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Abstract Au/ZnO/n-GaAs Schottky barrier diodes
(SBDs) have been examined by the capacitance—voltage
(C-V) and conductance—voltage (G/w—V) measurements.
The frequency dependence characteristics of measurements
were obtained under various illumination levels at room
temperature. The C and G/ relation was observed as the
decrement in capacitance corresponds to an increment in
conductance. The increment of negative capacitance (NC)
values by high frequency at forward biases was ascribed to
the series resistance, interface states and interfacial layer.
Considering the illumination intensity, the NC values were
observed to increase with the decreasing illumination while
the G/o values increase with the increasing illumination.
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This behavior was referred to the increments in the polar-
ization and carriers in the SBDs. The adverse impacts of
the voltage dependent resistivity were decreased with
increasing illumination levels. Eventually, a strong interac-
tion between the electrical properties of SBDs and the fre-
quency, illumination and applied bias voltage was demon-
strated by experimental results.

1 Introduction

The number of scientific studies on a versatile semiconduc-
tor gallium arsenide (GaAs) has substantially increased in
recent years with developing technology [1-4]. The evi-
dence of being a multipurpose semiconductor is the usage
of GaAs in wide variety of applications such as solar cells,
field effect transistor (FET) devices, light emitting diodes
(LEDs), microwave devices and other integrated circuit ele-
ments. High-speed and low-power devices exploit GaAs
semiconductor for its direct forbidden bandgap, high elec-
tron mobility, lower power dissipation, high break-down
voltage and mechanical stability properties [5—7]. Now, the
evolvements on GaAs electronic devices provide extensive
information about the characteristics of metal contacts on
gallium arsenide semiconductor [8]. The performance of
GaAs based metal-semiconductor (MS) devices is related
with the parameters such as frequency, temperature, series
resistance (R,), applied bias voltage and interface defect
density (N [7-11].

As it is well known, when a thin interfacial insulator is
generated between interfaces of metal semiconductor (MS)
contact, alias Schottky barrier diode (SBD), the structure
is converted into metal-insulator-semiconductor (MIS) con-
tact [12, 13]. The performance and also the reliability of
the MIS SBD are acutely influenced by the quality of this
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interface layer between deposited material and the semi-
conductor surface [14, 15]. Thus far a large variety of mate-
rials were used as an interface layer. Zinc oxide (ZnO), fre-
quently utilized material in SBDs as a semiconductor, was
distinctly used as an inorganic interfacial layer with GaAs
based SBDs in this study. Laser diodes and room tempera-
ture polariton lasers, UV photodetectors, piezotronics, high
power LEDs and many other applications are utilized with
the wide bandgap ZnO by considering its superior proper-
ties such as high transparency, piezoelectricity, room-tem-
perature ferromagnetism, etc [16—19].

Considering the ideal behavior, the dependency on the
applied bias voltage increment causes an enhancement at
the MIS type SBD capacitance [20, 21]. Although MIS
structures are mostly independent from frequency at its
high levels, the situation usually changes in the regions of
depletion and accumulation at intermediate and lower fre-
quencies by the effects of N, Ry, surface charge and inter-
face layer between M/S [22-24]. Generally, the AC signal
tracking capability of the N, charges at low frequencies
and the frequency dependent capacitance and conduct-
ance values of interface layer are the reason to this situation
[23-26]. ZnO substantially changed the capacitance—volt-
age (C-V) and the conductance—voltage (G/ov—V) charac-
teristics of the SBD as an interface layer in this study. The
interface states densities and especially the series resistance
on the C—V and G/w-V characteristics lead to deviations
from the ideal diode behavior. This also makes the meas-
ured values of C and G/ o necessarily depend on frequency.
Examining the frequency dispersion of C and G/w, it is so
important to handle the effect of the R  and N, firmly [27].
Herewith, other crucial factors such as metal to semicon-
ductor barrier height (@) and thickness of interfacial insu-
lator layer (d,,) can also bring the structure to the non-ideal
case [22]. Having remarkable optical properties, the pres-
ence of ZnO caused to investigate the illumination intensity
dependency of the variations on the values of capacitance
and conductance under forward and reverse biases almost
at low and high frequencies. The electrical parameters of
SBDs are exceptionally relevant with the intensity of illu-
mination level, so the analysis of SBDs should be made
not only in dark but also in different illumination levels to
inform the structural parameters of devices [28].

Recently, negative capacitance (NC) behavior has been
realized by some researchers as an ill-defined peak and its
concept has not been exactly comprehended yet [29-34].
The general consensus on NC in the forward bias/accu-
mulation region is the existence of surface states (N,) and
their relaxation time (t), series resistance (R;), the contact
injection and minority carrier injection [29-31]. The loss
of interface charge at occupied states below Fermi energy
level (Ep) due to impact ionization is the other reason of
NC [32]. On the other hand, sometimes, NC behavior
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can be attributed to instrumental problems, such as para-
sitic inductance or poor measurement equipment calibra-
tion, respectively [29, 32]. We think that the observations
of NC by researchers were not reported in the literature to
prevent any confusion. Therefore, in general, the NC has
been referred to as “anomalous” or “abnormal” behavior in
the literature [29—-33]. The NC behavior phenomenon can
be explained as the material exposes an inductive behav-
ior. Hitherto, the studies carried out in NC behavior have
shown that this behavior can be observed in forward bias
region at different frequencies and temperatures [29, 34].
Based on a study, the injection of minority carriers brings
out the NC behavior that can only be observed at forward
bias and low frequencies [35]. The physical mechanism
of the NC acts on distinct devices is evidently different.
Although the injection of charge carriers involves a hop-
ping process to localized interface traps/states, the physical
mechanism of the injection has not diffusively understood
yet [30]. NC can be expressed practically with the behav-
ior of the temperature and frequency dependent admittance
spectroscopy (C-V and G/w—V) data [36].

The Au/ZnO/n-GaAs SBDs I-V characteristics at both
biases were investigated in darkness and also distinct illu-
mination levels in our previous study [5]. As a continuation
of that study, the frequency dependence of C—V and G/o-V
characteristics of the Au/ZnO/n-GaAs SBDs were investi-
gated in illumination range of 0-200 W at room tempera-
ture in this study. The effects of R, N and interfacial layer
were investigated at SBD from the C-V measurements
which are also recruiting to find out the source of NC. The
voltage dependence of the resistivity R; was also obtained
from measurements of C—V and G/w-V plots for a given
bias voltage for each illumination levels.

2 Experimental procedure

The wafer n-type GaAs (100) with 300 pm thickness and
1-10 Q cm resistivity was used as substrate to prepare
Au/ZnO/n-GaAs/Au device. GaAs was cut into pieces of
1.0 cm length by 1.0 cm breadth and chemically cleaned
using acetone, isopropyl alcohol ultrasonic cleaner for 5
min. After cleaning process, it quenched in de-ionized
water. The ohmic contact was formed on the backside of
the n-GaAs substrate by the evaporation of the 150 nm gold
(Au) in high purity (99.999%). After annealing the contact
in N, atmosphere for 3 min at 400 °C, the native oxide on
the leading surface of substrate was removed by applying
HF +10H,0 solution. Before drying the contact with N,,
30 s rinse process was applied in de-ionized water. RF
sputter technique was used to grow ZnO (50 nm) film on
n-GaAs substrates and the thickness was also controlled
by the thickness monitor. The construction of the Schottky



J Mater Sci: Mater Electron (2017) 28:4951-4957

4953

diodes with an area of 7.85x 107> cm? was finalized by

thermal evaporating Au (150 nm) as dots with 1.0 mm
diameter on the forepart of the ZnO/n-GaAs/Au. The vac-
uum coating unit at 4.107° Torr was used for the processes
of evaporation and coating.

Hewlett Packard 4192A LF Impedance Analyzer
(5 Hz-13 MHz) was used to implement the C—V measure-
ments of the diode. As a light source 250 W solar simulator
Newport-Oriel with a model number of 69931 was applied
to illuminate the sample. The illumination intensity was
measured by a research radiometer of International Light
Technologies ILT1700. The Janis vpf-475 cryostat con-
tributed to the measurements by decreasing the noise. AC/
DC converter card IEEE-488 in cryostat was also used to
perform the measurements. Figure 1 presents the symbolic
diagram of the Au/ZnO/n-GaAs SBD structure under light
source.
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I
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1

Fig.1 The connection of the measurement system to Au/ZnO/n-
GaAs SBDs under a light source
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3 Results and discussion

The Au/ZnO/n-GaAs Schottky barrier diodes (SBDs) char-
acteristics of capacitance (C) and conductance (G/®) ver-
sus voltage (V) were examined in the illumination range of
0-200 W at room temperature. These characteristics at 10
and 500 kHz were displayed in Figs. 2 and 3 respectively.
The MIS type SBDs behavior was observed from the inver-
sion, depletion and accumulation regions which are plainly
shown in figures for each illumination. The variation of C
and G/ values are from the strong inversion region (=5 V)
to the strong accumulation region (4 V).

The capacitance values in Fig. 2a increased with increas-
ing applied bias voltage up to accumulation region at 4 V.
The reason of the distinctive curvature in this accumula-
tion region generally can be interpreted as the effect of R,.
When the capacitance values handled in terms of frequency
from Fig. 2, an increment in frequency from 10 to 500 kHz
caused a decrement in capacitance values. The existence
of the interface states is the main reason of the frequency
dependence of the capacitance [37]. As mentioned above,
AC signal tracking of N is easier at low frequencies, and
this situation reflects as an enhancement on the capacitance
of the measurement values. Contrary to this, AC signal
cannot be followed by the interface states at high frequen-
cies, and the interface variance do not promote the capac-
itance anymore [37, 38]. So, the more specific peak seen
in the C-V plot at 10 kHz can be related to the particular
density distribution of Ng. On the contrary, the capacitance
peak value began to decline and turned towards the nega-
tive biases and the negative capacitance (NC) observed
by the frequency increment to the 500 kHz in Fig. 2b. It
is clearly seen in Fig. 2a that the NC values disappear at
10 kHz frequency.
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Fig. 2 The experimental C-V characteristics of Au/ZnO/n-GaAs SBD at a 10 kHz, b 500 kHz
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Fig. 3 The experimental G/o—V characteristics of Au/ZnO/n-GaAs SBD at a 10 kHz b 500 kHz

The conductance—voltage (G/w—V) measurements imply
the voltage effect at two specific frequencies on the SBDs
conductance as shown in Fig. 3. As displayed in Fig. 3a,
b, the conductance of the Au/ZnO/n-GaAs SBDs depends
on frequency as well as on voltage. It is observed that the
increment in the frequency leads to the decrement in the
conductance of the diode.

The C-V and G/w-V curves were also drawn for ade-
quately high frequency (500 kHz) and low frequency
(10 kHz) to compare the inductive behavior. It is obviously
extracted from Figs. 2 and 3 that the variation of the fre-
quency and the applied bias voltage on the measured C
and G/w values are represented impressively in the deple-
tion and accumulation regions rather than the inversion
region and the decrease in the capacitance corresponds to
an increase in conductance.

The negative value of C increases at high frequency
(500 kHz) and such behavior of C in the forward bias was

credited to the loss of charges located at surface interface
states/traps, series resistance, thickness of interfacial layer
and doping concentration as similarly reported several
times in the literature [25, 26, 29, 37-40].

The effectuality of illumination intensity on conductance
and capacitance properties in dark and 100 W at 500 kHz
are presented in Fig. 4. It is observed that the values of C
and G/w increases quietly with illumination enhancement to
100 W in the entire bias at this high frequency of 500 kHz.
The illumination effectuality on Au/polyvinyl alcohol (Co,
Zn doped)/n-Si SBD have also been studied by Uslu et al.
resulting as an increment at the device capacitance with
increase in illumination intensity [41].

The comparison of the C and G/w variation at the same
bias voltage range, the C—V and G/o-V plots of Au/ZnO/n-
GaAs SBDs for 500 kHz in dark and 100 W are given in
Fig. 4a, b. After C-V reaches the peak value, the decrement
in the capacitance values with the increasing bias voltage
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Fig. 4 The variation of the C—V and G/w-V for the Au/ZnO/n-GaAs SBD a in dark b at 100 W
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can be seen in Fig. 4. The C values decrease and converge
to the negative values at about 2.5 V. Conversely, the values
of G/w increase in direct proportion to the bias voltage in
the entire bias region. Apparently, the decrement in the C
corresponds to an increment in the G/w and this behavior
of C and G/w points out that the material displays an induc-
tive behavior [32, 33]. However, the minimum capacitance
values coincide with the maximum conductance values
at 3 V of forward biases. It is considered as the polariza-
tion increment decreases the C value and more carriers are
acquainted in the structure. As affirmed by the C—V meas-
urements, the negative capacitance impact upon the SBD
was formed by the R, interface states and N at forward
biases related with the applied forward bias voltage shared
between the semiconductor and interfacial layer. The loss
of interface charges leads to the NC behavior and this can
be interpreted by the charge injection, minority-carrier
injection or N effects in several electronic devices [32,
33]. Thus, the characteristics of C-V and G/w-V implied
that negative capacitance existence appeared at specific
high frequency of 500 kHz under both darkness and 100 W
illumination corresponds to the maximum conductance of
the SBD.

Considering the ideal C and G/w versus voltage charac-
teristics behavior, series resistance parameter, as denoted
by R, has a significant effect on SBD. The plots in Fig. 5
present voltage dependence of the resistivity R; which
were extracted from measurements of C—V and G/w—V for
a given bias voltage for each illumination levels. The val-
ues of resistivity R; were extracted by Nicollian and Brews
method in all three regions known as inversion/reverse,
depletion and accumulation respectively. The real value
of R, can also be obtained from this method in the strong
accumulation region [42].

Rs can also cause a serious error in the extraction of
electrical and dielectric properties. The value of R, is

a 700
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effective especially at the accumulation region and it can
originate from various sources such as the back ohmic
contact to the semiconductor, the contact made by the
probe wire to the gate or rectifier contact, the resistance
of bulk of the semiconductor, a dirt film or particulate
matter at back contact/pedestal interface and extremely
non-uniform doped atoms in the semiconductor [1, 13].
The magnitude of R, can be reduced either by having a
low BH at M/S interface or by having an enhanced tun-
neling through the barrier by using heavy doped semi-
conductors (>10'7 cm™) or by the use of a good cleaning
and fabrication process. The resistance at high forward
biases corresponds to the real value of R, while the resist-
ance at high reverse bias corresponds to the Ry, for the
diode. The lower R, and the higher Ry, requirements for
the ideal diode were obtained here and as seen in Fig. 5.
the R, values decrease at the reverse biases while the R
values are almost not changed with increasing illumina-
tion levels [37].

Consequently, as a general opinion, Nicollian and Brews
method accurately determines voltage dependence resis-
tivity of SBDs for both two biases regions. R; values were
given by using this method as:

R = G2 + 022 (D

The measured capacitance and conductance values
under darkness and various illumination levels for low
and high frequencies at given voltage are denoted by C
and G,,. The calculations of R; values in Fig. 5a, b were
obtained from the both data in Figs. 2 and 3.

The decrement of the calculated R values with increas-
ing temperature is ascribed to the particular distribution
of localized interface states [38]. Interface charge, oxide-
trapped charge and other frequency-dependent charges are
the main reason of this frequency dependence of R.. The

b 160

140

Fig. 5 The experimental R;—V characteristics of Au/ZnO/n-GaAs SBD at a 10 kHz b 500 kHz
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R, in the device should be taken into account to achieve the
C,, and G, values [37].

These outstanding values request particular relevance to
be uncovered the effects of the R; on the C and G/w ver-
sus voltage characteristics. Although the weak illumina-
tion dependency of R; values on high bias voltages were
observed in accumulation regions of Fig. 5, the evaluation
for each bias voltage should be made as the increment of
illumination intensity causes a decrement at R; values. As
also indicated in Fig. 5, the values of R; decreases for each
illumination levels with the increasing applied biases. The
strong dependency of R; values on illumination at reverse
bias region emerges as a striking feature of Fig. 5.

As a result, the presence of this difference is due to the
nature of measured applied bias voltage. When the sample
is biased under the forward direction, the external electric
and inner electric field is opposite to each other and so total
electric field becomes decrease. In this case, the genera-
tion electron—hole pairs soon converge and neutralize and
so cannot yield any excess current to the dark current. On
the other hand, the situation is thoroughly different under
rewire bias condition. In other words, under reverse con-
dition, both external and inner electric field is same direc-
tion and so the total electric field becomes very strong in
the respect of forward biases. Thus, the generation elec-
tron—hole pairs will easy separated each other’s and yield
an excess current to the dark current. Therefore, the photo
current or photo conductivity under reverse bias always is
greater than the forward biases.

4 Conclusion

The frequency dependence of C-V and G/w—V character-
istics of the Au/ZnO/n-GaAs SBDs were investigated in
illumination range of 0—200 W at room temperature. In the
light of the experimental results, the strong dependency of
the C-V and G/w—V characteristics on applied biases and
frequency were clearly outlined. The increment of the bias
voltage provided an increment in capacitance values at
10 kHz. Contrarily, when the frequency increased to a high
value of 500 kHz, the values of C decreased and started to
take negative values for the forward bias voltages at about
2.5 V. The increment in the frequency led to the decre-
ment in the conductance of the Au/ZnO/n-GaAs SBD and
this can be explained by the effect of high frequencies on
the conductance of the diode. The relation between C and
G/w was emerged as the decrease in the capacitance cor-
responds to an increase in conductance. The enhancement
of the NC values at 500 kHz was related to the interface
states, series resistance, loss of charges located at surface
of the interfacial layer. The illumination effect was also uti-
lized from the measurements and the negatively obtained
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C values increase with the decreasing illumination while
the G/o values increase with the increasing illumination
at the forward bias voltage. Such behavior of the capaci-
tance and conductance can be attributed to the increments
in the polarization and carriers in the SBD structure. The
admittance measurements were obtained from Nicollian
and Brews methods to uncover the voltage dependent pro-
file of R. The effects of illumination increment were espe-
cially observed in the reverse bias region as a decrement
on R; values. Experimental results indicate that the under-
researched electrical properties of the SBD are quite sensi-
tive to frequency, illumination and applied bias voltage.
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