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27 May 2025 spectroscopy and scanning electron microscopy (SEM). The capacitance-voltage
(C-V) and conductance—voltage (G/w—V) measurements of the Au/(HgS-PVA)/n-

© The Author(s), 2025 Si (MPS) capacitor were conducted across a frequency range of 1 kHz-5 MHz.

The experimental data were used to investigate the effects of surface states (N)
and series resistance (R,). Both C and G/w increased at lower frequencies, as the
surface states could follow the AC signal, contributing to the overall response.
The density of Ny, was derived using the high-low frequency (HF) capacitance
method and parallel conductance technique, while Nicollian-Brews’ method was
employed to extract the R,. This study reveals that the conductance method yields
higher values than the HF C-V method, attributed to its sensitivity to fast interface
states and distributed trap time constants. The observed frequency-dependent
losses in G,/w measurements confirm the presence of a continuous trap distribu-
tion near the HgS-PVA/n-Si surface, significantly influencing device reliability.

2

The average N, was calculated to be ~ 10" eV-! cm, indicating a well-controlled
interface. The obtained N and R, values suggest that the HgS-PVA nanocompos-
ite is a promising alternative to conventional insulating layers (e.g., SiO, or SnO,)

in electronic devices, thanks to its favorable electrical properties.
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1 Introduction

Nanocrystalline materials demonstrate significant
potential for investigation across various scientific
disciplines, including chemistry, physics, and engi-
neering. In particular, semiconductor nanostructures
have been the subject of extensive investigation over
several decades, given that their distinctive proper-
ties diverge from those observed in their bulk coun-
terparts. These properties are frequently attributed to
the high surface-to-volume ratio resulting from quan-
tum confinement, which arises from the nanoscale
dimensions of the materials in question [1-3]. One
of the most significant consequences of reducing the
dimensions of materials to the nanometer scale is the
emergence of quantization effects, which arise from
the confinement of electron movement. This results in
the formation of discrete energy levels, which depend
on the dimensions of the structure in question [4, 5].
Mercury Sulfide (HgS) with a small band gap (1.9-2.6
eV) is a critical semiconductor compound in the II-VI
group [6-9]. It offers a wide potential for use in vari-
ous disciplines and has an important place in tech-
nological applications. The HgS is known to exist in
at least two distinct crystalline modifications. Cinna-
bar (a-HgS) is red, whereas meta-cinnabar (3-HgS) is
black [6-8]. These include use as electrostatic image
materials, catalysts, image sensors, infrared detec-
tors, ultrasonic transducers, acoustic-optical materials,
light-emitting diodes, Schottky barrier diodes (SBDs),
and more [9-13]. A plethora of methodologies have
been devised for the synthesis of mercuric sulfide
nanostructures, including microemulsion templates,
hydrothermal, sol-gel, microwave-assisted, solid-
state reaction at elevated temperatures, biosynthesis,
Langmuir-Blodgett (LB), single-source precursor,
and ultrasound-assisted (Sono-chemical) techniques
[7, 14-17]. Among these methods, ultrasound-assisted
process stands out as the most promising approach for
nanomaterial synthesis due to its ease of processing
and precise particle size control.
Metal-semiconductor (MS) structures compris-
ing a thick insulator/oxide—semiconductor, polymer,
and ferroelectric are known to be capable of storing
increasingly large electric charges or energy [18-24].
Several factors can lead to discrepancies between the
observed behavior of a capacitor and the ideal behav-
ior predicted by theory. These include the presence
of surface states (N ) with different relaxation times
located at the interfacial layer/semiconductor surface
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and band gap of the semiconductor, series resistance
(R) of the device, surface preparation, and inhomoge-
neity of the barrier between the metal and the semi-
conductor [25-30]. It was hypothesized that an interfa-
cial layer with a high dielectric constant would exhibit
excellent surface passivation properties on a crystal-
line semiconductor. In other words, attempts have
been made to improve or modify the electrical and
optical properties of MS-based devices by employing
metal or graphene-doped polymer composite interfa-
cial layers. These attempts are motivated by the tech-
nical importance of these flexible materials, which are
low-cost to produce, perform well, have a low molecu-
lar weight, can be produced on a large scale, and can
be processed easily in comparison to traditional SiO,
or SnO, interlayer [21-23, 31-33].

Some researchers have recently done the studies
on the various polymer materials [34—41]. This work
analyzes the structural and optical properties of HgS
nanomaterials synthesized by ultrasonically assisted
method, forming a Polyvinyl Alcohol (PVA)-based
interlayer with these materials and fabricating a metal-
polymer-semiconductor (MPS) type capacitor in Au/
(HgS-PVA)/n-5i configuration. Due to the homogene-
ous and controlled size distribution of HgS nanoma-
terials, the series resistance values of the capacitors
can be significantly reduced, making the devices suit-
able for high-energy storage applications. There are
very limited studies on HgS/PVA nanocomposites
and devices based on this material in the literature. In
our previous work, a detailed study of the dielectric
behavior and polarization processes was carried out
for the same diode. One of the most critical factors
affecting the performance of SBD is the properties
of the N at the interfacial layer/semiconductor sur-
face. In addition, calculating the time constant helps
to understand the dynamic interactions of interfacial
states with charge carriers. This information can be
used to optimize carrier recombination and relaxation
processes. The parallel conductance method provides
a powerful tool for understanding and optimizing the
impact of these states on device characteristics. The
N, and their 7 profiles were obtained from the con-
ductance method in the frequency range of 1 kHz-5
MHz at RT. Furthermore, the results obtained from
the Cyp—Cir method for the fabricated capacitor are
compared. Furthermore, an in-depth investigation
has been conducted into the sources of N and R..
In summary, the optical and morphological prop-
erties of HgS nanostructures obtained using the
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ultrasound-assisted approach were investigated in this
study. In addition, the effects of the (HgS-PVA) com-
posite structure formed by HgS-PVA nanostructures
with PVA polymer on the electrical behavior of the Au/
(HGS-PVA)/n-Si capacitor structure were evaluated by
impedance spectroscopy. In this context, the N, and
R, profiles were investigated under the influence of
these nanostructures. Therefore, impedance spectros-
copy measurements were performed over a wide fre-
quency range in the frequency range of 1 kHz— MHz
at room temperature (RT). Moreover, the potential of
this interface layer in electronic applications was tried
to be revealed.

2 Experimental procedures
2.1 Synthesis of HgS-PVA nanocomposites

The materials employed were mercury(Il) nitrate
(Hg(NOs),), sodium sulfate (Na,SOy), sodium hydrox-
ide (NaOH), and ethanol (absolute), which were sup-
plied by Merck and used directly without purifica-
tion. The following standard procedure conducted
the preparation of HgS nanostructures: To create a 0.2
M solution, 1.37 g Hg(NOs), and 0.96 g Na,S5.9 H,O
were combined in 20 mL of distilled water. Using an
ultrasound processor, this solution was subjected to
high-intensity ultrasound irradiation under ambient
air for 15 min. Upon completion of the reaction, the
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precipitates were subjected to centrifugation, followed
by washing with distilled water and ethanol five times.
They were then dried in air at RT.

The preparation of the HgS-PVA film commenced
with creating an aqueous PVA solution (5%) through
the gradual dissolution of PVA in deionized water.
This was accomplished by heating at 85 °C for two
hours while swirling magnetically. The transparent
aqueous PVA solution was allowed to cool at RT to
obtain gel formation. Furthermore, a HgS-PVA com-
posite material was created in a standard experiment
by mixing 10 ml of 5% aqueous PVA solution with 0.2
g of the produced HgS powder. It was then subjected
to ultrasonic irradiation at room temperature (RT) for
5 min. Therefore, viscous and well-dispersed HgS-
PVA composite gels were produced.

2.2 Morphological analysis

Scanning Electron Microscope (SEM) was used to
observe the surface morphology of the Sono-chemi-
cally prepared HgS nanostructures. Figure 1 demon-
strates that the particles are spherical and exhibit regu-
lar morphology with a nanoscale size distribution.

2.3 UV-Vis analyses

Ultraviolet-Visible (UV-Vis) spectroscopy was used to
investigate the prepared sample’s optical properties.
Figure 2 displays the absorption spectra captured in

Fig. 1 SEM pictures of the HgS nanostructures with various magnifications
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Fig. 2 Absorption spectra of the HgS nanostructures

the wavelength range of 300-800 nm, showing a peak
at approximately 375 nm.

2.4 Manufacture of Au/HgS-PVA/n-Si (MPS)
capacitors

Details of the device fabrication can be found in Ref
[42]. In summary, the semiconductor was first cleaned
in methanol and then rinsed in deionized water in
an ultrasonic bath for 5 min. Then, it was soaked in
a solution of H,0O, NH,OH, and H,0, (65:13:13 v/v)
and washed again in deionized water. Finally, it was
soaked in a solution of H,O:HF (24:1 v/v) and washed
again in deionized water. In the thermal evaporation
system, 99.999% pure gold (Au) metal was evapo-
rated onto the back surface of the semiconductor to
form an ohmic contact. The semiconductor was then
annealed at 500 °C to obtain low resistivity. HgS-PVA
nanocomposites were coated onto the front surface of
the semiconductor using the electrospinning method.
The device fabrication was completed by obtaining
Au rectifier contacts using a shadow mask in thermal
evaporation. A schematic diagram of the capacitor is
provided in Fig. 3.

3 Results and discussion

Frequency-dependent capacitance and conductance
characteristics are important tools for understand-
ing the surface states’ interaction rate with energy
levels in SBDs and the electrical stability of the
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Anode

Au rectifier contacts (150 nm)

HgS-PVA (75 nm)
n-Si (280 pm)
Au ohmic contact (150 nm)

Cathode

Fig. 3 Schematic diagram of Au/HgS-PVA/n-Si (MPS) capacitor

device. Figures 4 and 5 illustrate the MPS capacitor’s
admittance (C-V and G/w-V) characteristics within
1 kHz-5 MHz, respectively. A pronounced frequency
dependence of C and G/w values in the depletion and
accumulation zones was observed, primarily caused
by N, surface polarization, R, and the interfacial
layer. Notably, N and surface polarization perform
well at low frequencies in the inversion and deple-
tion zones. However, R, is only effective in the accu-
mulation zone, and especially at high frequencies. As
illustrated in Fig. 5, the G/w-V plots exhibit a peak in
the depletion zone at low frequencies, ascribed to the
peculiar density distribution of the N and polariza-
tion-induced surface dipole moment. The magnitude
of the peak diminishes with rising frequencies, shift-
ing toward the accumulation zone. This is because
the charges in the states respond to a small AC signal
only if the band bending is sufficient to shift the trap
level across the Fermi energy (Ep).

The R, significantly impacts the admittance char-
acteristics in the accumulation zone. Its real value
is determined by the C and G/w values when the
capacitor is in the strong accumulation zone at each
frequency, as shown in Fig. 6. Nicollian and Brews
derived the following relation to obtain the resist-
ance (R;) values for each frequency as a function of
voltage [19].

Gma

Ro=— -ma
D@+ (0Ca)’

ey

In Eq. (1), C,, and G, represent the measured
capacitance and conductance, respectively, at the
strong accumulation zone [43-45]. The voltage-
dependent profile of R, was obtained from Eq. (1)
for each frequency and is represented in Fig. 6. As
illustrated in Fig. 6, the value of R, exhibits a decline
with an increase in frequency for each bias voltage.
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Fig. 4 The C-V plot of the
Au/HgS-PVA/n-Si (MPS)
capacitor for various frequen-
cies at RT
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Fig. 5 The G/w-V plots of
the Au/HgS-PVA/n-Si (MPS)
capacitor for various frequen-
cies at RT
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However, its actual value aligns with that of the
strong accumulation zone at sufficiently high fre-
quencies (f= 1 MHz). It is evident that the R, value
of the Au/HgS-PVA/n-Si (MPS) capacitor is mark-
edly low, rendering it highly suitable for incorpo-
ration into an electronic device. In general, R, can
arise from various sources, but the most significant
of these are: (1) the contact formed by the probe wire
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with the rectifier contact; (2) the back contact with
the back side of the semiconductor; (3) impurities
between the back contact and the ground; and (4) the
resistance of bulk semiconductor (5) interface quality
(6) surface roughness etc. [18, 46, 47]. The impact of
R, can be disregarded at low frequencies; however,
at high frequencies, it can be mitigated by correcting
the admittance measurements before extracting the
desired information.
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Fig. 6 The R;-V plot of the Au/HgS-PVA/n-Si (MPS) capacitor for various frequencies at RT

Fig. 7 Equivalent circuits for
conductance technique; a a
conventional MOS capaci-

tor, b simplified circuit of C,,
a, ¢ circuit of the measured
circuit .

Co— R,

@)

Figure 7 illustrates the equivalent circuits of a MOS-
type capacitor employed in the conductance method.
Figure 7a illustrates the capacitive components of
the structure. Here, C,, C;, C; and R represent the
capacitance of surface states, the oxide/polymer inter-
layer capacitance, the semiconductor capacitance, and
the resistance indicating the loss processes when N
capture and emit carriers, respectively. However, for
the parallel conductance (G,), it is possible to replace
the circuit shown in Fig. 7a with the circuit shown in
Fig. 7b. In this case, the parallel capacitance (C;,) and
G, are given by:

@ Springer

¢, Ne. Cur Ne.
¢ ¢
(b) (c)
C.=C.+ A
POt (0r)? @
G N
P _ qOTIN 5 (3)

® 1+ ()

Here, Cy = 4% N, =R, N (time constant of the
N,,), and w = 27tf (angular frequency). The N is not
confined to a single energy level in the energy band
but, instead, exhibits a distribution within the energy
band of the semiconductor and at the semiconduc-
tor/polymer interface. The capture and emission
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processes are mainly facilitated by traps situated
within a small energy range of kT/q above and the
Fermi level. This causes a variation in time constants
and influences the normalized conductance given as
[19, 48]:
& = %In [1+ (w)?] 4)
o 2ot

In admittance measurements, impedance meters
will presume the device is a parallel mix of C,, and
G- By transforming the circuit depicted in Fig. 7b
into the circuit illustrated in Fig. 7c, it is possible to
express Gp/a);

Gy @G C?

- = 5
® G2 4+a2(C-Cp) ©

In order to analyze N, C,, and G,/w were plotted
as a function of frequency for a range of applied bias
voltages in the depletion zone, presented in Fig. 8a
and b, respectively.

As illustrated in Fig. 8a and b, C,, and G_/w
exhibit a pronounced dependence on frequency,
particularly in the depletion zone due to the pres-
ence of N,. However, they become almost independ-
ent of frequency in this region. The peak behavior
observed in the G /w-logf plot has been attributed to
the specific density distribution of N, at HgS-PVA/Si
interface, as well as interfacial polarization [49-51].

Accordingly, the G /w-logf plot for the Au/HgS-
PVA/n-Si (MPS) capacitor was constructed to ascer-
tain the values of N, presented in Fig. 9. The dis-
tributions of Gp/a) maxima indicate how much the
band bends in response to the applied gate bias volt-
age. The band bending seems more substantial when
(Gp/w)may decreases and shifts toward the inversion
zone. The maximum value of G /w is observed at
w = 1/7. Consequently, the values of N and 7 for
the Au/HgS-PVA/n-Si (MPS) capacitor were obtained
from the peak value of (G /), and its peak fre-
quency. As illustrated in Fig. 10, while the value
of T decreases with increasing frequency almost as
exponentially, Ny, decreases. The G,/w vs logf char-
acteristic arises due to a broad spectrum of interface
trap states. At a fixed bias voltage, the position of the
Fermi level dictates how these trap states are filled,
influencing the charge density at the HgS-PVA/n-Si
surface and setting the relaxation time of the cor-
responding N,,. Maximum energy dissipation (peak
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loss) happens when the AC signal’s frequency aligns
with this characteristic time. However, if the fre-
quency differs slightly, the losses diminish because
the traps either cannot follow the signal or respond
out of phase, resulting in a distinct loss peak across
the frequency spectrum [52, 53]. The mean value of
N, for the Au/HgS-PVA/n-Si (MPS) capacitor was
approximately 102 eV™! em™, which is more appro-
priate for these types of devices. The low value of
N, indicates that the (HgS-PVA) interfacial polymer
layer can be an alternative to conventional oxide lay-
ers due to its ability to passivate N,.

An alternative method for extracting the N is to
measure the C at a fixed low and high frequency. In
other words, the N can be determined by measur-
ing the C,, at a fixed high frequency (f= 1 MHz) and
a fixed low frequency (f< 1 kHz), which is known as
the high-low frequency capacitance method (Cy—C; 5)
using Eq. 6 [23]. At elevated frequencies, N is unable
to track an external AC signal across the entire meas-
urement range; thus, it does not contribute to excess
capacitance. However, when the frequency decreases
sufficiently, all N can respond to the signal. Con-
sequently, the voltage-dependent profile of N was
also retrieved from the difference of the high-low (1
MHz-1 kHz) C-V plots for the entire measurement
range, as illustrated in Fig. 11. It is evident that this
method is more straightforward and time-efficient
than the conductance method, while yielding compa-
rable results.

(&- l>_l (&~ 1)‘1 ©
Cr G Car G

where C;p stands for low-frequency capacitance (1
kHz) and Cyy5 for high-frequency capacitance (1 MHz).
Similar results on the voltage-dependent profiles of R

and N were also reported by different researchers in
recent years [52-62].

1

NSS_G]A

4 Conclusion

In this study, the HgS nanomaterials were prepared
by the ultrasound-assisted technique. SEM images
confirmed that the particles are spherical and exhibit
regular morphology with a nanoscale size distribu-
tion. UV-Vis measurements confirmed the absorp-
tion spectra captured in the wavelength range of
300-800 nm, showing a peak at approximately 375

@ Springer
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Fig. 8 a The C,, versus logf
plot and b the G,/ versus
logf plot of the Au/HgS-
PVA/n-Si (MPS) capacitor
for various voltages at RT
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nm. HgS-PVA material was introduced between the
Au and n-Si layers using the electrospinning method.
The frequency-dependent electrical characteristics of
the produced Al/(HgS-PVA)/n-Si structures were also
characterized using C-V and G/w-V measurements
in the frequency range of 1 kHz-5 MHz at RT. The
experimental results demonstrate that C and G are

@ Springer

markedly influenced by frequency and voltage, par-
ticularly in the depletion and accumulation zones
where N, and R, are effective. Parallel conductivity
(Gp/w)-logf graphs revealed distinct peaks at varying
voltage levels. These peaks rose with increasing volt-
age and shifted toward the accumulation area. The
R, profile was obtained using the Nicollian-Brews
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Fig. 9 The G /w-log (f) plot 8x10°®° Frp
for the Au/HgS-PVA/n-Si
(MPS) capacitor at RT
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Fig. 10 N and 7 versus In(f) 1,6x10"
plot for the Au/HgS-PVA/n- I 1
Si (MPS) capacitor at RT 3x10-5
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method, while the N profile was extracted using
high-low frequency capacitance and the paral-
lel conductance methods. The high-low frequency
capacitance approach yielded similar N values,
with an average of approximately 10'> eV cm™. The
R of the capacitor was observed to decrease with
increasing frequency. These findings suggest that the

In(f) (Hz)

utilization of HgS-PVA interlayer may offer a viable
alternative to the conventional interlayer, with the
potential to enhance the quality and performance of
the capacitor. In other words, this it can be used in
the field of embedded devices for high charge/energy
storage capacitors.
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Fig. 11 The N-V plot of the
Au/HgS-PVA/n-Si (MPS) 1.6x1012 |
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