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Abstract

In this study zinc sulphide (ZnS) nanostructures have been prepared by microwave-assisted method in presence of polyvinyl
alcohol (PVA) as a capping agent. The structural and morphological properties of prepared sample have been investigated
by X-ray diffraction (XRD) and scanning electron microscopy (SEM). These analyses confirm that the sample has nano
structure. They have been used this sample to fabrication of Al/ZnS-PVA/p-Si structure. The effect of temperature and voltage
on the electrical and dielectric parameters of the Al/ZnS-PVA/p-Si (MPS) structures has been investigated in the wide range
of temperature (140-340 K) and voltage (—2 V to +4 V) using capacitance/conductance-voltage (C/G-V) measurements
at 500 kHz. Experimental measurements revealed that the values of C/G-V increase with increasing temperature but the
values of series resistance (R,) increase with decreasing temperature. As well as the dielectric parameters such as the values
of real and imaginary parts of the dielectric constants (¢' and €") and electric modules (M'and M"), loss tangent (tand), and
ac electrical conductivity (6,.) were obtained using C and G/w data. These parameters are found out as strong functions of
temperature and voltage. While the values of €', €” and tand increase with increasing temperature, the values of 6,., M' and
M" decrease. The Arrhenius plot (In(c,.) vs g/kT) shows two distinct linear ranges with different slopes or activation ener-
gies (E,) at low (140-230 K) and high (260-340 K) temperatures. Both values of R, and (ZnS-PVA) interfacial layers are
also very effective parameters on the electric and dielectric properties.

1 Introduction and solar cells [1-7]. The sample temperature and applied
bias voltage are two important parameters on the conduc-
tion mechanism, electrical and dielectric properties of these

devices. It is well known that the electrical measurements

The polymeric materials fabricated on semiconductors
play a significant role in the description of the characteris-

tic parameters of the metal-polymer-semiconductor (MPS)
devices. Researchers have paid so much attention to the
fabrication and electrical characterization of metal—insu-
lator/polymer—semiconductor (MIS/MPS) devices such as
Schottky barrier diodes (SBDs), transistors, p—n junctions,
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at one point or in the narrow ranges of the temperature and
voltage cannot provide sufficient information to us about
conduction mechanism and main electrical and dielectric
parameters of the devices.

In addition, both electrical and dielectric properties of
these devices are influenced by various non-idealities such
as series resistance (R,) [1, 8, 9], interface layer and surface
states [10—12]. Some polymers can be preferred owing to
their electrical, dielectric and physical properties over a wide
range of temperature and frequencies because their optical
and electrical properties are very suitable in the devices
aimed to be fabricated.

Among various polymers, poly (vinyl alcohol) (PVA),
as one of the most important polymers, has received
considerable interest because of its unique chemical
and physical properties as well as its industrial appli-
cations [4, 10, 13]. In addition, polyvinyl alcohol is a
potential material having a very high dielectric strength
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(> 1000 kV/mm), good charge storage capacity and
dopant-dependent electrical and optical properties [14].
Zinc sulphide (ZnS) is one of the most important group
II-VI semiconductors with direct wide band gap about
3.7 eV at ambient temperature with many excellent chem-
ical and physical properties which has promising appli-
cations in a lot of technical fields including electrolumi-
nescence, field effect transistors, light-emitting diodes,
catalysis, sensors [15] and so on. It has low absorption
coefficient in the visible range of optical spectrum and
good electrical properties. Many methods such as solvo-
thermal, chemical bath deposition, hydrothermal, thermal
evaporation, sonochemical, wet chemical process, solid
state, micro-emulsion, microwave irradiation have been
developed for preparation of ZnS nanomaterials [16-18].
Among these synthesis methods, the microwave assisted
method has proven to be a simple method for the produc-
tion of nanomaterials. Compared with the conventional
methods, the microwave synthesis has the advantages of
a short reaction time, small particle size, narrow particle
size distribution, and high purity [19, 20].

In the previous study [21], both electrical and die-
lectric properties of the fabricated Al/(ZnS-PVA)/p-Si
(MPS) structures have been investigated as function of
frequency and voltage by using C-V and G/w-V meas-
urements in wide range of frequencies 10 kHz—5 MHz at
room temperature and we found that the values of &', €,
and tano increase with increasing frequency, whereas M’
and o, decrease. The changes in these parameters with
temperature are also more important with temperature and
applied bias voltage. Therefore, in this study, we aimed
that the characterization and investigation of the electri-
cal and dielectric properties of the fabricated Al/(ZnS-
PVA)/p-Si (MPS) type structures both in the wide range
of temperature and voltage at 500 kHz. Experimental
results confirmed that these parameters are considerably
as function of temperature and applied bias voltage espe-
cially in depletion and accumulation regions due to the
existence of interfacial polymer layer and surface states
between metal and semiconductor and series resistance of
the structure. While the values of €', ¢” and tané increase
with increasing temperature, the values of ¢,., M"and M"
decrease. The Arrhenius plot (In(c,,) vs. g/kT) shows two
distinct linear ranges with different slopes or activation
energies (E,) at low (140-200 K) and high (230-340 K)
temperatures. Both values of R, and (ZnS-PVA) interfa-
cial layers are also very effective parameters on the elec-
tric and dielectric properties.
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2 Materials and methods

2.1 Preparation of polyvinyl alcohol (PVA)
stabilized ZnS nanostructures

Zinc acetate ((CH;CO,)2 Zn-2H,0), sodium sulphide
(Na,S-9H,0), polyvinyl alcohol (PVA (C,H,0),) pow-
der and absolute ethanol were obtained from Merck and
directly employed without purification. PVA-Capped ZnS
nanostructures were prepared using the following typical
procedure: 0.87 g (CH;CO,)2 Zn-2H,0 (0.2 M) and 0.48 g
Na,S-9H,0 (0.1 M) were dissolved in 20 mL distilled
water and 1 mL PVA (5%) was added to mixture solution.
Then the solution was placed into a homemade microwave
oven (model: LG, 600 W) and was heated under micro-
wave irradiation for five minutes under a refluxing system.
The prepared suspension was centrifuged to get the pre-
cipitate 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.

2.2 Fabrication of Al/PVA-ZnS/p-Si structure

Al/ZnS-PVA/p-Si (MPS) type structures were fabricated
on N-doped (p-Si) single Si wafer with (100) orientation,
~ 300 pm thickness and 1-10 Q cm resistivity. The structure
of Al/ZnS-PVA/p-Si structure and the details of its fabrica-
tion processes have been given in our previous study [21].

2.3 Instrument

The structural characterization of nanocrystals was car-
ried out by analyzing X-ray diffraction (XRD) patterns,
obtained using a Philips X’Pert, X-ray diffractometer using
CuKa radiation (wavelength =1.54056 A). The surface
morphology of samples was analyzed using a scanning
electron microscope (SEM), LEO, 1430VP at 15 kV accel-
erating voltage. The capacitance—voltage (C—V) and the
conductance voltage (G/o—V) measurements of the Al/
ZnS-PVA/p-Si (MPS) type structures were performed in
the temperature range of 140-340 K at 500 kHz using an
HP 4192A LF impedance analyzer (5 Hz—13 MHz) and
a test signal of 50 mV peak to peak. All measurements
were carried out in a Janes vpf-475 cryostat, which ena-
bled us to make measurements in the temperature range
of 77-450 K. The samples, temperatures were controlled
by using a Lake Shore model 321 auto-tuning temperature
controller with sensitivity better than +0.1 K. In addi-
tion, all measurements were carried out with the help of
a microcomputer with an IEEE-488 ac/dc converter card.
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3 Results and discussion Table 1 Peaks position and their size
. . Peak (Miller Indices) Position (20) Crystal
3.1 Stractural and morphological analysis size
(nm)

3.1.1 XRD 11 28.6524 29

. 220 48.3290 34
Figure 1 shows the XRD pattern of ZnS-PVA nanostruc- 5, 574539 27

ture prepared by microwave-assisted method. No additional
peaks were observed, but the intensity of peaks is low and
the peaks are relatively noisy. As can be seen in Fig. 1, the
observed three different diffraction (111), (220) and (311)
peaks are corresponding to the cubic crystalline ZnS with
cubic structure (JCPDS Data file: 05-0566-cubic). On the
other hand, the relatively noisy behavior of the XRD pat-
tern indicates the existence of the amorphous PVA materials
inside the structure.

The mean crystallite size of ZnS-PVA nanostructures was
calculated using Debye—Scherer’s equation:

D =0.9A/PcosO (1)

In Eq. (1), D is the average crystalline size, A is the wave-
length of Cu Ka, f is the full width at half maximum of the
diffraction peak and 0 is the Bragg’s angle [22]. Table 1
shows the list of peaks, their position and the size of crystal.

The estimated nanostructure size using Debye—Scherer’s
equation show that nano-crystallite size of prepared sample
is below the 35 nm and the mean nano-crystallite size is
30 nm.

3.1.2 SEM analysis

Figure 2 shows the scanning electron microscopy of ZnS-
PVA nanostructure prepared by microwave-assisted method.
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Fig. 1 XRD pattern of ZnS-PVA sample

The SEM image show that the particles of ZnS-PVA sam-
ple are in nano scale and have uniform spherical shape.

3.2 Electrical and dielectric properties

The C-V and G/w-V measurements of semiconductor
devices such as MPS, MIS or MOS type structures must be
wide range of the temperature. It is well known that the elec-
trical measurements at one point or in the narrow ranges of
the temperature and voltage cannot provide sufficient infor-
mation to us about conduction mechanism and main electri-
cal and dielectric parameters of the devices. Therefore, in
this study, the C-V and G/w—V measurements of the Al/ZnS-
PVA/p-Si (MPS) structures have been measured in the wide
temperature range (140-340 K) at 500 kHz frequency and
are given in Fig. 3a, b, respectively. Because at sufficiently
high frequencies (f> 500 kHz), interface states (V) cannot
follow the ac signal [23-27]. In other words, the effect of
N, can be neglected low and so cannot any contribution
to the measured of C and G values. But the value of R is
effective on the C—V and G/w-V plots especially at accumu-
lation region. As shown in Fig. 3a, b, both C-V and G/w-V
characteristics exhibit accumulation, depletion and inversion
regions. It is clear that both values of C and G/ increase
with increasing temperature in the whole measured range.

Signal A=QBSD D Nov 2015
Photo No. =7585  Time :17:12:40

EHT = 15.00 kv WD= 5mm

Fig.2 SEM image of ZnS-PVA sample

@ Springer



12738 Journal of Materials Science: Materials in Electronics (2018) 29:12735-12743
a oxio b 25x10°
30x10-12
140K
170K [zsao i
810" 4 200K
" 20x10°6 - 230K | o
260K on o
280K |*E" .n °,
7x10-1 o . o mx{?w ... -
. 15x10° 320K . ‘t.
— = 340K | g ’ VA |
L oex10 3 i = i
© (3 . Sasazaitassatansant 2440 f P :
10x106 05 00 05 A
V(V)
5x101 4 )
b " 5x10°
4x101 M
0 :
307 : . : : " " 2 1 0 1 2 3 4 5 6
V(v) V(V)

Fig. 3 Capacitance—voltage (C-V) (a) and conductance—voltage (G/w—V) (b) plots of the Al/ZnS-PVA/p-Si (MPS) structure at various tempera-

tures and at 500 kHz
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Fig.4 R~V plots of the Al/ZnS-PVA/p-Si (MPS) structure at various
temperatures at 500 kHz

As explained above, the R, of the diode is important
parameters which are more effective on the C-V and
G/w-V characteristics. Therefore, the calculation of R, as
a function of temperature and voltage is more important.
Thus, the voltage dependent profile of R, was calculated
according to Eq. (2) for each temperature and is given in
Fig. 4 for each temperature.

R —Gm

5= 2 2)
G2 + (wC,,)

But the reel value of R, is corresponding to the

strong accumulation region at enough high frequencies

@ Springer

(f>500 kHz) according to Nicollian and Brews [28]. As
seen in Fig. 4, the R, versus V plots give a peak for each
temperature and peak position shifts toward negative bias
region with increasing temperature and the magnitudes of
the peak decrease with increasing temperature, indicating
that the trap charges need less energy to escape from traps
at high temperatures.

It is well known both the electrical characteristics and
dielectric properties of the MS structure with and with-
out an interfacial insulator or polymer layer are strong
depended on temperature and voltage. Therefore, the main
dielectric parameters such as ¢’, €”, tand, M', M' and o,
of the Al/ZnS-PVA/p-Si (MPS) structures have been also
investigated using the measured C and G data in the wide
range of temperature and voltage. Firstly, the ¢’ and &”
values of were obtained by using the following formulas
and are given in Figs. 5, 6, respectively.

£=£'—j£”=c—d—j Gd
Ag, wAeg,,

where j is the imaginary root of — 1, C and G are the meas-
ured capacitance and conductance of the dielectric, A is rec-
tifier contact area (7.85 X 1073 cmz), d is the thickness of the
interfacial ZnS-PVA layer (500 A), &, =8.85x 10~ '* F/cm
is the permittivity of the vacuum.

As shown in Figs. 5 and 6, both values of ¢’ and &”
increase with increasing temperature especially in deple-
tion and accumulation regions due to reordering and
restructure under electric field and temperature. The rate
of increase, as the temperature causes a loosening of the
rigid structure, resulted from an increase in the dipole

3
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Fig.6 a&e"-V and b ¢"-T plots of the Al/ZnS-PVA/p-Si (MPS) structure

orientation and, hence, an increase in ¢’ [24]. It is clear
that both the values of ¢’ and €” are strong function of
temperature and voltage at 500 kHz. While the value of
C decrease in the strong accumulation region, the value
of G stars to increase. Such behavior of C and G is called
inductive behavior. In other words, the minimum value of
C is corresponding to G for each temperature.

The value of loss tangent (tand) can be extracted from as
following equation

n

€
tané = ’ 4)

The voltage and temperature dependent profile of tand
was calculated from Eq. (4) and given in Fig. 7. As shown
in Fig. 7a, b, the value of tand decrease with increasing

temperature and they remain constant in the inversion region
(at negative bias voltage). The increase in electrical conduc-
tivity (c,.) leads to increase in the eddy current which in turn
increases the energy loss tangent.

The complex dielectric constant (e¢* = 1/M*) data
are changed into the complex electric modulus formula
(M*=M'+jM"). Thus real (M") and the imaginary compo-
nent (M") of M " were calculated from &’ and " by using
Eq. (5) and are presented in Fig. 8a, b, respectively.

!’ 4
E

M*:ei*zM’ﬂ'M": 6)

J
8’2 + 6”2 5/2 + 8”2

As can be seen in Figs. 7 and 8 the values of M'and M"
were also found to be a strong function of temperature and
voltage. The values of M'and M" reach a maximum constant

@ Springer
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value corresponding to M, = 1/e_, due to the relaxation pro-
cess. It is clear that the value of M’ decreases with increasing
temperature and voltage, whereas M" gives a peak for each
temperature (Fig. 9a, b).

The temperature region below the peak frequency of M”
versus frequency spectra determines the range in which
charge carriers are mobile over long distances [25, 29-33].

The AC electrical conductivity (o,,.) of the structures was
obtained from the following equation and given in Fig. 10.

(6)

Figure 10 shows the temperature dependence of the ac
electrical conductivity of the Al/ZnS-PVA/p-Si (MPS)
structures. It is clear that the value of ¢, increases with

0, = 2nfe, € tan s

@ Springer

increasing temperature. The increases in the electrical con-
ductivity at high temperatures are attributed to the impuri-
ties or dislocations which reside at the grain boundaries

[34-36].
qE,
kT

Figure 11 is illustrating the Arrhenius plot of the ac
conductivity at 500 kHz. As can be seen in Fig. 11, In(cac)
versus q/kT plot for the structure has two distinct linear
regions with different slopes. Such behavior of these
plots confirmed the existence of two different conduc-
tion mechanisms which correspond to the low and high

G, = G exp(— @)
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Fig. 10 Voltage dependence of the ¢, at various temperature (140—
340 K) for the Al/ZnS-PVA/p-Si (MPS) structure and at 500 kHz

temperature regions. The obtained values of 6, and E,, for
various applied voltages at accumulation region are tabu-
lated in Table 2. It is clear that the value of E, is enough
high for each voltage due to the sum of energies required
for the generation of the charge carriers and their motion
into vacancies.

All of these experimental results show that the existence
an interfacial polymer layer and surface states between
metal and semiconductor, and series resistance of structure
can be caused important fluctuations both in the electrical
and dielectric properties [37-43]. While the temperature
becomes increase, forbidden band gap of semiconductor
becomes decrease and so more and more electrons can
easy pass from valance band to conduction band or trap
to trap and lead to the increase of conductivity. Therefore,

Fig. 11 Temperature dependence of the Ino,. versus q/kT plots for
various applied bias voltage of the Al/ZnS-PVA/p-Si (MPS) structure
at 500 kHz

Table 2 The obtained values of 6, and E, for various applied voltage
at accumulation region for various applied bias voltage

Voltage (V)  Low temperatures High temperatures
6, (S/cm) E,(meV) o, (S/cm) E,(meV)
1 2301077 499 1.28x107* 169
2 1.05x107* 396 1.00x107*  28.1
3 2.17x107% 463 239%107°  21.6
4 6.32x107%  45.0 5.28x107*  18.6

both the electric and dielectric properties in the MIS and
MPS type structures are strong function of temperature
and voltage and these changes becomes more effective
especially at low temperatures, but while a specially

@ Springer
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density distribution of surface states are more effective in
the depletion and accumulation regions, series resistance
of the structure is effective only at accumulation region,
respectively.

4 Conclusion

In this study, (ZnS doped PVA) nanostructures have been
prepared by microwave-assisted method and its structural
and morphological properties have been investigated by
XRD and SEM methods. The observed three different dif-
fraction (111), (220) and (311) peaks are corresponding to
the cubic crystalline ZnS with cubic structure (JCPDS Data
file: 05-0566-cubic). The relatively noisy behavior of the
XRD pattern indicates the existence of the amorphous PVA
materials inside the structure. The prepared (ZnS-PVA)
nanostructure has been used as interfacial layer between
Al and p-Si to prevent interfusion and reaction between
of them. The temperature dependence of the electrical and
dielectric properties of the fabricated Al/(ZnS-PVA)/p-Si
(MPS) structures was also studied in detail in the wide range
of temperature (140-340 K) and voltage (-2 Vto +4 V)
using capacitance/conductance-voltage (C/G—V) measure-
ments at 500 kHz. The increase of C and G with increas-
ing temperature was attributed to the decrease of forbidden
band gap of semiconductor with increase temperature. Thus,
more and more electrons can easy pass from valance band
to conduction band and lead to the increase of conductiv-
ity. Contrary to the value of G or o, the real value of R,
which is corresponding to the strong accumulation region
decrease with increasing temperature. Similarly, the dielec-
tric parameters are also found a strong function of tempera-
ture and voltage. While the values of €', " and tand increase
with increasing temperature, the values of cac, M’ and M"
decrease. The observed two linear regions with different
slopes for various applied bias voltages in the Arrhenius
plot (In(cac) vs. g/kT) show that the existence two different
conduction mechanisms which are corresponding to the low
(140-230 K) and high (260-340 K) temperatures. The value
of activation energy (E,) are found from the slope of these
plots for two regions and its value for high temperatures
is found lower than low temperatures due to gain enough
thermal energy, thermal velocity and shrinking band gap
of semiconductor. These experimental results show that the
existence an interfacial polymer layer and surface states
between metal and semiconductor, and series resistance of
structure can be caused important fluctuations both in the
electrical and dielectric properties.
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