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In order to interpret the electrical characteristics of fabricated Au/ZnO/n-Si
structures as a function of frequency and voltage well, their capacitance–
voltage (C–V) and conductance–voltage (G/x–V) measurements were carried
out in a wide range of frequencies (0.7 kHz–2 MHz) and voltages (± 6 V) by 50
mV steps at room temperature. Both the C–V and G/x–V plots have reverse,
depletion, and accumulation regions such as a metal–insulator/oxide semi-
conductor (MIS or MOS) structures. The values of doped-donor atoms (ND),
Fermi energy level (EF), barrier height (UB), and series resistance (Rs) of the
structure were obtained as a function of frequency and voltage. While the
value of ND decreases with increasing frequency almost as exponentially, the
value of depletion width (WD) increases. The values of C and G/x increase with
decreasing frequency because the surface states (Nss) are able to follow the
alternating current (AC) signal, resulting in excess capacitance (Cex) and
conductance (Gex/x), which depends on their relaxation time and the fre-
quency of the AC signal. The voltage-dependent profiles of Nss were obtained
from both the high–low frequency capacitance and Hill-Colleman methods.
The other important parameter Rs of the structure was also obtained from the
Nicollian and Brews methods as a function of voltage.

Key words: Electrical properties, interfacial layer, voltage-dependent of
surface states and series resistance

INTRODUCTION

In recent years, metal–semiconductor (MS) struc-
tures with interfacial layers such as polyvinyl
alcohol (PVA), Bi4Ti3O12 (BTO), perylenetetracar-
boxylic dianhydride (PTCDA), CdS-PVA, zinc-oxide
(ZnO), and graphene-doped PVA structures, which
are called metal-polymer-semiconductors (MPS),
metal-ferroelectric-semiconductors (MFS), MIS
structures, have been used instead of conventional

MS-type structures in electronic and optoelectronic
devices.1–7 MIS is the most convenient structure
and demonstrates compatibility between the insu-
lator and semiconductor layers.8 The quality and
performance of these structures are dependent on
various parameters. Among them are the interface
quality, doping concentration level, frequency, bias
voltage or electric field, series resistance (Rs),
surface states (Nss), and the homogeneity of barrier
height (BH) between metal and semiconductor are
more effective on the electric and dielectric proper-
ties of these devices. As reported in many studies,
the conduction mechanism and formation of BH at
M/S interface could be changed by the use of an(Received September 19, 2016; accepted May 22, 2017;
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appropriate interlayer between semiconductor and
metal.9 There are numerous methods to determine
the density distribution of Nss and Rs.

10–16 Among
them the best, simplest, and the most accurate
methods is low–high frequency capacitance (CLF–
CHF) and Nicollian and Brews techniques, respec-
tively.17 Investigation of Nss and Rs as a function of
frequency and voltage in these devices is one of the
most popular topics in the literature.10,14,18,19 The
interfacial layers and interface states, Nss, are
effective especially at lower and intermediate fre-
quencies in the inversion and depletion regions; on
the other hand, Rs is only effective at higher
frequencies in strong accumulation regions. When
voltage is applied on the diode, it will be shared
between interfacial layer and series resistance (Rs)
and depletion layer.8,20 At low frequencies, the
charge carriers at surface states and their relax-
ation times (s) are lower than the period (T). Thus,
these charges can easily follow the external alter-
nating signal, yielding an excess capacitance and
conductance in addition to the measured capaci-
tance and conductance, especially in inversion and
depletion regions.

One of the most significant and extensively used
materials in electronic applications is ZnO due to its
chemical and physical properties, radiation resis-
tance, non-toxicity, natural abundance, 60 meV
excitation binding energy, and a large direct band
gap around 3.4 (eV). It is well known that ZnO acts
as an n-type semiconductor owing to deficiency of
oxygen. The binding energy of ZnO is almost three
times larger than that of gallium nitrate (GaN), and
its biexciton formation energy is almost 15 meV,
which is also much larger than GaN. Usually,
oxygen vacancies or zinc interstitials are responsi-
ble for low resistivity to pure zinc oxide. Because of
these important properties, it has many application
areas in technology such as Schottky-type diodes
(SDs), solar cells (SCs), chemical sensors (CSs),
light-emitting diodes (LEDs), UV photodetectors,
and laser diodes.21–26 A variety of methods for
chemical synthesis have been used by several
researchers to synthesize nano/micro-crystals such
as solvothermal, hydrothermal, self-assembly,
chemical vapor deposition (CVD), pulsed laser depo-
sition (PLD), radio frequency sputtering (RFS), and
sol–gel.10,23,24

In the present study, MIS-type structures con-
sisting of an Au/ZnO/n-Si have been investigated as
a function of the frequency and applied bias voltage.
The capacitance–voltage (C–V) and conductance–
voltage (G/x–V) measurements were carried out in
the frequency range of 0.7 kHz and 2 MHz and
between �6 V and 6 V applied bias voltages by
50 mV steps at room temperature. The important
electrical parameters such as concentration of donor
atoms (ND), Fermi energy level (EF), barrier height
(UB), and WD values of the structure were obtained
from the slope and by the extrapolation of the linear
region of the C�2 versus V plots for each frequency.

The voltage dependent profiles of Nss and Rs of the
structure were calculated from the high–low fre-
quency capacitance and Nicollian and Brews meth-
ods, respectively.

EXPERIMENTAL PROCEDURES

Au/ZnO/n-Si structures have been fabricated on a
phosphorus-doped (n-type) Si wafer with (100)
surface orientation, 300 lm thickness, 2 inch
(= 5.08 cm) diameter, and 0.1 X cm resistivity. For
the fabrication processes, the n-Si wafer was ultra-
sonically cleaned in boiling trichloroethylene, ace-
tone, and ethanol consecutively and then etched in a
sequence of H2SO4 and H2O2, 20% HF, a solution of
6HNO3:1HF:35H2O2, 20% HF, and finally quenched
in de-ionized (DI) water at 18 MX cm for 5 min. The
backside of the wafer was immediately deposited by
thermally evaporated high purity gold (99.999%)
with a thickness of �1500 Å under a pressure of
�2 9 10�6 Torr in a high vacuum metal-evapora-
tion system. To get a low resistivity back ohmic
contact, n-Si/Au structure was annealed at the
500�C for 30 min in flowing dry nitrogen in order
for preventing any oxidation of n-Si surface. After
the formation of the ohmic contact, the interfacial
ZnO layer was grown on the front of the n-Si surface
by RF Sputtering. A ZnO sputtering target
(diam. 9 thickness 3.00 in. 9 0.125 in., 99.99%
trace metals basis) was used for the experiment
because of its poor thermal conductivity. When the
pressure of the system is about 5 9 10�6 Torr, pure
argon gas (99.99%) is sent to the vacuum chamber
at constant speed (�80–100 ccm). Then it remains
until the pressure reaches 30 mTorr. These condi-
tions are helf for 5 min to balance the system. Then
a power of about 150 W was applied and at
stable frequency 13.6 MHz when shutter is closed.
Finally, the shutter is opened and the rectifier
contacts are formed by thermal evaporation with
1500 Å thickness.

After the rectifier contacts are formed, high purity
Au (�2 mm diameter) is decorated onto the ZnO.
Thus, the fabrication processes of Au/ZnO/n-Si
structures are completed. The thickness of the
ohmic and rectifier metal contacts and the deposi-
tion rates were monitored with the help of a quartz
crystal thickness monitor. In order to perform
electrical measurements, Au/ZnO/n-Si structures
were mounted on a copper (Cu) holder with the
help of silver (Ag) paste and were made with the
upper electrodes by the use of tiny Ag-coated Cu-
wires with silver paste. The interfacial layer thick-
ness (di) was determined as 30 nm using a UCF
Stylus profilometer. The C–V–f and G/x–V–f mea-
surements of the structure were measured using a
computerized HP 4192A LF impedance analyzer in
the wide range of frequency and voltage. The
measurements were done with the help of a micro-
computer through an IEEE-488 AC/DC converter
card in a JANES VPF-475 Cryostat at 10�3 Torr.
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RESULTS AND DISCUSSION

ZnO Thin Film Characterization

Both the 2D and 3D atomic force microscopy
(AFM) images of the ZnO thin film surface on the n-
Si scanned in 10 lm 9 10 lm areas can be seen in
Fig. 1a and b for surface morphology of the struc-
ture. There is good homogeneity and a uniform
distribution which consists of spheroid shaped
nano-crystallize on the surface of the device without
any holes and cracks. Root mean square (RMS)
roughness value of the device is about 1.29 nm. This
value is very suitable for an electronic device. It is
well known that the use of deposition/growth
method of ZnO thin films on silicon or other
semiconductors is more important.

The Calculation of Main Electrical
Parameters for Various Frequencies

It is a well-known fact that the C–V and G/x–V
measurements of MIS and MOS structures at a
single frequency or a very narrow frequency or
voltage range cannot give us detailed information
on the conduction mechanisms, the formation of BH
and the Nss between metal and semiconductor. For
this reason, both C–V and G/x–V measurements
were carried out in the frequency range of 0.7 kHz–
2 MHz whereas the applied voltage swept from
�6 V to 6 V by 100 mV steps. Figures 2a, b, and 3
show the C–V and G/x–V characteristics of the Au/
ZnO/n-Si structure, respectively. As can be seen
from these figures, the plots of both the C–V and G/
x–V depict the inversion, depletion and accumula-
tion regions as in an MIS or MOS structure
behavior. From the shape of the curves in the plots,
it is clear that both the value of C and G/x decrease
with increasing frequency.

The change in capacitance becomes more pro-
nounced in the depletion region at low frequencies
due especially to the existence of a particular

distribution of Nss at the ZnO/n-Si interface, sur-
face, or dipole polarizations and hopping mecha-
nisms.22,23 At low and intermediate frequencies, the
obtained higher values of C and G/x can be ascribed
to an increase in the polarization and the follow rate
of surface states to ac signal. It is well known that at
low frequencies, the charges at surface states or
traps can easily follow the external ac signal and so
yield an excess capacitance (Cex.) and conductance
(Gex./x).17,27–30 The features of these plots can also
be attributed the relaxation polarization and sur-
face states and their lifetime.28–31 At high frequen-
cies, these states cannot follow the ac signal and so
in this case their contribution to the total capaci-
tance is negligibly small.

Since localized electronic states exist at the
interface, electronic device behavior such as C–V
and G/x–V characteristics deviated from the ideal
case. As seen in Fig. 2a, at low frequencies, the C–V
plots have two distinctive peaks, corresponding to
the depletion and accumulation region; however,
the peak in the forward bias C–V plots disappears at
high frequencies (f ‡30 kHz). This two-peak behav-
ior can be ascribed to the particular density distri-
bution of surface states at ZnO/n-Si interface. The
magnitude of peak in the depletion region is grad-
ually decreased with increasing frequency and
shifts towards the positive bias region due to deep
level states and series resistance.17 According to
this work, such peak behavior, which is called an
anomalous peak in the literature, is the result of the
existence of surface states and series resistance of
the structure. The origin of such a peak variation in
the C–V plots has been ascribed to the surface states
by Ho et al.,32 but Werner et al.33 have shown that
the observed peak in the forward bias C–V plot is
due to Rs. On the other hand, Chattopadhyay
et al.34 have theoretically shown that the peak
value of the capacitance changes both Rs and Nss.
These results were confirmed that the values of Rs

Fig. 1. (a, b) 2D and 3D the surface morphology of deposited 10 nm ZnO on the substrate, the RMS value is 1.29 nm.
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and Nss are two important parameters and influ-
enced the electrical characteristics. Therefore, they
should be taken into the calculations of electrical
and dielectric properties of these structures to
increase the accuracy and reliability of the results.

Because the resistance (Ri) of the diodes have
important effect on the electrical characteristics, the
Ri–V plot was obtained from the measured C and G
data by using Nicollian–Brews method17,27 for each
frequency and was presented in Fig. 4. According to
this method, the real value of series resistance of
the MIS type structure was corresponding to the
strong accumulation region. Accordingly, the real
value of Rs can be calculated from the following
equation:

Rs ¼
Gma

G2
ma þ x2C2

ma

ð1Þ

where x = (2pf) is the angular frequency, Cma and
Gma are the capacitance and conductance values at
strong accumulation region of the structure. In
addition, the voltage dependent profile of Ri can be
obtained by using Eq. 1. As shown in Fig. 4, the Ri–
V plots have almost a U shape behavior, especially
at low frequencies due to the particular density
distribution profile of surface states. The real value
of Rs was obtained as 286.39 X at 0.7 kHz and 69.67
X at 2 MHz for �6 V and 120.19 X at 0.7 kHz and
61.80 X at 2 MHz for �2 V, respectively. It is
obvious that the value of resistance is not only a
strong function of frequency but also the voltage,
and it decreases with increasing frequency for each
bias voltage as seen from the inset in Fig. 4. The
higher values of Rs at low frequencies are the result
of the existence of surface states and surface or
dipole polarization, but their effect is as low as it
could be neglected at sufficiently high frequencies
(f ‡ 1 MHz). Therefore, the real value of Rs should
be obtained at a high enough frequency in a strong
accumulation region. These results confirmed that
Rs is effective only in accumulation region, whereas
Nss are effective in both depletion and inversion
regions.

In the MS, MIS, and MPS type structures or solar
cells, the value of the depletion layer capacitance
varies with the applied bias voltage (V) as expressed
by the following relation17:

C�2 ¼ 2

qeseoNDA2

� �
VD � kT=q� V; ð2Þ

where ND is the concentration of doping donor
atoms (P), VD is the diffusion potential, A is the
rectifier contact area in cm�2, es (= 11.8eo) is the
permittivity of semiconductor and eo is the permit-
tivity of vacuum or free space. In order to determine
some main electrical parameters of the structure,
such as diffusion potential (VD), ND, Fermi energy
level (EF), maximum electric field (Em), depletion

Fig. 2. Depicts the C–V characteristics of the Au/ZnO/n-Si structure at room temperature; (a) for low frequencies and (b) for high frequencies.

Fig. 3. Depicts the G/x–V characteristics of the Au/ZnO/n-Si struc-
ture for various frequencies at room temperature.
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layer width (WD), and barrier height (UC–V), as a
function of frequency, the C�2 versus V plot was
drawn for all frequencies and presented for inter-
mediate and high frequencies 10 kHz–1 MHz at
room temperature (Fig. 5). As shown in Fig. 5, the
C�2–V plots of the Au/ZnO/n-Si structure has a good
linear behavior in the wide range of applied bias
voltage for each frequency.

The voltage or x-axis interception in the reverse
bias of the C�2–V plot gives directly the value of Vo

and it is related to the diffusion potential
(VD = Vo + kT/q). We have estimated the values of
Vo and ND from the intercept and slope
¼ 2= qeseoNDA

2
� �� �

of the C�2–V plots (Fig. 5). Sub-
sequently, the value of EF was also calculated for
the structure by using the following equation for
each frequency:

EF ¼ jT
q

ln
NC

ND

� �
ð3Þ

With,

NC ¼ 4:82 � 1015T3=2ðm�
e=m0Þ3=2 ð4Þ

In Eq. 4, NC is the effective density of states in the
Si conductance band (Ec), m�

e = 0.98 mo is the
effective mass of the electron,17 and
mo = 9.1 9 10�31 kg is the rest mass of the electron.
Accordingly, the value of UC–V was obtained by
using the following relations.12,15 The values of
image force lowering of BH (DUB) and the maximum
electric field (Em) were also obtained from the
following relations, respectively:

DUB ¼ qEm

4peseo

� �1
2

ð5Þ

Em ¼ 2qNDV0

eseo

� �
ð6Þ

Thus, the frequency dependent value of UC–V for the
fabricated Au/ZnO/n-Si structure was obtained as a
function of frequency using Eq. 7 and tabulated in
Table I.

UC�V ¼ V0 þ
kT

q

� �
þ EF � DUB ¼ VD þ EF � DUB

ð7Þ

The resulting experimental values of VD, ND, EF,
Em, WD and UC–V of the Au/ZnO/n-Si structure for
each frequency at room temperature were tabulated
in Table I. As can be seen in Table I, all of these
parameters are a strong function of frequency, but
the value of image force lowering of BH (DUB) is
very low when it is compared with EF and UC–V due
to the moderate doping density of donor atoms.

As can be seen in Fig. 5 and Table I, while the
value of ND decreases with increasing frequency
almost exponentially, the value of WD increases.
Furthermore, the value of Rs obtained from Eq. 1 at
a strong accumulation region (�6 V), decreases with
increasing frequency, as expected. The obtained
experimental high values of ND and Rs at low and
intermediate frequencies can be attributed to the
existence of surface charges located at traps and the
interfacial layer. The change in these parameters
with frequency is especially resulting from Nss and
their relaxation time (s).3–8,17 If the period (= 1/f) is
lower than the s of traps or surface states, the
charges in these states can follow the alternative
signal and so we contributed to the measured total
capacitance and conductance. Therefore, the contri-
bution of C and G by surface states is very
important especially at low frequencies. Contrarily,
the value of Rs becomes very effective at high
frequency, especially in accumulation region
(Fig. 6).

Fig. 4. The Rs–V plots of the Au/ZnO/n-Si structure for various
frequencies at room temperature.

Fig. 5. The C�2 versus V plot of the Au/ZnO/n-Si structure for vari-
ous frequencies at room temperature.
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The Obtaining Voltage and Frequency
Dependent Profiles of Surface States

The voltage dependent profile of Nss can be
obtained from the adequately low and high fre-
quency capacitance 1 kHz–1 MHz plots, and this
method is known as low–high frequency capacitance
(CLF–CHF) method.17,27 This method is simple, not
time consuming, and can supply enough accurate
results approximate to the more accurate and
complicated of the admittance method. Therefore,
in this study, the voltage dependent profile of Nss

was the obtained (CLF–CHF) method and was given
in Fig. 7. It permits the determination of Nss from
the use of only two C–V plots. In the equivalent
circuit of MIS or MOS type structures, the interfa-
cial layer capacitance Ci is connected in series with
the parallel combination of the Nss capacitance (Css)
and the space charge capacitance (Csc).

27 It is
expected that the carrier charges at traps cannot
respond to the external ac signal and do not
contribute to the total capacitance directly, but at
low frequencies they can easily follow the ac signal.

Therefore, the voltage dependent profile of Nss was
obtained from the following relation:

Nss ¼ Css=qA ¼ 1=qAð Þ 1=CLF � 1=Ci½ ��1

� 1=CHF � 1=Ci½ ��1;
ð8Þ

where Ci is the interfacial layer capacitance and
others are known quantities in the literature. In
Fig. 7, it is shown that the Nss–V plot has a
distinctive peak at about (�1.5 V). The peak behav-
ior of Nss–V can be attributed to a certain density
distribution of the surface states between interfacial
ZnO and n-Si.17,25–28 The resulting mean value of
Nss (�291013 eV�1 cm�2) is more suitable for an
electronic device. According to us, these low values
of Nss are the result of the passivation effect of the
used ZnO interfacial layer.

In order to see the frequency response of Nss,
frequency dependent profile of Nss was obtained
from the Hill-Coleman method.35 According to this
method, the density of Nss can be approximated
using a set of the C–V–f and G/x–V–f

Table I. Frequency dependent VD, ND, EF, Em, WD , and UC–V values of the Au/ZnO/n-Si structure obtained
from the C22 versus V plot at room temperature

Frequency (Hz) Vo (V) ND (cm23) EF (eV) Em (V/cm) WD (cm) DUB (eV) UB (eV) Rs(22 V) X

1 9 104 0.536 1.22 9 1016 0.194 4.47 9 104 2.40 9 10�5 0.080 0.674 112.32
2 9 104 0.550 1.22 9 1016 0.194 4.63 9 104 2.48 9 10�5 0.082 0.688 106.11
3 9 104 0.560 1.19 9 1016 0.194 4.48 9 104 2.46 9 10�5 0.080 0.698 102.52
4 9 104 0.582 1.18 9 1016 0.194 4.58 9 104 2.54 9 10�5 0.081 0.720 100.15
5 9 104 0.609 1.17 9 1016 0.195 4.67 9 104 2.61 9 10�5 0.082 0.746 98.43
7 9 104 0.645 1.15 9 1016 0.195 5.03 9 104 2.87 9 10�5 0.085 0.782 96.01
1 9 105 0.700 1.07 9 1016 0.197 5.19 9 104 3.15 9 10�5 0.086 0.839 93.56
2 9 105 0.790 8.49 9 1015 0.203 5.41 9 104 4.16 9 10�5 0.088 0.937 88.68
3 9 105 0.840 6.82 9 1015 0.208 5.22 9 104 4.99 9 10�5 0.087 0.995 85.43
4 9 105 0.870 5.62 9 1015 0.213 4.95 9 104 5.75 9 10�5 0.084 1.033 82.76
5 9 105 0.920 4.76 9 1015 0.217 4.71 9 104 6.45 9 10�5 0.082 1.089 80.44
7 9 105 0.950 3.57 9 1015 0.224 4.15 9 104 7.59 9 10�5 0.077 1.131 76.5
1 9 106 0.978 2.51 9 1015 0.233 3.42 9 104 8.88 9 10�5 0.070 1.173 71.83

Fig. 6. The variation of ND and WD with frequency in the Au/ZnO/n-
Si structure at room temperature.

Fig. 7. The voltage dependent profile of Nss in the Au/ZnO/n-Si
structure at room temperature.
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measurements when these plots have a peak in
depletion or accumulation region. This method is
simpler and quicker as compared to the admittance
method developed by Nicollian and Goetzberger. An
equation governing the Nss at a single frequency
was given as35:

Nss ¼
2

qA

ðGm=xÞmax

ððGm=xÞmax=CoxÞ2 þ 1 � Cm=Coxð Þ

 !
ð9Þ

The frequency dependent values of Nss obtained
from Eq. 9 were given in Table II and Fig. 8,
respectively. As shown in Fig. 8, at low frequencies

the value of Nss is larger than the high frequencies
as expected and semi-logarithmic Nss versus Log f
plot has a peak at about 105 Hz.

Figure 7 Voltage dependent profile of Nss for the
Au/ZnO/n-Si structure obtained from high-low fre-
quency capacitance method at room temperature.
The surface states can store charges and leads to an
associated the excess capacitance (Css) and conduc-
tance (Gss/x). Namely, if the applied frequency is
lower than or equal to the s of the charge at surface
state, then these charges at traps will contribute to
the total measured capacitance and conductance,
and as can be seen in Table II, this contribution
decreases with increasing frequency.36,37 At high
enough frequency (f ‡1 MHz), both the contribution
of Nss and polarization to the measured of C and G is
considerably low. These surface states also cause a
bias shift and frequency dispersion both in C–V and
G/x–V plots. Therefore, it is very important to
consider the effect of the frequency and voltage to
examine the frequency dispersion of admittance
measurements in detail, which include capacitance
and conductance in the MS, MIS, MPS, and MFS
type structures.

As can be seen in Fig. 8 and Table II, the obtained
values of Nss from Hill-Coleman method were
changed from 2.23 9 1011 eV�1cm�2 to 6.27 9 1012

eV�1cm�2. When these values are compared to the
literature, they are considerably lower and very
suitable for an electronic device.38–41 For instance,
Asghar et al.39 obtained the values of Nss for Au
Schottky contact on ZnO grown by molecular beam
epitaxy (MBE) and they changed almost from the
2.0 9 1012 eV�1cm�2 to 1.9 9 1013 eV�1cm�2.

Fig. 8. The frequency dependent profile of the surface state density
of the Au/ZnO/n-Si structure determined by the Hill-Coleman method
at room temperature.

Table II. Frequency dependent of Nss the Au/ZnO/n-Si structure obtained from the Hill-Coleman method at
room temperature

Frequency (Hz) Vm (V) Cm (F) G/x (F) Nss (eV-1.cm-2) Rs (at Vm) (X)

700 �1.5 2.63 9 10�8 2.01 9 10�6 1.56 9 1011 113.27
1000 �1.5 2.61 9 10�8 1.41 9 10�6 2.23 9 1011 113.17
2000 �1.6 2.49 9 10�8 7.02 9 10�7 4.47 9 1011 113.29
3000 �1.6 2.36 9 10�8 4.71 9 10�7 6.66 9 1011 112.42
4000 �1.6 2.22 9 10�8 3.56 9 10�7 8.81 9 1011 111.46
5000 �1.6 2.10 9 10�8 2.87 9 10�7 1.09 9 1012 110.42
7000 �1.6 1.86 9 10�8 2.08 9 10�7 1.50 9 1012 108.32
10,000 �1.6 1.57 9 10�8 1.49 9 10�7 2.09 9 1012 105.44
20,000 �1.5 9.90 9 10�9 7.99 9 10�8 3.73 9 1012 98.17
30,000 �1.4 6.95 9 10�9 5.53 9 10�8 4.95 9 1012 94.42
40,000 �1.4 5.27 9 10�9 4.26 9 10�8 5.73 9 1012 92.08
50,000 �1.4 4.22 9 10�9 3.47 9 10�8 6.15 9 1012 90.44
70,000 �1.3 3.00 9 10�9 2.52 9 10�8 6.27 9 1012 88.85
100,000 �1.2 2.10 9 10�9 1.78 9 10�8 5.65 9 1012 88.36
200,000 �1.2 1.11 9 10�9 9.33 9 10�9 3.61 9 1012 84.16
300,000 �1.2 7.92 9 10�10 6.40 9 10�9 2.57 9 1012 81.64
400,000 �1.2 6.27 9 10�10 4.91 9 10�9 1.99 9 1012 79.75
500,000 �1.1 5.24 9 10�10 3.87 9 10�9 1.58 9 1012 80.82
700,000 �0.1 4.20 9 10�10 9.16 9 10�10 3.77 9 1011 205.10
1,000,000 �0.3 3.61 9 10�10 6.47 9 10�10 2.66 9 1011 168.43
2,000,000 �0.3 2.82 9 10�10 4.06 9 10�10 1.66 9 1011 122.85
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Moreover, the mean values of Nss were found as
6.46 9 1014 eV�1cm�2 and 2.05 9 1015 eV�1cm�2 by
using the forward bias current–voltage measure-
ments of the ZnO based Schottky contacts grown by
radio frequency (RF) sputtering method by taking
into account voltage dependent ideality factor and
effective barrier height at room temperature by
Singh et al.40 and Rajan,41 respectively. The higher
values of Nss and Rs lead to degrading the perfor-
mance of electronic devices.

CONCLUSION

To interpret the frequency and voltage dependence
accurately on the main electrical parameters of the
Au/ZnO/n-Si structure, the C–V and G/x–V mea-
surements were performed in a wide range of fre-
quency (0.7 kHz–2 MHz) and voltage (±6 V) in
50 mV steps. Experimental results show that C–V
and G/x–V plots have reversed depletion and accu-
mulation regions, and both the value of C and G/x
depend strongly on frequency and voltage, especially
in depletion and accumulation regions. The higher
values of capacitance and conductance at low fre-
quencies were attributed to the existence of Nss and
their relaxation time, surface and dipole polariza-
tions. In order to determine the effects of Nss and Rs

on the electrical characteristics, their voltage and
frequency dependence profiles for the Au/ZnO/n-Si
structure were obtained from the (high-low fre-
quency capacitance and Hill–Coleman methods)
and Nicollian and Brews method, respectively. The
mean values of Nss obtained from each method are in
good agreement with each other. While the value of
ND decreases with increasing frequency almost expo-
nentially, the values of WD and Rs decrease with
increasing frequency because in enough high fre-
quency (f ‡1 MHz), both the contribution of Nss and
polarization to the measured of C and G start to
decrease. Experimental results confirm that the
existence of Nss, Rs and interfacial ZnO layer at M/S
interface are more effective on the electrical charac-
teristics. Therefore, the effects of these parameters
should be taken into account in the calculation of
electrical characteristics. Surface states and polar-
ization also cause a bias shift and frequency disper-
sion both in C–V and G/x–V plots. For these reasons,
the studies on frequency, voltage, and polarization
dependent admittance measurements which are
included capacitance and conductance in the MS,
MIS, MPS, and MFS type structures is vitally
important to get reliable and accurate results asso-
ciated with their electrical and dielectric properties.
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95, 2885 (2015).
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