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In the present study, cadmium sulphide (CdS) nanopowders were prepared by
using a simple physical ball milling technique, and their x-ray diffraction
(XRD) analysis confirmed the formation of hexagonal wurtzite structure of
CdS. The morphology of CdS nanopowders was characterized by scanning
electron microscope (SEM). Dielectric and electrical properties of the manu-
factured Al/(CdS-PVA)/p-Si (MPS) type structures were investigated by
capacitance—voltage (C-V) and conductance—voltage (G/wv-V) measurements
as functions of temperature and applied bias voltage at 500 kHz. Some main
parameters of the structure such as real and imaginary parts of complex
dielectric constants, ¢'(= ¢'—j¢”), loss tangent (tan §), a.c. electrical conductivity
(0ac), and real and imaginary parts of complex electric modulus, M*(= M’ +
JM”) of the structure were investigated in the temperature range between
230 K and 340 K. Ln(o,.)—q/kT curve showed a linear behavior. The value of
activation energy (E,) was obtained as 0.0601 eV at 5.0 V from the slope of
this curve. Moreover, argand diagrams of complex modulus were studied to

determine relaxation process of these structures.
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INTRODUCTION

Semiconductor—polymer nanocomposites films
have significant roles in the fabrication of electronic
and optoelectronic devices such as metal-polymer-
semiconductor (MPS) type solar cells (SCs), light-
emitting diodes (LEDs), or%anic field effect transis-
tors (OFETs) and sensors.'™ II-VI semiconductor
materials mixed with polymers can easily be
enforceable for all semiconductor devices based on
thin films.®>'® Among these semiconductor materi-
als, cadmium sulphide (CdS) shone through as an
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attractive compound for semiconductor device appli-
cations.!! In particular, cadmium sulphide nanopar-
ticles have aroused interest in the past two decades
since they have useful physical and chemical prop-
erties such as their bulk band gap energy that
varies from 2.17 eV to 2.48 eV at room tempera-
ture.’>'® The band gap can be increased by mod-
ifying the nanoparticle sizes in different quantum
confinement regimes. CdS has three types of crystal
structures, namely wurtzite, zinc blend and rock-
salt phase.'??® Among these, wurtzite is the most
stable of the three phases and can easily be
synthesized. In between the various polymeric
materials, poly(vinyl alcohol) (PVA) embedded CdS
which provides a good control over deposition and


http://orcid.org/0000-0003-2975-7392
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-018-6578-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-018-6578-x&amp;domain=pdf

Temperature and Interfacial Layer Effects on the Electrical and Dielectric Properties of Al/ 6601

(CdS-PVA)/p-Si (MPS) Structures

morphology in the material is a semi-crystalline and
water soluble polymer. PVA also exhibits very
important applications due to the role of the OH
group and hydrogen bonds that steers the growth
and morphology of embedded nanoparticles. In
addition, it is also a good insulating material with
low conductivity. However, high conductivity, high
dielectric constant and low dielectric loss can be
acquired by doping appropriate materials into the
PVA such as nickel (Ni), zinc (Zn), cobalt (Co), and
CdS.?"*2 In other words, their conductivity can be
increased by doping some materials which are also
protected by PVA against any oxidation. Recently,
because of some properties such as the transparency
in the visible range, good conglutination to hydro-
philic surfaces and formation of good oxygen resis-
tant films, PVA has become a more popular
material, and it is preferred in the fabrication of
numerous electronic devices.?>?*

Especially, metal/(metal-doped polymer)/semicon-
ductor (MPS) type structures have gained great
significance due to their potential application areas
in semiconductor technology, such as conventional
metal/semiconductor (MS) contacts with and without
interfacial insulator or oxide layer (MIS or MOS)
structures.?’"?*2° The performance and stability of
these devices are fairly affected by several factors,
such as surface preparation, growth, thickness, and
homogeneity of an interfacial polymer layer, doping
concentration of donor or acceptor atoms in the
semiconductor, series resistance (R,), temperature
of structure, applied bias voltage, and also the
interface morphology, barrier height (BH), and sur-
face states (INg) at the M/S interface.30‘§’2 Among
these, especially the interfacial layer, the shape of
BH, R, N, and sample temperature play significant
roles in the electrical and dielectric behavior of MPS
type structures. The polymeric layer may lead to
interface state charges with voltage due to an
external electric field in the dielectric layer and
affect both the electrical and dielectric proper-
ties.?®3* The temperature and voltage dependent
impedance spectroscopy technique that includes C-V
and G/w-V measurements yield sufficient informa-
tion on the electrical and dielectric characteristics of
the MIS and MPS type structures. On the other hand,
when these measurements were carried out, only one
temperature or voltage is not able to supply sufficient
information on the conduction mechanism, electric
and dielectric properties. Therefore, to obtain more
information on the electric and dielectric properties,
the values of C and G/w were measured in the
temperature and voltage range of 230-340 K and
(= 3 V)—(— 5V), respectively.

In our previous study,?® we published the fre-
quency and voltage dependent electrical character-
istics of Al/(CdS-PVA)/p-Si (MPS) type structures.
The frequency dependence of C-V and G/w-V
characteristics of structure took into account the
effects of N, Rs and interfacial layer. Therefore,
this study aims to measure the electric and

dielectric properties of Al/(CdS-PVA)/p-Si (MPS)
type structures as a function of temperature in the
wide range of applied bias voltage in order to
determine the variations of both the real and
imaginary parts values of ¢* and M*, tan 6 and
0ac- The value of E, was obtained from the In(o,.)—q/
kT curve. Furthermore, argand diagrams of com-
plex modulus were studied to determine the relax-
ation process in Al/(CdS-PVA)/p-Si (MPS) type
structures.

EXPERIMENTAL DETAILS

In the present study, CdS crystals were used for
the fabrication of diode materials. These were
commercially purchased. PVA polymer was
obtained from Merck. Relevant information on the
structure of Al/CdS-PVA/p-Si SBDs and technical
details of the manufactured stages can be found in
our previous study.?® For the measurements, the
samples were mounted on a copper holder and then
consequently electrical contacts were established
with the upper electrodes by Cu wires using silver
paste. The impedance measurements were per-
formed by using the HP4192A impedance analyzer
at 500 kHz and at a temperature between 230 K
and 340 K.

RESULT AND DISCUSSION

The XRD characterization showed that peak
broadening in CdS powder was ascribed to the
formation of nanostructure which has no amor-
phous phase formed in milling conditions. The XRD
image of CdS nanopowder prepared by the ball
milling method is given in Fig. 1. The mean crys-
tallite size of the CdS nanoparticles was calculated
using the Debye—Scherrer’s formula:

D =0.947/fcos?. (1)

Here, D is the mean crystallite size, f is the full-
width at half maxima of the prominent peak and
other quantities are already well known in the
literature.'” The crystallite size of the sample was
estimated below 30 nm. The morphology of the
products was examined by SEM, for which the
records are shown in Fig. 2. An overview of images
for CdS nanoparticles showed that the product
consists of nearly monodispersed spherical agglom-
erates of about 20-80 nm in diameter which aggre-
gate in the form of big polydispersive clusters.

The C-V-T and G/o—V-T characteristics in the
temperature range of 230-340 K at 500 kHz are
shown in Fig. 3a and b, respectively. It is obviously
seen from Fig. 3a and b that both characteristics of
C and G/o increase with increasing temperature,
particularly in the depletion region. The semi-
logarithmic I-V plot of the device is also indicated
in the inset of Fig. 3a and the main electrical
parameters such as reverse saturation current (1),
ideality factor (n), barrier height (dpg), series
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Fig. 1. XRD pattern of CdS nanopowder prepared by the ball milling
method.
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Fig. 2. SEM image of CdS sample prepared by the ball milling
method.

resistance (R,), shunt resistance (Rg,), and rectifier
rate (RR) of the semi-logarithmic I-V plot of device
were calculated in the inset of Fig. 3a. The obtained
values are also given in Table I. As it can be clearly
seen from Fig. 3b, there is an increase in the G/
depending on temperature. This increase may stem
from activated charge carrier mobility with temper-
ature in the interfacial layer. The cause of this
behavior may also be ascribed to the distribution in
interfacial layer of the space charge.?>3¢ Aside from
that, the characteristics in the Fig. 3a indicate a
concave peak in the accumulation region at temper-
atures that are higher than room temperature. The
positions of the concave peak varied under the effect
of temperature and voltage. In other words, peak
positions shift towards lower voltage with increas-
ing temperature owing to restructuring and
reordering of charges that occur in traps with
influence of temperature under the electric field.
This peak of C—V-T can be ascribed to the presence
of Ry and CdS-PVA at the interface and their
inhomogeneities.
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Fig. 3. Temperature-dependent plots of the (a) C-V and (b) G/w-V
characteristics at 500 kHz for Al/(CdS-PVA)/p-Si structure. The inset
in (a) is the plot of the semi logarithmic I~V characteristic of the
structures at 300 K.

The real R, of MPS structures can be extracted
from the measured capacitance and conductance in
the powerful accumulation region at 500 kHz with
the following equation®’—3:

Gm

TG (ol ?

s

Here, C,, and G,, represent measured values of C
and G at various bias voltages. R, characteristics
calculated by using Eq. 2 are given in Fig. 4 as a
function of voltage for various temperatures.
Figure 4 shows that values of R, decrease as
temperature increases. At high temperatures, the
trap charges have adequate energy to get rid of
traps situated between the metal and semiconduc-
tor interface.*’ Figure 4 clearly reveals that R, gives
a peak in the voltage range of 2.0-3.0 V for 230 K,
260 K, 280 K and 300 K. On the other hand, it gives
two peaks in the voltage ranges of 1.0-2.0 V (the
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Table I. Main electrical parameters of Al/(CdS-PVA)/p-Si structure

I, (A) n

Dpo (eV)

3.66 x 1071 1.93 0.885

les (SZ) Izsh (S}) 1213

1.78 x 10® 2.44 x 10° 1.37 x 10®

1500

1250

250

Fig. 4. Voltage dependent of Rs for Al/(CdS-PVA)/p-Si structure.

first peak) and 2.5-3 V (the second peak) for 320 K
and 340 K, respectively. The peak observation in R
versus V curve can be attributed to the existence of
N and their reordering and restructuring under
the effect of an electric field.2"3*37 The values of ¢,
¢’, tan 0, and g, as a function of temperature were
calculated from the experimental C,, and G,, data
by using the following formulas, respectively®>3":

¢ =¢ —j¢' = Cd/Ae, —j (Gd/wAs,), (3)
tano =¢"/¢, (4)

0ac = wCtan 6(d/A) = &' we,. (5)

Here A, d, (= 8.85 x 1072 F/m), j and o (= 27/
represent the contact area, interfacial layer thick-
ness, permittivity of free space, and the angular
frequency, respectively.

The temperature response of ¢, ¢”, and tan § at
500 kHz for MPS structure are shown in Fig. 5a, b,
and c, respectively. As shown in these figures, both
the values of ¢’ and ¢” increase with the increasing
temperature and bias voltage. The increase of
temperature and voltage leads to the form of defects
in the periodic lattice and mobility of the majority
charge carrier increases. The basic causes of rise in
the values of ¢" and ¢” may be both the ion jump and
the orientation besides the changing concentrations
of the charge carriers. Moreover, the increase in
temperature triggers a widening of molecules which
give rise to slight increase in the electric dipole

’7

polarization.*! The values of ¢” give a peak at about
320 K for 2.0 V and 2.5 V, while the values of tan 6
(Fig. 5c¢) give a peak about 300 K for 2.5 V, and the
peak shifts toward high temperatures and disap-
pears for lower applied voltages.?®*? The variation
in the values of ¢, ¢” and tan 6 emerging with
temperature variations can be ascribed to the space
charge polarization, surface states and dislocations
in Si band-gap and electric field.*?

Figure 6 indicates the temperature response of
the ¢, for Al/(CdS-PVA)/p-Si (MPS) type structure
at 500 kHz. It is clear that the variation of o,
depending on temperature shows almost an expo-
nential increase. The exponential increase of o,
stems from the decrease in R; as temperature
increases. In other words, charges in the interfacial
layer gains thermal energy with increasing temper-
ature. These results are compatible with the liter-
ature.>®** According to the literature,**™*° the
increase in the o, at high temperatures is the due
to defects of structure, which reside at the grain
boundaries. These defects stretch out to the bottom
of the conduction band (E.) in the semiconductor;
hence, they have small E,. Once the electrical
conduction in the structure is thermally activated,
the temperature response of the ¢,, can be defined
with the following formula**:

Gac = 00 €XP <_Zjl§a) . (6)

Here, g, k, and q¢ embody electrical conductivity at
endless temperature, the Boltzmann constant, and
the electronic charge.

Arrhenius plot (Lin(6,.)—q/kT) of the ac conductiv-
ity at 500 kHz is shown in Fig. 7. The activation
energy (E,) value was obtained as 0.0601 eV from
the slope of g, versus q/kT.*® The obtained activa-
tion energy value is at a low level. The reason for a
low E, value is the re-emergence of recombination
causing more and more separations from thermio-
nic-emission behavior increasing temperature. It is
additionally stated here that the bulk-trap level
reaches out above the internal Fermi energy level
(Er) and walks up to the E, band border.*°

Figure 8a and b demonstrate the M’ and the
imaginary M” versus the temperature response for
MPS structure at 500 kHz. According to the liter-
ature, complex electric modulus (M*) formalism of
MPS structures are inferred from dielectric proper-
ties of structures.?*°1°2 Hence, the complex permit-
tivity (¢* = 1/M*) relation is turned into the M*
relation using the following formula:
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1 / U
M*Z——M/—i—j " +j

o=

(7)

&
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It is clearly observed that the values of the M’
decrease with increasing temperature and voltage.
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Fig. 7. Arrhenius plot (Ln(cac)—q’kT) at 500 kHz for Al/(CdS-PVA)/p-
Si structure.

However, the values of the M” decrease with
increasing temperature, whereas its values increase
with increasing voltage. Particularly the imaginary
part of the electric modulus has become nearly
temperature independent at 0.5 V. These results
are compatible with the literature.?351%2

The variation of M” versus M’ plots for the Al/
(CdS-PVA)/p-Si structure is shown in Fig. 9. Argand
diagrams of the complex modulus have the singular
relaxation process at 230-280 K owing to one
semicircle, while these diagrams have a double
relaxation process at 300-340 K owing to a double
semicircle. The double semicircle at the 300-340 K
indicates more than one relaxation mechanism
included in the Argand diagrams. This behavior of
complex modulus resembles what is known as the
Cole—Cole diagrams plotted for complex permittiv-
ity.?®> The origin of relaxation process can be
ascribed to the surface and dipole polarization
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Fig. 8. The real and imaginary parts of electric modulus M (a) and
M’ (b) versus temperature for Al/(CdS-PVA)/p-Si structure at
500 kHz.

effects. The appearance of a double semicircle can
also be evidence for the absence of co-contribution
from the grain effect in the grain boundary.?* These
diagrams exhibit more of a semicircle as tempera-
ture increases because of the fact that the relaxation
process for the Al/(CdS-PVA)/p-Si structures is
better activated at room and higher temperatures
than low temperatures where a h (])pplng process of
charge carriers is predominant.’®"® More recently,
similar results have been observed in the
literature.?"%®

CONCLUSION

In the present study, firstly, CdS nano-powders
were prepared by the physical ball milling method.
The morphology of the sample was characterized by
SEM. After that, we investigated the impedance
spectra at the temperature range of 230-340 K and
applied bias voltage range of (— 3V) to (+ 5V) at
500 kHz frequency to determine the effects of
voltage, temperature and interfacial layer on the

——230K

Fig. 9. Argand diagrams of electric modulus of the Al/(CdS-PVA)/p-
Si structure in the temperature range of 230-340 K.

electrical and dielectric properties of the Al/(CdS-
PVA)/p-Si (MPS) type structures. The electrical and
dielectric properties of the prepared sample such as
the ¢, &7, tan 6, M’, M”, Rs and o,, were found to be
as strong functions of voltage and temperature. In
the depletion region, both the values of C and G/w
increase with increasing temperature. The values of
capacitance start to increase rapidly in a forward
bias region range of 1.5-3.0 V especially at room
temperature and higher temperatures. This kind of
characteristic is mostly ascribed to the molecular
restructuring and reordering of the interface states
and R,. In addition, the o, increases as voltage and
temperature increase. These increases in og,. with
increasing temperature were ascribed to the
absence of sufficiently free charge carriers at low
temperatures. The R, decreases as voltage
increases, while it increases with increasing tem-
perature in the depletion region. The voltage and
temperature dependences of R, were ascribed to the
particular distribution of interface states and inter-
facial layer. The results also indicate that the values
of ¢, ¢’ and tan J increase with increasing temper-
ature and voltage. The basic causes of rise in the
values of ¢’ and ¢” may be both the ion jump and the
orientation besides the changing concentrations of
the charge carriers. Moreover, the variation of the

¢’ and tan 6 depending on temperature can stem
from space charge polarization caused by impurities
or defects at the metal/polymer interfacial layer.
The values of E, was obtained from the slope of Ing
versus g/kT graph and calculated as 0.0601 eV for
230-340 K at 500 kHz. The M’ decreases as tem-
perature and voltage increase. Yet, the M”
decreases with increasing temperature, while it
increases with increasing voltage. These variations
with voltage and temperature in the electric mod-
ulus can stem from the space charge polarization



6606

caused by impurities or interstitials in the struc-
ture. Finally, the relaxation behaviors were exam-
ined by considering modulus formalism. For the Al/
(CdS-PVA)/p-Si (MPS) type structures, the double
relaxation process, which is related to grains and
grain boundaries, and hopping processes were
demonstrated between the temperatures of 300-
340 K. On the other hand, it was observed that only
one relaxation process was in the range of 230—
280 K. Both cases have different conductivity pro-
cesses due to grain and grain boundary, since the
grain has a higher conductivity than grain bound-
aries. On the other hand, grain boundaries have
high resistance at the edges, at which charge
carriers are collected.
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