactor transition
voltage compared with the MISH capacitor threshold voltage increases
as the rectification ratio of the diodes of the varactor is lowered. Certain-
ly, the highest attainable transition voltage is the sum of the threshold
voltages of the single diodes for the poor rectification ratio approaching
unity. Wewould like to stress that the above considerations hold for an
ideal insulator layer where no leakage current flows through the struc-
ture. But this situation could hardly be expected in real devices.

A comparison between the transition voltage of the varactorwithout
a dielectric layer andwith various dielectric filmswasmade in Ref. [20].
The transition voltage was found to be practically the same for all struc-
tures. From the point of view of our results, it may be a consequence of a
high rectification ratio of the studied structures – high ratio between the
forward and reverse currents.

Both MSM and MSM varactors with the dielectric layer exhibited
some degree of asymmetry in the C-V characteristics. Figs. 3 and 4
show that the C-V curves are not symmetric with respect to voltage.
The effect was also observed in Ref. [1], where it was explained assum-
ing a non-uniformity of the Schottky contacts. In our results, we even
obtained different C-V curves and different transition voltages depend-
ing on the direction of voltage change, i.e. the single diodes of the
varactor showed a certain degree of hysteresis. This hysteresis is con-
nected with charges in deep traps of the semiconductor. Surprisingly
we have not observed hysteresis in the transition voltage of the MISH.
If there was some asymmetry in the varactor's C-V curve it was caused
by the different properties of the diodes forming the varactor (Fig. 8).
But the resulting transition voltage was practically the same for both
voltage directions.

4. Conclusion

In conclusion, using the device topology which enabled us to study
single diodes of the varactor, we found that the voltage of capacitance
change of the varactor is determined by the threshold voltage of the re-
versed polarized diode of the varactor. The transition voltage of the
varactor is a sum of the threshold voltage of the reverse-biased diode
and the voltage drop on the forward-biased diode. In the case of an
MSM varactor with a Schottky diode, there is a high rectification ratio,
i.e. a high ratio between the forward and reverse currents. The voltage
drop on the forward-polarized Schottky diode is negligibly small and
its capacitance practically does not change. The transition voltage of
the MSM varactor is then practically the same as the threshold voltage
of the capacitors that form the varactor. In the case of theMSM varactor
with a dielectric layer, the reverse current is expected to be lower but
also the forward current is lower. The voltage drop on the forward-bi-
ased varactor is not negligible in this case. And in this case the varactor
transition voltage is a sumof the threshold voltage of the reverse-polar-
ized diode and the voltage drop on the second forward-polarized diode.
This is also case for the Schottky diode with large leakage current. The
ratio between forward and reverse currents determines the increase
of the varactor transition voltage compared with the diode threshold
voltage.
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