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Published online: electric modulus (M = M’ + jM"), and ac electrical-conductivity (s,.) of the
17 July 2021 performed Au/(NiS:PVP)/n-Si structures were extracted from the measured

impedance-spectroscopy method (ISM) in frequency range of 10 kHz-1 MHz
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Nature 2021 values, more particularly in the depletion and accumulation regions. The
decrease of dielectric-constant (¢'), dielectric-loss (¢”), and tand with increasing
frequency for almost every voltage were explained by Maxwell-Wagner type
relaxation processes. The observed higher-values of ¢’ and ¢” at low frequencies
result from surface-states (IN;,) and dipole-polarization. Since N, has sufficient
time to keep up with the applied voltage signal, dipoles can respond to the
electric field to reorient themselves. An increase in M' values was observed at
increasing frequency values attributed to the long-distance mobility of the car-
riers. On the other hand, the observed peak in the M” — In (f) curves was
attributed to a distinctive distribution of N, located at Au/(NiS:PVP) interface
depend on their lifetime. The obtained value of ¢ even at 10 kHz at 3 V is
indicated that the used (NiS:PVP) organic-interlayer can be used a superior
alternative instead of SiO, or SnO, which are conventional interlayers thanks to
its low-cost, flexibility, easy production techniques such as spin-coating or
electro-spinning technique at room condition, successfully.
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1 Introduction

For determination of the performance of the metal-
semiconductor (MS) structures with a thin film such
as polymer and ferroelectric interfacial layer (MPS
and MFS) well, it depends on a detailed study of their
both electrical and dielectric features in a wide range
of voltage and frequency as well as temperature
[1-5]. At the same time, their performance depends
on many factors such as doping level of donor/ac-
ceptor atoms, interlayer thickness and permittivity,
barrier-inhomogeneities at MS contact region, fabri-
cation processes, the existence of series-resistance (R,)
and N, [6-11]. From the equation of C = ¢ gA/, it is
obvious that for changing the value of C we need to
increase of ¢ and decrease of interface layer thickness
(;). But it is known that the value of thickness is
obtained by the working voltage and cannot be
adjusted. Accordingly, an organic interlayer with
high dielectric constant such as a polymer interlayer
can be used to increase the C value of MIS or MPS
structures because the C value is considerably
dependent on the dielectric constant (¢') [1].
Recently, organic polymers such as
polyvinylpyrrolidone (PVP) and PVA with and
without metal or metal-oxide/sulfide doped at MS
interface thanks to high dielectric constant have
become very interesting for the researchers. In addi-
tion to this, the preparation of MPS type structures
has significant advantages thanks to their low cost,
flexibility, mechanical strength, easy grown tech-
niques in room condition such as spin-coating, elec-
tro-spinning, and sol-gel [12-18]. However, the
polarization process in high-dielectric materials
occurs easily when an external electric field is
applied, and it influences the position of the traps
and ions. [19]. On the other hand, electronic and ionic
polarizations may be dominated at higher frequency
values (10'°-10" Hz), but surface and dipole polar-
izations may be dominated at the frequency range of
1 kHz-1 MHz or few kHz, respectively [20-22].
These changes observed at significantly low and
medium frequencies can be explained by the relax-
ation phenomena. Accordingly, the interfacial electric
dipoles have sufficient time to align with the electric
field before changing the field direction. That is,
dipoles at the interface can keep up with the electric
field changing, and consequently, the value of the
dielectric constant increases significantly with
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decreasing frequency. On the contrary, at higher
frequencies, since the electric field change is too fast,
the dipoles cannot align with the field direction as a
result of shorter time, and hence the value of the
dielectric constant decreases [23, 24]. Therefore, the
investigation of dielectric features of the MPS type
structures is of great importance to achieve much
more understanding of the conduction mechanism
and polarization processes. In this study, considering
the above-said situations ¢,,, M, tand and dielectric
features of the Au/(NiS: PVP)/n-Si structure whose
schematic structure were illustrated inset in Fig. 1
have been examined in detail and presented
depending on the different frequencies and varying-
voltage ranges.

In our previous study [25], the fundamental elec-
trical parameters of the fabricated Au/(NiS:PVP)/n-
Si structures were derived from the slope and inter-
cept linear parts of the reverse bias C? vs V curves as
a function of frequency, and they found the strong
frequency function. In addition, the density of energy
distribution of N, and the series resistance (R;) were
obtained from the Admittance and Conductance
methods, respectively. Here, we aimed that the
investigate frequency and voltage-dependent profiles
of ¢, ¢, tand, M', M", and o,. of these structures in
detail as the second part of our previous study. The
observed higher-values of ¢ and ¢ at low-frequencies
are results of surface-states (N,) and dipole-polar-
ization. Because N, have sufficient time to keep up
with the ac-signal changing easily, dipoles can react
to the electric field to reorient themselves. The above-
said parameters were also observed as a strong
function of frequency and voltage both at the deple-
tion and accumulation regions. While the changes in
these parameters in depletion layer were attributed to
a distinctive distribution of N located at Au/
(NiS:PVP) interlayer depend on their life-time and
polarization, the changes at the accumulation region
were attributed to the R, and organic interlayer.

2 Experimental details

The Au/(NiS-PVP)/n-Si structures were manufac-
tured on the n-Si substrate with Phosphorus-doped,
300 um thickness, 5.08 cm diameter, 4 Q cm, and one-
side polished. In the first step, n-Si wafer was cleaned
in the H,O, H,O,, and NH,OH (3:1:1) chemical
solution at about 70 °C in the ultrasonic-bath for
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Fig. 1 The ¢ vs V curves of
the Auw/(NiS:PVP)/n-Si i Au rectifier contacts
structure for different 25 F /
frequencies and inset the i <
structural architecture of the L - -
Au/(NiS:PVP)/n-Si 20 [ Nis:
- 15F
w - Au ohmic contact
1.0
- —e— 10kHz 70 kHz
- —® - 20kHz —@— 100kHz —®
L —®— 40KkHz —®— 300 kHz
0.5 + —®— 50kHz —@— 400kHz

30kHz —@— 200kHz —@— 1000 kHz

NiS:PVP (organic interlayer)

n-Si semiconductor

—8— 500 kHz
700 kHz

-2.0 -1.5 -1.0

5 min and subsequently rinsed in the high-resistivity
deionized-water (DW) at 10 min. Secondly, all back
of the wafer was coated by Au with high-pure
(99.999%) and 150 nm by using thermally evapora-
tion system at 107 Torr and then to form a good
ohmic contact, and it was annealed at 500 °C in the
nitrogen-ambient for 5 min. In the third step, the
solution (NiS-PVP) was coated on the front of n-Si
wafer by means of spin-coating method (SCM) due to
its higher spin-velocity and longer spin-times leads to
create a thinner film on the n-Si wafer. High-pure NiS
was purchased from Sigma-Aldrich company, and it
was dissolved in DW. Finally, circular Au dots or
rectifier-contacts with 1 mm diameter and 150 nm
thickness were also evaporated onto the (NiS-PVP)
interlayer at 107° Torr. For a representation the
schematic diagram of Au/(NiS:PVP)/n-5i structures,
the measured system, and experimental setup can be
seen in the preceding study [25]. The frequency-de-
pendent values of the real and imaginary part of the
dielectric constant were obtained from measured
capacitance/conductance—voltage (C/G-V) curves in
the frequency range of 10 kHz-1 MHz and (— 2 V)-
(4+ 3 V) which are executed by means of a micro-
computer an IEEE-488 ac/dc converter card by using
HP4192A LF impedance meter.

05 00 05 10 15 20 25 30
V()

3 Results and discussion

The dielectric constant and dielectric loss of the
interlayer, in which the energies are stored and
released by the interface states in each oscillation of
the ac signal applied to the structure, are defined as
the real (¢)) and imaginary (¢') components of the
complex dielectric constant (¢). For this reason, the
dependence of ¢ and ¢’ on voltage were obtained
from the measured voltage-dependent profile of the
C-V and G/w-V curves from — 2 to 4+ 3V with
0.05 V steps by using Eq. 1. Thus, the obtained &'-
V and €"-V curves of the Au/(NiS:PVP)/n-5i struc-
ture were shown in Figs. 1 and 2 in the frequencies
between 10 kHz and 1 MHz, respectively.

It is obviously seen that in Figs. 1 and 2, both the ¢'-
V and ¢’-V curves have typical MOS or MIS type
capacitors characteristics with regions of accumula-
tion, depletion, and inversion zone, especially for
enough high frequencies (f > 100 kHz).
& (w)=¢ —j&" = Cn/Co—j(Gn/wCy) with 0

CQ = SQA / 5,‘

In Eq. 1; the quantities of w, C, G, Co, and d; are
the angular frequency, measured capacitance and
conductance at any bias voltage, the empty capaci-
tance (constant) and interlayer thickness, respec-
tively. The value of dielectric-loss tangent (tand) for
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Fig. 2 The ¢” vs V curves of
the Au/(NiS:PVP)/n-Si
structure for different
frequencies

an interlayer is usually described the dielectric loss
divided by dielectric constant as given follow [21-24]:

/!

tan(d) =

&

Fig. 3 The tan(é) vs V curves
of the Au/(NiS:PVP)/n-Si
structure for different
frequencies
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Thus, the dependence of tand on voltage was
obtained from Eq.2 and represented in Fig. 3. As
illustrated in Fig. 3, (tand)-V curves have two dis-
(2) tinctive peaks at low/moderate frequencies which
are positioned at nearly 0V and 1.8V as a

5 —e— 10 kHz
©%000q0 o 20 kHz
30 kHz
—e— 40 kHz
—e— 50 kHz
70 kHz
—e— 100 kHz
—e— 200 kHz
—e— 300 kHz
—e— 400 kHz
—e— 500 kHz
—e— 700 kHz
c —e— 1000 kHz

LU B B S S B B EE B B B B B B N B S B B B B B S

'1

'1

-5 -10 05 00 05 1.0 15 20 25 30
V(V)



] Mater Sci: Mater Electron (2021) 32:20071-20081

consequence of the distinctive distribution of surface
states and R;, respectively.

The observed changes both in the value of ¢ and ¢’
with frequency in the depletion region are result from
the existence of the surface states (N,) between
(NiS:PVP) interlayer and Si and their life-time (7) and
interfacial or dipole polarization. Surface-states are
usually originated from semiconductor-surface
imperfection, oxygen-vacancies, structural rearrange-
ments due to metallization, doping level of donor/
acceptor atoms and interfacial layer at M/S interface.
These traps or states are considerably effective on the
electrical parameters and conduction mechanism of
the fabricated semiconductor devices. According to
Card and Rhoderick, they can be also considered as
electronic states generated by unsaturated dangling-
bonds of the surface atoms and some organic-con-
taminations in laboratory-environment [1, 2]. Because,
during the elaboration of semiconductor devices such
as MS or MIS type structures, many surface-states can
be occurred which they lead to electronic states with
energies located in the band gap of semiconductor at
interlayer/semiconductor interface as randomly. Such
non-homogeneity of them sometimes is called as “a
special density distribution”.

The dipole and interfacial type polarization is
known as Maxwell-Wagner type polarization
[12, 23, 24]. Because, at low frequencies, electrons
which are positioned at surface states have sufficient
time to keep up with the external alternating ac signal,
and so they give rise to an increase both in the value of
¢ and ¢”. Similarly, dipoles have enough time to rotate
around themselves parallel to the changing electric
field direction. But at high frequencies, both the surface
states and dipole have not enough time to keep up with
ac signal and dipoles, in this case, cannot rotate around
themselves rapidly in the applied voltage and thus
cannot yield an excessive value to measure of ¢’ and &”.
Therefore, the obtained higher values of them at
low/moderate frequencies be able to attribute to the
surface/dipole polarization and surface states. The
observed splitting in the ¢ and ¢” in the depletion
region results from re-structure and re-order charges
at traps under the electric field. On the other side, this
splitting at the accumulation region results from series
resistance (R;) of the structure at high frequencies. In
other words, while N, are effectual in inversion and
depletion regions at moderate or lower frequencies, R,
of the structure is effectual merely at the accumulation
region at higher frequencies.
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As illustrated in Figs. 1, 2 and 3, the values of ¢, ¢”,
and tand are considerably changed from electric-
field /voltage and frequency, remarkably in depletion
and accumulation regions. Therefore, dependence on
frequency of these parameters are illustrated in
Figs. 4, 5 and 6 for various bias voltages (0.5-3 V by
50 mV steps) to determine changes of them with
frequency. Because only at one frequency and under
one electric field/voltage C and G/w measurements
cannot supply enough information to us on the con-
duction mechanisms, polarization or relaxation phe-
nome, and surface states.

It can be obviously seen that in these figures (Figs. 4,
5 and 6), all the values of ¢, ¢’, and tand decrease with
increasing frequency as exponentially for each voltage.
Such higher values of ¢, ¢’, and tand at moderate or
lower frequencies under various bias voltage can be
understood concerning charge storage at surface states
and the existence of strong surface/interfacial or
dipole polarizations at lower frequencies. Because the
existence of (NiS:PVP) interlayer between Au and n-Si
can be easily polarized under the influence of an
external electric field that can remove charges located
at the interlayer from their equilibrium locations or
traps. The observed a broad peak in the ¢ vs
In(f) curves at low frequencies (Fig. 4) and crossing
behavior of the tand vs In(f) curves can be attributed to
the re-structure and re-order of surface states and
dipoles under electric field.

With the aim of obtaining more information on both
the electrictrical-transport mechanisms and relaxation
or polarization processes for MIS/MPS type struc-
tures, complex electric-modulus M =1/¢) can be
used as successfully in wide frequency and voltage
range. For this aim, using the experimental values of &’
(Fig. 1) and ¢" (Fig. 2) obtained for each frequency,
both the M’ and M” components of M versus the
applied voltage was calculated with the help of Eq. 3
and so given in Figs. 7 and 8, respectively. [12, 26-30]:

(3)

1 8/ 1
® —oap Y A .
M= S =M M = s ]

8/2 + 8”2

Itis seen that in Figs. 7 and 8, both M’ and M” values
usually decline with increasing voltage and give a peak
in the depletion region. These declines in M’ and M”
with increasing voltage are result from the increasing
values of ¢ (Fig. 1) and ¢” (Fig. 2) as shown in Eq. 3.
The observed peak in the M'-V and M”-V curves in the
depletion region and shift towards the accumulation
region of these peaks can be understood from the re-

@ Springer



20076 J] Mater Sci: Mater Electron (2021) 32:20071-20081
Fig. 4 The ¢ vs In(f) curves of 3.0
) . B e 050V © 135V ®m 220V
the Aw/(NiS:PVP)/n-Si i o 055 o 140V m 225V
; ; ————— 0.60V 1.45V 2.30V
structure for different bias N — \/\‘ g DY B dse @ 2
voltages [ —— e 070V © 155V W 240V
251 \ 0.75V 1.60V 2.45V
. /\ \ 0.80V 1,65V 2,50V
i e 08V ©0 170V ®m 255V
[ B e 090V © 175V = 260V
9 ~ e 095V © 18V ® 265V
- u e 100V ©o 18V ®m 270V
20 8 N a e 105V o 190V ®m 275V
L o ° A e 110V © 195V = 280V
L8 9 '—: e 115V © 200V = 285V
i \ > \ 1.20V 2.05V 2.90V
- 8 m— NN ® 125V © 210V m 295V
w 8 :\ —:\o \ 130V © 215V m 300V
15 F °\ =3§§\ \
2 oX v\*\V N
i Q S — =
1.0 C o S
: o~ o
=l S‘.*\"i;%
E 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
9 10 11 12 13 14
Inf (Hz)
Fig. 5 The ¢’ vs In(f) curves 40
of the Au/(NiS:PVP)/n-Si - ® 050V © 135V = 220V
structure for different bias 35 b s gg% s 1:2% N ggg&
voltages - e 065V © 150V = 235V
N e 0.70V o 1.55V = 240V
[ 0.75V 1.60V 2.45V
30 + 0.80V 1.65V 2.50V
- e 08V o 170V = 255V
C e 09V o 175V = 260V
- ® 0.95V o 1.80V = 265V
25 e 100V o 185V = 270V
L ® 105V o 190V s 275V
- e 110V © 195V = 280V
= 20F e 115V © 200V = 285V
w L 1.20V 2.05V 2.90V
- ° o 210V = 295V
r o o 215V = 300V
15
10F
5F
0 L — — = =
9 10 11 12 13 14
Inf (Hz)

order and re-structure of charges at surface states, and
interfacial /dipole polarization under external electric
field depend on period (T = 1/2xf) and relaxation time
of surface state [4, 5, 12, 30]. In order to clearly seen the
M’ and M" values depending on the frequency in both
the depletion and accumulation region, the

@ Springer

M’ — In(f) and M” — In(f) curves are also derived from
Figs. 7 and 8, and thus the curves are shown in Figs. 9
and 10, respectively.

It can be obviously seen that in Fig. 9, M’ values
exhibit almost exponential increases with increasing
frequency. In other words, the values increasing are
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Fig. 6 The double-logarithmic
tand vs f curves of the Au/
(NiS:PVP)/n-Si structure for
different bias voltages

tan o

Inf (Hz)
Fig. 7 The M’ vs V curves of 50
the Au/(NiS:PVP)/n-Si .
structure for different 45 —:— ;8 E:Z
frequencies o é 30 kHi
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C —e— 50 kHz
35 70 kHz
- —e— 100 kHz
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almost closer to 0 at lower frequencies as a conse-
quence of the range mobility of charge carriers. On
the other side, the M“ — In(f) curves have a peak, as
can be seen obviously. While the amplitude of the
peaks declines with increasing applied bias voltage,
the location of the peaks shifts towards higher fre-
quencies. The observed peak in the M” — In(f) curves

05 00 05 10 15 20 25 30
V(V)

is the result of the relaxation process, and this case is
defined by wt = 1. The peaks that occurred represent
the transition between short and long-distance
charge-carrier mobility. As illustrated from Fig. 10,
the M“ — In(f) curves are indicative of these peaks.
In order to determine the variation in the ac con-
ductivity (o, = g¢&” w), the double-logarithmic ¢, vs
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Fig. 8 The M” vs V curves of 20 S

the Au/(NiS:PVP)/n-Si - e,
structure for different 18 .'.
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Fig. 9 The M’ vs In(f) curves 3.0
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f curves for the various bias voltage (1.5-3 V by
50 mV steps) and is illustrated in Fig. 11. According
to the figure, the g,. values increase as the positive
voltage range increases (in depletion and accumula-
tion regimes). On the other side, the value of g,
becomes almost frequency independent at low
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frequencies, but it starts to increase at high frequen-
cies. In other words, the lover values of conductivity
at low frequencies are defined as dc conductivity. The
increase in o, at high frequency can be predicated on
the hopping conduction of mobile charge carriers. As
a result, the value of ¢,  is with regard to the
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Fig. 10 The M” vs C
- ® 050V © 180V
In(f) curves of the Au/ 14 F ® 055V O 185V
. . Lo 060V © 1.90V
(NiS:PVP)/n-Si structure for L ® 065V O 195V
different bias voltages and [° o 07V o 2oev
inset of them between 1.55 and 1.2 [ o 08V o z1v
B ® 090V ® 220V
3.00 V to see the peak s ® 095V ® 225V
behavior as clearly 10 L o 10V m Z3v
VT ® 110V ®m 240V
N ® 115V 2.45V
[ o 1.20V 2.50V
N ® 125V ®m 255V
08 L ® 130V ®m 260V
= & | o 1.35V B 265V
S i o 140V ® 270V
1.45V | 275V
N © 150V ®m 280V
- o 155V ® 285V
0.6 1.60V 2.90V
- 165V ® 2.95V
r © 170v m 3.00V
: o 1.75V
04
0.2 |
0 0 [ 1 1 1 1 1 1 1
9 14 15
Flg' 11 The double O 150V © 1.90v 2.30V | 270V
logarlthmlc Oac VS f curves Of O 155V O 195v | 235V | 275V
. . 1.60V © 2.00v | 240V | 230V
the Au/(NiS:PVP)/n-Si o
structure for different bias
214 F
voltages
i
E
(8]
. _15 -
®
N
(%]
©
)
£
_16 -
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10 12 14 16

dielectric loss (¢”) and frequency. The similar results
both on dielectric properties/electric modulus, and
ac conductivity as function of frequency and applied
electric field were reported in the literature in very
recently [31-41].
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4 Conclusions

In this research paper, the frequency and applied bias
voltage dependence of ¢, tand, M and o, values of
the fabricated Au/(NiS-doped PVP)/n-Si structures
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have been investigated in detail in the wide range
frequency (10 kHz-1 MHz) and voltage (— 2V/
+ 3 V) by using the C,, and G,, values at room tem-
perature. According to the experimental results, the
basic dielectric parameters, M’, M” and o¢,. were
found the strong frequency and voltage functions.
These changes in them become more distinctive both
in depletion and accumulation regimes which can be
explained by Maxwell-Wagner type relaxation pro-
cesses, surface states, and R;. The observed higher-
values of ¢ and ¢” at lower frequencies can be
explained due to the particular distribution of N, and
dipole-polarization because N;; have sufficient time
to easily follow an alternating-signal and dipoles
respond to the electric field to reorient themselves.
On the other hand, the observed increase in the M’
with increasing frequency results from long-distance
mobility of carriers. The observed peak in the
M” — In(f) curves and shifting its position towards
the accumulation region was attributed to the re-
ordering and re-structure of charges at surface states,
and interfacial/dipole polarization under external
electric field depends on the period (T = 1/2xf) and
relaxation time of surface states. The obtained high-
value of ¢ (= 2.8) even at 10 kHz and 3 V is indicated
that the used (NiS-doped PVP) polymer interface
layer has considerable advantages over conventional
insulators, for instance, low cost, flexibility, easy
fabrication such as spin-coating or electro-spinning
technique, and considering the advantages it can be
successfully used in room conditions rather than
conventional insulators such as SiO; or SnO,.
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