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Pure polyvinyl alcohol (PVA) capped ZnS semiconductor nanocrystals were
prepared by microwave-assisted method, and the optical and structural
properties of the as-prepared materials were characterized by x-ray diffraction
(XRD) and ultraviolet–visible (UV–Vis) techniques. The XRD pattern shows
the formation of ZnS nanocrystals, and the UV–Vis spectroscopy results show
a blue shift of about 1.2 eV in its band gap due to the confinement of very small
nanostructures. The concentration of donor atoms (ND), diffusion potential
(VD), Fermi energy level (EF), and barrier height (UB (C–V)) values were ob-
tained from the reverse bias C�2–V plots for each frequency. The voltage
dependent profile of series resistance (Rs) and surface states (Nss) were also
obtained using admittance and low–high frequency methods, respectively. Rs–
V and Nss–V plots both have distinctive peaks in the depletion region due to
the spatial distribution charge at the surface states. The effect of Rs and
interfacial layer on the C–V and G/x–V characteristics was found remarkable
at high frequencies. Therefore, the high frequency C–V and G/x–V plots were
corrected to eliminate the effect of Rs. The real and imaginary parts of
dielectric constant (e¢ and e¢¢) and electric modulus (M¢ and M¢¢), loss tangent
(tan d), and ac electrical conductivity (rac) were also obtained using C and G/x
data and it was found that these parameters are indeed strong functions of
frequency and applied bias voltage. Experimental results confirmed that the
Nss, Rs , and interfacial layer of the MPS structure are important parameters
that strongly influence both the electrical and dielectric properties. The low
values of Nss (�109 eV�1 cm�2) and the value of dielectric constant (e¢ = 1.3) of
ZnS-PVA interfacial layer even at 10 kHz are very suitable for electronic de-
vices when compared with the SiO2. These results confirmed that the ZnS-
PVA considerably improves the performance of Au/n-Si (MS) structure and
also allow it to work as a capacitor, which stores electric charges or energy.
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INTRODUCTION

Over the past few decades, nanomaterials have
received enormous scientific attention due to their
interesting novelty and improved optical and elec-
trical properties as a result of size reduction to the
nano-regime.1–3 Synthesis and characterization of
discrete semiconductor nanostructures is of signif-
icant importance because of their fundamental role
in basic research and technological applications.
Nanosized particles of semiconducting compounds,
in particular, display grain size dependent optoelec-
tronic properties, due to the size quantization
effects.4–6 Among the semiconductors, zinc sulphide
(ZnS) is an important material due to its unique
properties. ZnS is an important II–VI semiconduc-
tor material with a wide band gap (3.72 eV for the
cubic zincblende phase and 3.77 eV for the hexag-
onal wurtzite phase at room temperature) with a
high index of refraction and a high transmittance in
the visible range, and it is one of the more important
materials in photonics research.7–11 ZnS has been
used widely in the fields of phosphor in photolumi-
nescence,12 electroluminescence,13 actuators,14 solar
cells,15 sensors,16 light-emitting diodes,17 catalysis,18

lasers,19 flat-panel displays,20 field effect transistors,21

and so on. One of the important applications of ZnS is
in the fabrication of Schottky barrier diodes
(SBDS).22,23 A Schottky diode is a special type of
diode with a very low forward-voltage drop and a very
fast switching action. When current flows through a
diode, there is a small voltage drop across the diode
terminal.24–27 The current transport mechanism
depends on various parameters such as the surface
preparation process and vacuum technologies, which
are sophisticated with the studies of Schottky barrier
height (SBH), the presence of an interfacial oxide of
dielectric layer, which separates the metal from
semiconductor, impurity concentration of a semicon-
ductor density of interface states or defects series
resistance, device temperature and bias voltage.28–31

SBH can be determined using current–voltage (I–V),
capacitance–voltage (C–V), photocurrent and x-ray
photoelectron spectroscopy (XPS) measurements.32–34

Many methods such as hydrothermal,35 sonochemi-
cal,36 thermal evaporation,37 wet chemical process,38

solid state,39 microwave irradiation,40 solvothermal,41

chemical bath deposition,42 and micro-emulsion43

have been developed for preparation of ZnS nanoma-
terials. Among these synthesis methods, the micro-
wave assisted method has proven to be a simple
method for the production of nanomaterials. Micro-
wave syntheses have the advantage of employing
lower reaction times with respect to the other chem-
ical methods. This synthesis method is based on the
rapid and uniform heating of materials because of a
direct molecular interaction between these ones and
the electromagnetic energy of the microwaves.44,45

Because of the existence of an insulator or
polymer layer between metal and semiconductor,

the metal–semiconductor (MS) structure is con-
verted into a metal–insulator–semiconductor (MIS)
or metal–polymer–semiconductor (MPS) type struc-
ture, which stores dielectric charge by virtue of the
dielectric properties of the interfacial layer. In these
structures, especially series resistance (Rs), surface
states (Nss), the thickness of the interfacial layer
and its homogeneities are important parameters
that affect both electric and dielectric characteris-
tics.46–52 In these structures, metal and semicon-
ductor remain separated by an interfacial layer, and
there is a continuous distribution of Nss between the
semiconductor and interfacial layer. The C–V–f and
G–V–f measurements can supply detailed informa-
tion on the electric and dielectric characteristics of
these type of structures. The reasons for the exis-
tence of Rs and Nss are the surface preparation,
fabrication process, interfacial layer and its homo-
geny, the concentration of doping atoms, the inter-
ruption of the periodic lattice structure, and the
stability of polymer used.48–52

The aim of this study is to determine and interpret
the effects of ZnS-polyvinyl alcohol (PVA) interfacial
layer located at M/S interface, surface states, Rs, and
possible polarization mechanisms on the electric and
dielectric properties of the fabricated Au/ZnS-PVA/
n-Si (MPS) structures. ZnS nanostructures were
prepared by microwave assisted method in the
presence of PVA as a capping agent. Therefore, the
frequency and voltage dependent electrical and
dielectric properties of the structure were investi-
gated in detail by using the C–V and G/x–V mea-
surements in the frequency and voltage ranges of
10–200 kHz and ±3 V, respectively.

MATERIALS AND METHODS

Preparation of ZnS Nanostructures

To synthesize zinc sulfide nanostructures the
chemicals used were zinc acetate ((CH3CO2)2

ZnÆ2H2O), polyvinyl alcohol (PVA), and sodium
sulfide (Na2SÆ9H2O). In a typical procedure, aque-
ous stock solutions of (0.2 M) 0.87 g of (CH3CO2)2

ZnÆ2H2O, was dissolved in 20 mL doubled distilled
water; in another beaker 0.48 g Na2SÆ9H2O was
dissolved in 20 mL of distilled water (0.1 M). The
zinc acetate solution was then added to the sodium
sulfide solution. This solution was irradiated with
a high intensity ultrasonic at room temperature for
15 min using Dr. Heilscher ultrasound processor
(UP200H Germany, 14 mm diameter Ti horn,
200 W/cm2, 24 kHz). PVA was added to the solu-
tion with three different concentrations (1%, 3%,
and 5%) and the effect of addition was character-
ized. The prepared suspension was centrifuged to
get the precipitate out and washed four times using
double distilled water and ethanol to remove the
unreacted reagents and dried in an oven at 80�C
for 3 h.
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Fabrication Process of Au/ZnS-PVA/n-Si
Structures

Au/ZnS-PVA/n-Si (MPS) type structures were
fabricated on P-doped (n-Si) single Si wafer with
(100) orientation, �300 lm thickness and
1–10 X cm resistivity. The n-Si wafer was cleaned
at 55�C acetone for 10 min, then was immersed in
methanol and rinsed in de-ionized water. After that,
the n-Si wafer was etched in a 70�C solution of H2O,
NH4OH and H2O2 (65:13:13 v/v) and rinsed in de-
ionized water. Finally n-Si wafer was dried by dry
nitrogen gas (N2). After cleaning processes, n-Si
wafer was transferred into the deposition chamber
and then the high purity (99.999%) of Au with a
thickness of �1500 Å was thermally evaporated
from the tungsten filament onto the whole back side
of the n-Si wafer at about 10�6 Torr in an oil high
vacuum metal evaporation system. In order to
obtain a good or low resistivity ohmic contact, the
n-Si wafer was annealed at 500�C. Then, the sample
was also tested to examine whether or not it has a
good ohmic contact behavior. After that the pre-
pared ZnS-doped PVA nanocomposite was deposited
on the front surface of n-Si wafer using sol–gel
method. Finally, the high purity of Au dots with
1 mm diameter (area = 7.85 9 10�3 cm�2) and
�1500 Å thickness were deposited on the front of
ZnS-doped nanocomposite PVA in the same high
vacuum system. Thus, the fabrication of Au/ZnS-
PVA/n-Si (MPS) type structures was completed. For
the measurements of the forward and reverse bias
C–V and G/x–V data, the prepared samples were
placed on the Cu-holder with the help of silver paste
and the electrical contacts were also made to the
upper electrodes using thin silver coated wires with
silver paste.

Instrument

Optical absorption studies were carried out using
a ultraviolet–visible (UV–Vis) spectrophotometer
(Shimadzu). The structural characterization of
nanocrystals was carried out by analyzing x-ray
diffraction (XRD) patterns, obtained using an Ital-
structures (MPD3000) instrument operating at
40 kV and a current of 30 mA with Cu Ka radiation
(wavelength = 1.54056 Å). The surface morphology
of samples was analyzed using a scanning electron
microscope (SEM), LEO, 1430VP at 15 kV acceler-
ating voltage. The C–V and G/x–V measurements of
the structure were performed in the frequency
range of 10–200 kHz by using an HP 4192A LF
impedance analyzer (5 Hz–13 MHz) at room tem-
perature. The thickness of interfacial layer (di) was
obtained from the interfacial layer capacitance (Ci

(=e¢eoA/di) as 51 nm at 200 kHz. All of measure-
ments were carried out with the help of a micro-
computer through an IEEE-458 AC/DC converter
card.

RESULTS AND DISCUSSION

Structural and Optical Analyses

X-ray Diffraction

The crystal structure of as-prepared sample was
examined by XRD analysis. Figure 1 shows the
XRD pattern of sample synthesis with the micro-
wave-assisted method with 5% capping agent con-
centration. The peaks are identified compared to
ICDD data; all diffraction peaks can be readily
indexed to the ZnS nanostructures; no other peaks
were observed, which indicates a sample with high
purity.

The broadness of the peaks indicates that the size
of structure is reasonably nanocrystalline in nature.

The crystallite size has been examined by the
Scherrer formula applied to the (111) orientation
which is the maximum intensity reflection of the
ZnS structure: L = 0.9 k/bcos h,44 where L is the
coherent length, k is the wavelength of the incident
x-ray beam, b is the full-width at half-maximum in
radians, and h is the Bragg’s angle. In the case of
spherical crystallite, L is given by �D. The crystal-
lite size of as-prepared ZnS nanoparticles by use of
Sherrer equation was found to be less than 30 nm.

SEM and TEM Analyses

The morphology of the prepared products was
studied by scanning electron microscopy (SEM). The
SEM image (Fig. 2) shows that the product is
consisting of small spherical ZnS nanocrystallites
aggregated in the form of polydispersive nanoclus-
ters with sizes smaller than 100 nm. It is very hard
to discuss about size of nanoparticles using SEM
images, but from images it is clear that the sizes are
in the order of very small nanoparticles.

Fig. 1. XRD pattern of as-prepared sample with 5% capping agent
concentration.
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Transmission electron microscopy (TEM) image
was taken for a further investigation on the mor-
phology and the size of nanoparticles and the image
was given in Fig. 3. Comparison of TEM and SEM
images confirms the formation of very small spher-
ical ZnS nanoparticles most of which aggregated
together in the form of polydispersive nanoclusters.

UV–Vis Spectroscopy

The optical properties of the as-prepared sample
were studied in the wavelength region of 200–
800 nm, and the optical band gap was calculated for
the sample.

The optical absorbance edge of ZnS sample was
blue shifted from that of the bulk form (329 nm,
Eg = 3.77 eV). The broadening of the absorbance
spectrum was increasing capping agent due to the
quantum confinement of nanostructures. Optical
band gap was evaluated from the absorption spec-
trum and optical coefficient (a) near the absorption
edge is given by:

ahmð Þ1=2¼ Eg � hm
� �

ð1Þ

where a, m, and Eg are the absorption coefficient, the
light frequency, the band gap and a constant,
respectively.11 The corresponding band gap energy
for as-prepared sample was calculated as 4.95 eV,
obviously blue shifted in comparison with the bulk
form.

Electrical and Dielectric Analyses

Capacitance–Voltage Characteristics

Experimental C–V and G/x –V measurements of
the Au/ZnS-PVA/n-Si (MPS) structures were per-
formed in the frequency and voltage ranges of 10–
200 kHz and ±3 V at room temperature and are given
in Figs. 3 and 4, respectively. As can be seen in these
figures, three regions of inversion, depletion, and
accumulation are clearly observed for each frequency
such that this behavior matches with the behavior of a
typical metal–insulator/oxide–semiconductor (MIS or

MOS) type structure. As shown in Fig. 5, the value of
C becomes almost constant and begins to decrease
slowly with voltage due to the effect of Rs for
sufficiently high frequencies between 1 V and 3 V
(accumulation region/case) and then starts to decrease
rapidly between 1 V and 0 V (depletion region), and
finally, the value of C becomes almost constant or
decreases slowly with applied bias voltage due to the
effect of surface states between 0 V and �3 V (inver-
sion region). Therefore, it can be said that the effect of
Rs is prominent only accumulation region, but Nss is
effective both in depletion and inversion regions. For
an ideal MIS diode in the accumulation case, no
current flow through the structure and so the C–V
plot becomes almost flat/constant or unchanged.
Therefore, such behavior of C–V plot is close to the
ideal case. On the other hand, in practice, the
situation may be considerably different from the ideal
case due to effects of surface states, series resistance
of device, barrier homogeneity, and so on.

Because of the above explanations, for the micro-
electronic devices, admittance spectroscopy is an
important nondestructive method for obtaining
information on electrical and dielectric proper-
ties.53–58 Usually, the value of C is independent of
frequency in ideal case, but the situation is consid-
erably different in applications due to Nss, Rs , and
native or deposited interfacial layer. As shown in
Figs. 3 and 4, C–V and G/x–V plots contain similar
information on Nss and Rs. Since the device is
supplied with bias voltage or electric field, the Nss

levels move up or down with the valance and
conductance bands while Fermi energy remains
almost constant.53–55 The higher values of the C and
G/x at low frequency (Figs. 3 and 4) were attributed
to the excess capacitance (Cex) and conductance
(Gex/x) resulting from the Nss in equilibrium with
the n-Si since it could follow the alternating ac
signal. These surface states usually may be created
by the inter diffusion of atoms, dangling bonds and
lattice defects, but the origin of Rs may arise from
ohmic and rectifying contacts, the resistance of the
quasi-neutral bulk semiconductor and extremely
non-uniform doping distribution of donor or accep-
tor atoms.56 While the values of C and G/x at low
frequency can be affected by Rs at higher frequen-
cies especially in the accumulation region, they can
be affected by Nss both in inversion and depletion
regions. The existence of interfacial layer at M/S
interface can cause considerable deviations from the
expected behavior of the ideal structures.53–57 Con-
trary to low frequencies, the charge at the surface
states or traps cannot follow the ac signal at high
frequencies.

The variations on the G/x–V characteristics
(Fig. 6) verify the presence of various time-depen-
dent responses of Nss. The G/x–V plots also have a
distinctive peak due to Nss and their relaxation time
and the peak position shifts towards positive volt-
ages with decreasing frequency.56,58,59 It is clear
that Nss and Rs are the main reasons of the changes

Fig. 2. SEM image of as-prepared sample with 5% of capping agent
concentration.
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in G/x–V characteristics. At sufficiently high fre-
quencies, Nss cannot contribute to the capacitance
and conductance as the charges at traps cannot
fallow the ac signal, but the value of Rs becomes
more effective on the C–V and G/x–V plots and
leads to error in the calculations. To avoid this
error, general approach is the determine value of Rs

and then apply it as an adjustment/correction to the
measured C and G/x values.

For the structure, the frequency and voltage
dependent Rs can be calculated from the experi-
mental C and G/x measurements for each frequency
as it can be seen in Eq. 2.59 The real value of Rs is
corresponding to strong accumulation region or
sufficiently high forward biases for MIS, MOS, and
MPS type structures. According to Nicollian and
Brews,59 the determination of Rs in both reverse
and forward bias regions can be expressed
as.53,55,57,59

Fig. 3. (a, b) TEM image of as-prepared sample with 5% capping agent concentration with different magnifications.

Fig. 4. UV–visible spectra and Tauc’s plot of (ahm)2 against the
photon energy (hm) for sample.

Fig. 5. Experimental forward and reverse bias C–V characteristics of
the Au/ZnS-PVA/n-Si (MPS) structure at various frequencies.

Fig. 6. Experimental forward and reverse bias G/x–V characteristics
of the Au/ZnS-PVA/n-Si (MPS) structure at various frequencies.
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RS ¼ Gm

G2
m þ xCmð Þ2

ð2Þ

where, Cm and Gm are the measured capacitance
and conductance for any bias voltage and (=2p/T) is
the angular frequency. Thus, the voltage dependent
profile of Rs was calculated using Cm and Gm data in
the frequency range of 10–200 kHz by using Eq. 2
and is given in Fig. 7. These very significant values
demanded that special attention should be given to
effects of the Rs in the application of the admittance-
based measurement methods (C–V and G/x–V). As
seen in Fig. 5 the Rs–V plots exhibit a peak at about
0.1–0.4 V and it disappears at high frequencies due
to the charges at surface states.54–56 The magnitude
of this peak increases with decreasing frequency
and shift towards negative biases. In order to see
and eliminate the effect of Rs on the measured Cm

and Gm/x the Cm–V and Gm/x–V, plots (Figs. 3 and
4) were corrected using the following equations59

and were given in Fig. 6a and b, respectively.

CC ¼
G2

m þ xCmð Þ2
h i

Cm

xCmð Þ2þa2
ð3Þ

GC ¼
G2

m þ xCmð Þ2
h i

a

xCmð Þ2þa2
ð4Þ

where

a ¼ Gm � G2
m þ xCmð Þ2

h i
Rs ð5Þ

The correction was made on the C–V plot for the
effect of Rs, the values of the corrected Cc increases
with increasing voltage in depletion region (Fig. 8a).
On the other hand, the plot of the corrected Gc

decreases with increasing voltage both in accumu-
lation and inverse regions and also exhibits a
distinctive peak due to surface states in equilibrium
with semiconductor. It is clear that the values of Rs

and interfacial layer are more effective especially in
the accumulation region rather than Nss and the
effect of Rs can be eliminated at low frequencies.

The formation of barrier height (BH) between
material semiconductor as well as its magnitude
and nature are also very important on the electrical
characteristics. Usually, in the inversion or weak
depletion regions, C�2–V plot has a linear behavior,
and many diode parameters can be calculated from
the intercept and slope of this linear region. In this
region, the relationship between C and V in the
inversion region can be expressed as.55,57

C�2 ¼ 2 VR þ V0ð Þ
qesNDA2

ð6Þ

where VR is the reverse bias voltage, ND is the
doping concentration of donor atoms and V0 is the
intercept voltage at zero bias which can be

Fig. 7. The Rs–V plots of the Au/ZnS-PVA/n-Si (MPS) structure at
various frequencies.

Fig. 8. The voltage dependent measured and corrected profiles of C
and G plots (a) capacitance and (b) conductance of the Au/ZnS-
PVA/n-Si (MPS) structure for 200 kHz.
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determined from the extrapolation of the C�2–V plot
to the bias axis. The reverse bias C�2–V plots of the
Au/ZnS-PVA/n-Si (MPS) structure are presented for
various frequencies (Fig. 9). As can be seen in this
figure, C�2–V plots exhibit a straight line in wide
range of applied bias voltages for each frequencies.
Thus, the value of ND was obtained from the slope of
the linear part of C�2–V plot. The slope and
intercept voltage of the C�2–V plot are functions of
interface layer. Thus, the values of Fermi energy
level (EF), and doping concentration atoms (ND)
were calculated at various frequencies from Fig. 7
using the following relations:

V0 ¼ VD � kT

q
ð7Þ

EF ¼ kT

q
ln

NC

ND

� �
ð8Þ

The values of ND were determined from the slope of
the linear section of the C�2–V characteristics
(Fig. 7) for each frequency. The barrier height
UB(C–V) was calculated using the value of voltage
intercept Vo of the C�2–V plot at each frequency in
the relation below:

/B C� Vð Þ ¼ V0 þ
kT

q

� �
þ EF ¼ VD þ EF ð9Þ

The obtained experimental values of the Vo, ND, EF ,
and UB(C–V) are given in Table I. As it can be seen
in Table I, the value of UB(C–V) was found as
0.584 eV at 10 kHz and 0.764 eV at 200 kHz. At the
same time, the value of ND is 1.147 9 1015 cm�3 at
10 kHz while this value is 9.73 9 1014 cm�3 at
200 kHz. Such behavior can be entirely explained
on the basis of the assumption that not all the
surface states would follow the applied ac signal at
sufficiently high frequencies.54,58 Similar results
have been reported in the literature by Tecimer
et al.55 and Yücedağ et al.57 While the value of ND

decreases with increasing frequency, the value of
UB(C–V) increases as expected due to the effect of
Nss and polarization.

In order to determine the Nss effects on the C–V
and G/x–V characteristics, the voltage dependent
profiles of the Nss were also obtained using low–high
frequency capacitance (CLF–CHF) method by using
following relation 1054,56 and is given in Fig. 10.

Nss ¼
1

qA

1

CLF
� 1

Ci

� ��1

� 1

CHF
� 1

Ci

� ��1
" #

ð10Þ

where A is the area of the rectifier/Schottky contact,
q is the electronic change and Ci is the interfacial
layer capacitance of the structure.

As shown in Fig. 8, Nss–V plots have distinctive
peaks in the depletion region due to the spatial
distribution. Experimental results show that the
effect of Rs and interfacial layer on the C–V and G/

x–V characteristics are remarkable at high fre-
quencies. As shown in Fig. 8, the values of Nss are
very low and they are very suitable for an electronic
device. These results confirmed that the value of Nss

may be passivized by the ZnS-PVA interfacial layer.

Dielectric Properties

The e¢, e¢¢, tan d, M¢, and M¢¢ values of Au/ZnS-
PVA/n-Si (MPS) structure were investigated in
detail by considering the effects of interfacial layer,
polarization, surface states, and applied bias voltage
or electric field. When interfacial layer Rs and Nss

are present, the applied bias voltage on the struc-
ture will be shared among them.50,52,53 All of these
parameters are significant in the electronic devices.
The e¢, e¢¢, tan d¢, and M¢¢ values were obtained from
voltage and frequency dependent C and G data by
using the following formulas, respectively.57–59

e� ¼ e0 � je00 ¼ Cd=Aeo � j ðGd=xAeoÞ ð11Þ

tan d ¼ e00=e0 ð12Þ

M� ¼ 1

e�
¼ M0 þ jM00 ¼ e0

e02 þ e002
þ j

e00

e02 þ e002
ð13Þ

where j is the imaginary root of �1, A is rectifier
contact area in cm2, d is the thickness of the
interfacial layer, eo (=8.85 9 10�14 F/cm) is the
permittivity of free space. Figure 9 shows the
voltage-dependent values of the e¢ curves of the
structures at various frequencies

As shown in Fig. 11, e¢ was found to be a strong
function of voltage and frequency especially in the
depletion and accumulation regions and its value
increases as the frequency is decreased. The change
in the e¢–V plot with frequency can be related to
Maxwell–Wagner and space charge polariza-
tion.53,57,60 Especially at low frequencies, localized
charge dipole and surface states can easily follow

Fig. 9. The C�2–V plots of the Au/ZnS-PVA/n-Si (MPS) structure at
various frequencies.
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the ac signal and contribute to both the real and
imaginary parts of the dielectric constant
values.57,60

The e¢¢–V plots of Au/ZnS-PVA/n-Si structure
(Fig. 12) also show similar behavior with e¢–V plots
and they exhibit a peak in the accumulation region
such that the peak magnitude decreases with
increasing frequency. The peak position shifts
toward higher positive voltage region with increas-
ing frequency due to the surface and dipole polar-
izations and Nss under external electric field. Under
electric field, surface states can be restructured and
reordered. The magnitude of dielectric parameters
especially depends on the interfacial effect within
bulk of the sample, interfacial layer, surface states,
surface polarization, and electrode effect.53–57

The values of tan d of Au/ZnS-PVA/n-Si structure
as a function of voltage in the frequency range of
10–200 kHz are given in Fig. 13. The tan d–V plots
of the structures (Fig. 13) exhibit also an anomalous
peak behavior both in inversion and depletion
regions depending on e¢ and e¢¢ values.61 The peak
values of tan d–V decreased with increasing fre-
quency and the peak positions slightly shift towards
inversion region due to restructuring and reorder-
ing of Nss under external dc electric field. Also, it is

Table I. The obtained experimental values of the Vo, ND, EF andUB(C–V) electrical parameters of the Au/ZnS-
PVA/n-Si (MPS) structure at various frequencies at 300 K

f (kHz) Vo (eV) ND (cm23) VD (eV) EF (eV) UB (C–V) (eV)

10 0.323 1.147 9 1015 0.349 0.235 0.584
20 0.421 1.143 9 1015 0.447 0.235 0.682
30 0.464 9.597 9 1014 0.489 0.234 0.698
40 0.527 1.157 9 1015 0.552 0.235 0.787
50 0.511 1.121 9 1015 0.536 0.236 0.772
70 0.504 1.058 9 1015 0.529 0.237 0.766
100 0.568 1.068 9 1015 0.593 0.237 0.830
200 0.499 9.730 9 1014 0.525 0.240 0.764

Fig. 10. The experimental Nss–V profile of the Au/ZnS-PVA/n-Si
(MPS) structure obtained from the CLF–CHF frequency capacitance
method.

Fig. 11. Experimental e¢–V plots of the Au/ZnS-PVA/n-Si (MPS)
structure at various frequencies.

Fig. 12. Experimental e¢¢–V plots of the Au/ZnS-PVA/n-Si (MPS)
structure at various frequencies obtained from G/x–V plot.
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well known that the C and G/x are extremely
sensitive to the interface properties and Rs of the
structure.54,61 The obtained experimental tan d–V
plots have confirmed that the values of Nss and
interfacial polarization are effective when bias
voltages are applied. Similar results have been
reported in the literature,62 and such peak behavior
was ascribed to only interface states. Electric mod-
ulus formalism offers some advantages in the
interpretation of bulk relaxation phenomena in
complex systems.57–61 Thus, the evaluation of the
electric modulus as a function of frequency permits
one to detect the presence of relaxation processes in
the studied materials. M¢–V plots are also obtained
by using e¢and e¢¢ data for various frequencies and

given in Fig. 14. As can be seen in Fig. 12 the value
of M¢ decreases with increasing voltage while
increases slightly with increasing frequency. The
features of M¢–V plots are attributed to the relax-
ation, polarization in doped insulator and charges in
traps.60–62 Also the existence of charges in traps
gives rise to interfacial polarization.61

Figure 15 shows the frequency dependence of the
imaginary (M¢¢) part of the complex electric modulus
(M*) of the Au/ZnS-PVA/n-Si structure. As shown in
Fig. 13 M¢¢ is a strong function of frequency and
applied bias voltage and it increases with increasing
frequency almost in the whole applied bias voltage
range. M¢¢ values exhibit an anomalous peak and
the magnitude of this peak slightly increases with
decreasing frequency owing to the contribution to
the interface trap charges and similar results have
been reported in the literature.54,55,61,62 It is clear
that tan d is in close relation with the conductivity.
The alternating current (ac) conductivity rac is
calculated using the relation below.53

rac ¼ 2pf e0e
0 tan d ð14Þ

Figure 16 shows the behavior of ac conductivity
(rac) with voltage at various frequencies ranging
from 10 kHz to 200 kHz. It is clear that the value of
the rac almost increases with increasing voltage and
frequency due to the decreasing polarization with
increasing frequency.61–63 The increase in electrical
conductivity leads to an increase in the eddy current
which in turn increases the energy loss tan d.64

Similar behavior was observed in the literature by
Afendiyava et al.,65 who explained the increase in
rac with increasing frequency by the gradual
decrease in Rs.

Fig. 13. The variations of dielectric loss versus applied voltage for
various frequencies of Au/ZnS-PVA/n-Si (MPS) structure.

Fig. 14. The frequency dependence of the real part (M¢) of complex
electric modulus (M*) of Au/ZnS-PVA/n-Si (MPS) structure.

Fig. 15. The frequency dependence of the imaginary part (M¢¢) of
complex electric modulus (M*) of Au/ZnS-PVA/n-Si structure.
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CONCLUSION

The frequency and voltage dependence of electri-
cal and dielectric properties of the fabricated Al/
ZnS-PVA/n-Si (MPS) structures were investigated
in detail using C–V and G/x–V measurementsin the
frequency and voltage ranges of 10–200 kHz and
±3 V, respectively, at room temperature. The elec-
trical and dielectric properties of the MPS structure
was determined as function of frequency and
applied bias voltage by considering the effect of Rs,
Nss and interfacial layer. C–V and G/x–V plots of
Au/ZnS-PVA/n-Si (MPS) type structure for each
frequency clearly exhibit inversion, depletion and
accumulation regions like a metal–insulator–semi-
conductor (MIS) structure and their values decrease
with increasing frequency for each region. While
these discrepancies in the C–V and G/x–V plots at
inversion and depletion regions were attributed to
surfaces states (Nss), interfacial and dipole polar-
ization, the discrepancies of same plots at accumu-
lation region were attributed to Rs and interfacial
ZnS-PVA layer. Firstly, main electrical parameters
of the MPS structure such as the ND, VD, EF , and
UB(C–V) were obtained from the reverse bias C�2–V
plots for each frequency. The value of ND decreases
with increasing frequency, whereas the value of
UB(C–V) increases as expected due to the effect of
Nss and polarization. In order to determine the
effects of Rs and Nss on the C–V and G/x–V
characteristics, the voltage dependent profile of
the Rs and Nss of the structure were also obtained
using admittance and low–high frequency methods,
respectively. Rs–V and Nss–V plots, both, revealed
distinctive peaks in the depletion region due to the
spatial distribution. The peak observed in the Rs–V
plot was attributed to the spatial distribution of Nss

at interfacial layer/semiconductor interface and the
magnitude of peak decreases with increasing fre-
quency. Experimental results show that the effect of

Rs and interfacial layer on the C–V and G/x–V
characteristics are remarkable at high frequencies.
Therefore, the high frequency C–V and G/x–V plots
were corrected to eliminate the effect of Rs.
Secondly, main dielectric parameters such as e¢, e¢¢,
M¢, M¢¢, tan d, and rac were also obtained from the
measured C and G/x data and it was seen that these
parameters are strong functions of frequency and
bias voltage. All of experimental results confirmed
that Nss, Rs and interfacial layer of the MPS
structure are quite important parameters, which
strongly influence both the electric and dielectric
properties. In conclusion, the low values of Nss
(�109 eV�1 cm�2) and the value of dielectric con-
stant (e¢ = 1.3) of ZnS-PVA interfacial layer even at
10 kHz are very suitable for electronic devices when
compared to the SiO2. These results confirmed that
the ZnS-PVA has considerably improved the perfor-
mance of Au/n-Si (MS) structure while attaining the
property of a capacitor which stores electric charges
or energy. In addition, the C–V plot of the fabricated
Au/ZnS-PVA/n-Si (MPS) structure is close to the
ideal MIS type SBD behavior. As can be seen in
figures, the C–V plots do not have a large fluctua-
tion in inversion and accumulation regions due to
the low values of Nss and Rs.
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