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We report on the fabrication of hybrid composite poly 4-vinlyphenol (PVPh)/graphene thin film via cost-
effective electrospray atomization deposition technique. Thin films fabricated through manipulating
deposition technique in two different ways which are blending and layer by layer (LBL). For investigation
of PVPh/graphene hybrid composite dielectric behavior in comparison to PVPh; three asymmetric MIS
thin film capacitors were fabricated, where dielectric thin films (i) PVPh and (i & iii) hybrid composite thin
films PVPh/graphene (blended and LBL) were sandwiched between electrodes i.e. indium tin oxide (ITO)
and p-type semiconductor poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). The
dielectric properties of the thin films were characterized for frequencies 1 to 100 kHz while utilizing the
MIS thin film capacitors. The capacitance obtained at 1 kHz frequency for PVPh/graphene (LBL) dielectric
layer at the voltage range +10 volts was 8.5 mF cm~2 while for blended PVPh/graphene thin film the
capacitance at the voltage range +3 volts was 0.40 pF cm™2 and for pristine PVPh as dielectric layer the
capacitance at voltage range +1 volts was 1.45 uF cm™~2. Similarly, even at higher frequencies up to 100
kHz, the PVPh/graphene (LBL) showed stable behavior. Thus, the composite PVPh/graphene (LBL) thin

film has a better dielectric nature compared to the composite PVPh/graphene (blended) thin film, even
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Accepted 23rd October 2023 at higher frequencies with larger operational voltage window. This distinguishing nature of the

composite PVP/graphene (LBL) is attributed to increase in dielectric constant due to graphene flakes in
between PVPh. For the thin films LBL and blended PVPh/graphene, the calculated dielectric constant at
10 kHz is 6.7 and 0.023 while at 100 kHz it is 2 and 0.0167, respectively.
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Regarding materials, latest experimental and theoretical
studies on metallic nanowires,* carbon nanotubes and gra-

1. Introduction

For energy storage purposes, batteries, fuel cells, and conven-
tional (electrostatic) and electrochemical capacitors are often
utilized.’> Among these, nanoscale capacitors are identified as
the most auspicious for energy storage.®® Nanoscale capacitors
have attained higher energy densities of numerous orders of
magnitude. In nanoscale dielectric capacitors (NDCs), a dielec-
tric material is sandwiched between the metallic layers to
increase capacitance without changing capacitor dimensions,
which can store and discharge the charge.”'® They are more
advantageous in a wide range of applications such as wearable
devices, portable devices and implantable devices'®™* because
they can charge/discharge at much quicker power rates, and
have a longer lifespan with shorter load cycles than customary
batteries."®
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phene® have been emphasizing on determining the dielectric
nature of such compositional structures, to employ in energy
storage devices as thin films.'*?® Out of these materials, gra-
phene flakes have been attracting researchers significant
interest because of their distinctive features, such as high
electrical and thermal conductivities, mechanical strength, and
large surface area in various applications, including electronics,
energy storage, and biocompatible implantation.*

Many researcher groups have been extensively employing 2D
materials based composite thin films as dielectric layer in
energy storage devices. Gupta et al.>> have selectively incorpo-
rated graphene oxide nanosheets and BaTiO; NPs in a tri-layer
device for studying the role of heterointerfaces within each layer
and at the interfaces between each layer. The group has re-
ported the formation of numerous microcapacitors due to
numerous functional groups attached to the surface-induced
interfacial polarization. A. Karim et al.*® research group has
demonstrated the effect of confinement on the dielectric, elec-
trical and capacitive energy storage properties of PVDF/GO and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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PVDF/rGO films within the measured frequency range. Due to
embedment of rGO into PVDF, high dielectric constant values at
low frequencies are produced by parallel microcapacitors.
Similarly, Yambem et al** has reported the development of
capacitive flexible pressure sensors usinging graphene based
conductive foams. In conductive foams, graphene is used as
coating on the pores in the foam, inside the foam structure or
a combination of both. V. O. Ozcelik et al.** have reported on
a nanoscale dielectric capacitor model. In their model, 2D
materials have been studied and it is deduced that quantum
effects become crucial at nanoscale and significantly affect the
capacitor dimensions. Another research group, B. Man et al.*®
have reported the graphene/insulator/graphene flexible and
transparent tunable thin film capacitor. The fabricated capac-
itor has high dielectric tunability and bending durability.

From polymers, poly(4-vinylphenol) (PVPh) which belongs to
the family of polyphenols, is a versatile polymer with various
applications including organic field-effect transistors (OTFTs),
organic photovoltaics (OPVs) and biomedical application.>”** It
has outstanding dielectric features which support efficient
charge storage and control of charge carriers, high breakdown
voltage, compatibility with solution processing techniques.** In
addition to this, it exhibits good thermal stability, which
enables it to withstand high temperature processing without
significant degradation.*® The research group of S. Singh has
reported the employment of PVPh as dielectric in TFT fabri-
cated via spin coating technique. The interface of dielectric/
semiconductor has been studied in terms of capacitance and
leakage current density. It has been reported that there is slow
polarization that occurs in PVPh at threshold applied poten-
tial.** Similarly, J. Park et al.*® has applied c-PVPh as dielectric
thin film and has proposed the method for its surface-energy
manipulation by exploiting the density-controllable soluble
PVPh. It was investigated that by decreasing residual -OH
groups on the surface, the electric dipoles due to -OH groups at
semiconductor/insulator interface locally enhances the trans-
port band and thus accelerates the charge transportation and
enhancing the TFT performance.

The poly(4-vinylphenol) (PVPh)/graphene composite film
combines the properties of both PVPh and graphene as a material
with enhanced characteristics.** When graphene flakes incorpo-
rated into a PVPh matrix, the synergic effect of both makes PVPh/
graphene composite a potential candidate for applications such as
conductivity enhancement, mechanical reinforcement, thermal
stability, barrier properties (hydrophilic nature), against moisture
and gas permeation and for energy storage devices, typically
supercapacitors (SCs) and lithium ion batteries (LIBs).*” D. Roy*
has applied PVPh/GO nanocomposite as dielectric thin film and
studied the dielectric and leakage current properties at frequen-
cies ranging from 1 kHz to 1 MHz. It is observed that the dielectric
constant increased due to the insulating nature of graphene. Yoo
et al.*® group has reported the application of amorphous fluo-
ropolymer CYTOP as a gate dielectric in MOS, FET. In compar-
ison, MoS, FETs with the cross-linked PVP dielectric showed
a better performance in terms of voltage threshold which is
attributed to the surface dipole effect induced by the strong
electron-withdrawing fluorine groups in CYTOP.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In this work, the PVPh, PVPh/graphene composite thin films
(LBL and blended) were fabricated using electrospray. Electro-
spray deposition parameters of respective solution/dispersion
of PVPh and graphene flakes were optimized for thin films
fabrication on ITO coated glass substrate.**** Using the opti-
mized parameters of electrospray deposition, composite thin
films of PVPh and graphene have fabricated by layer by layer
(LBL) and blending deposition on ITO coated glass substrate.
For dielectric nature and capacitive behavior investigation the
thin films PVPh and PVPh/graphene (LBL and blended) were
sandwiched between ITO and (PEDOT:PSS) electrodes. MIS
characterizations have shown that composite thin film PVPh/
graphene (LBL) charge storage capacity, and operating voltage
window is far better in comparison to thin films PVPh/graphene
(blended) and pristine PVPh, are far better. Therefore, PVPh/
graphene (LBL) is more viable fabrication method of the
composite PVPh/graphene thin film for application in elec-
tronic devices as dielectric layer. The charge storage capacity
enhancement of the composite this film is attributed to
increase in dielectric constant and microcapacitors formations
at the interfaces of PVPh and graphene due to functional groups
on the surfaces of both materials.

2. Materials and analysis

Poly 4-vinlyphenol (PVPh) and N-methyl-pyrrolidone (NMP)
solvent purchased from Sigma Aldrich while and graphene
nanoplatelets (<4 layers and surface area > 750 m”> g ')
purchased from Cheap Tubes, were used in this research. The
PVPh powder 75 mg ml ™" was dissolved in NMP solvent; then
cross-linking agent (CLA) was added to it. After dissolution, for
better solubility of PVPh powder, the solution was ultra-
sonicated for 10 minutes with 60% amplitude. The viscosity of
the ink was measured to be 13.2 mPa by using ViscometerVM-
10A system. The surface tension of the ink was measured to
be 10.05 mN m~'. The conductivity of the PVPh ink was 0.35
uS ecm™', measured by conductivity meter (Cond6+ meter).
Similarly, the graphene flakes 1 mg ml™* was dispersed in NMP
solvent using ultrasonication for 30 minutes at 3 son 1 s offand
kept the amplitude at 60%. The viscosity of the dispersion
measured as 15 mPa and surface tension measured as 57-59
mN m . The electrical conductivity measured as 12.0 uS cm ™.
For PVPh/graphene ink synthesis, ultrasonication was carried
out for 40 minutes at RT to well disperse the 0.90 mg graphene
nano flakes and 0.30 g poly 4-vinlyphenol (PVPh) in 4 ml of NMP
solvent. The viscosity of the solution containing PVPh/graphene
measured was 22.3 mPa and surface tension was measured 20-
24 mN m~". The electrical conductivity of the supernatant

containing PVPh/graphene was measured as 20 pS cm ™.

3. Experimental setup and
electrospray phenomena analysis for
thin film fabrication

The electrospray setup details are as follows which is used for
thin films fabrication, schematic is given in Fig. S1.f The
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respective dispersion was injected into an ink chamber (Nano
NC Nozzle adaptor) via syringe pump (Hamilton, Model 1001
GASTIGHT syringe) and to the nozzle a steady flow rate was
provided, which was connected to the chamber via the syringe
pump. For the building up of the anticipated electric field,
a metal nozzle with an interior diameter of 710 pm [Havard 33G]
was use as anode and was connected to a Trek Model 610E high
voltage supplier. The ground was given by linking the voltage
source's ground terminal to a stage which is capable of rotating
at certain speed as well as serving as substrate holder. For
taking images of the atomization events occurring at the nozzle
tip, a high-speed camera was connected to the portable
computer while putting a high intensity source of light opposite
to it across the electrospray set-up.

The stand-off distance was set at 15 mm, and the electro-
spray tests were first conducted with flow rates ranging from 50
to 1000 pl h™" to identify the ideal spraying conditions. The
potential difference between the anode nozzle and the groun-
ded stage was gradually raised for each flow rate to improve the
intensity of the electric field.**** Applying a different voltage at
each flow rate step results in different forms of atomization, and
as a result, diverse modes were seen, from dripping to the multi-
jet.*** The obtained operational envelopes of the PVPh, gra-
phene flakes and PVPh/graphene dispersions subjected to
varying high voltages at different flow rates to observe electro-
spray atomization modes have been summarized in Fig. 1a-c.
The respective envelope for each dispersion makes it clear that
the needed applied voltage rose from one mode to another as
the flow rate increased which is due to the amount of respective
dispersion accumulation at the nozzle orifice. The other asso-
ciated reason for this rise in applied voltage is to overcome the
surface tension and generate a stable cone-jet for uniform
deposition.

3.1. Pristine PVPh and composite PVPh/graphene thin films
fabrication

The ITO coated glass substrate was rinsed with deionized water
and then dried before the thin film deposition.

After that, the respective dispersion was electrostatically
atomized in the stable cone jet modes by utilizing optimized
parameters obtained through developed operating envelop which
are, applied flow rate of 300 ul h~" and a potential of 2.3 kV, 3.8 kv
and 5.3 kV for PVPh, graphene flakes, PVPh/graphene blended,
respectively. To observe the deposition area, the stand-off was
gradually increased from 5 mm to 20 mm. To determine the ideal
value, the moving substrate's speed was varied from 1 mm s~ to
3mm s . It was noticed that for covering (2 x 2) cm? area on ITO
coated glass substrate, optimum parameters of stand-off and
velocity were 15 mm and 3 mm s, respectively. Schematic of the
deposition of thin films from solution via utilizing electrospray
set-up is given in Fig. 2. The deposited thin films on ITO substrate
were cured at 200 °C treated for two hours.

In Fig. 3A and B, higher resolution and high-speed shots of the
atomization events from meniscus to multi-jets (a-f) taking place
at flow rate 300 ul h™" with varying applied voltages for PVPh,
graphene flakes and PVPh/graphene dispersions have shown
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respectively. In Fig. 3B, variation in applied voltage requirement
for various atomization events (dripping to multi-jets) w.r.t. flow
increase of each dispersion has been compared. It has been
observed that stable jet with flow rate increase has obtained at
lower applied voltage for PVPh as compared to graphene and
PVPh/graphene dispersions. In case of PVPh/graphene dispersion,
the stable jet with flow rate increase, ranging from 100 to 1000 pl
h™" has obtained at more than 5 kV. This increase in applied
voltage requirement could be attributed to higher surface tension
values plus viscosity of the respective dispersion.

3.2. Results, characterizations and discussion

3.2.1 Morphological analysis. Lower to higher resolution
FESEM images of the PVPh/graphene (LBL) composite film
are shown in Fig. 3A. FESEM images show that the composite
film is uniform over the ITO coated glass substrate. The
deposited PVPh/graphene composite film has not been
showing any imperfections, bumps, flaws, or voids. This
uniformity of the composite film, even at the nanoscale, has
been improving the stable dielectric behavior and reduces the
likelihood of short circuiting when applying high voltage
across. When sweeping from low to high applied potentials,
the composite film's capacitive behavior as a dielectric film
clearly demonstrated a steady performance at both low and
high frequencies. The specific high surface area per unit of
the uniform PVPh/graphene composite film could be the
cause of the interaction at the interface that led to this
performance. On the other hand, in Fig. 4B FESEM images
obtained for surface morphology of the composite PVPh/
graphene (blended) thin film, clearly showing agglomera-
tion and segregation throughout the film. These imperfection
and non-uniformity of the thin film surface led to less
stability and poor performance as dielectric material, which
has reflected in CV and Cf of the MIS characterizations. Also,
the dielectric constant calculated for the PVPh/graphene
(blended) is lower compared to PVPh/graphene (LBL). Pris-
tine PVPh thin film FESEM images of the surface morphology
have been shown in the Fig. S3.f The PVPh thin film is
uniform throughout and there are no voids and imperfections
observed.

3.2.2 FT-IR spectroscopy analysis. To confirm the presence
of graphene flakes, PVPh and formation of the composites
PVPh/graphene (LBL and blended), FT-IR spectra were
collected, shown in Fig. 5. The FT-IR spectrum of graphene
flakes spectrum has been showing the hydroxyl group peaks are,
though the intensities of these peaks are smaller than those of
graphene oxide spectrum.* PVPh displays characteristic peaks
for the aromatic benzene moiety at ~1643 and ~1510 cm ™%, for
phenolic ~-OH groups at ~3420 cm ™' and ~1238 cm ™, and at
~823 ecm™' for aromatic C-H plane.’* The PVPh/graphene
composite showed the characteristic peaks of both graphene
and PVPh. The O-H stretching peak in PVPh/graphene
composite appeared at ~3438 cm ' due to strong H-bonding
interaction between PVPh and graphene.**

3.2.3 2D-Nano mapping for surface roughness. Surface
roughness were measured using phase shifting interferometry

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Electrospray Atomization operating envelops for (a) PVPh, (b) graphene flakes and (c) PVPh/graphene flakes.
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Fig. 2 Schematic of electrospray system operation and mechanism.

(PST) using NV-2000(Universal), a non-contact surface profiler
with nano-level precision. 2D surface profile of the composite
PVPh/graphene (blended) film has been given in Fig. 6A,

© 2023 The Author(s). Published by the Royal Society of Chemistry

respectively. It demonstrates that the over-all surface roughness
of the composite thin film is 5.77 nm while for the x-directional
fluctuations, the film profile is primarily centered around
2.50 nm, while centered at 4.08 nm is for y-directional fluctua-
tions. Similarly, for PVP/graphene (LBL) the over-all surface
roughness of the composite thin film is 1.90 nm while for the x-
directional fluctuations, the film profile is primarily centered
around 0.93 nm, while centered at 1.77 nm is for y-directional
fluctuations, given in Fig. 6B. It is evident from the 2D surface
profilometry that PVPh/graphene (blended) has more surface
roughness compared to PVPh/graphene (LBL).

4. Electrical behavior investigation

4.1. Metal-insulator-semiconductor (MIS) devices
fabrication

Metal-Insulator-Semiconductor (MIS) capacitor device struc-
tures were fabricated on cleaned ITO-coated (1 pum) glass
substrates to examine and compare the dielectric nature of the
composite PVPh/graphene (LBL and blended) and PVPh thin
films. PEDOT:PSS (180 nm) thin film (2 x 2) cm?® was deposited
on top of the dielectric layer PVPh, PVPh/graphene through
electrospray atomization, schematic of MIS configuration is
shown in Fig. 7.

RSC Adv, 2023, 13, 31426-31434 | 31429
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Fig. 3 Electrospray atomization events (A) individual and (B) comparison of dripping to multi-jets for PVPh, graphene and PVPh/graphene at

applied voltages and varying flow rate.

4.2. Electrical properties of pristine PVPh and composite
PVPh/graphene thin films

MIS capacitors fabricated with configuration where PEDOT:PSS
applied as top electrode and ITO as bottom electrode while
PVPh, PVPh/graphene (LBL & blended) sandwiched in between
for investigating the dielectric properties of the respective thin
films. The thicknesses of composite PVPh/graphene thin films
were ~210 nm (LBL) and ~200 nm (blended). The best
enhanced electrical behavior has been observed for the
composite PVPh/graphene (LBL) thin film as compared to PVPh
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and PVPh/graphene (blended). To investigate the charge storage
mechanism, a capacitance-voltage (CV) measurement was
carried out for the device with various AC frequencies. With an
input frequency of 1 kHz, shown in Fig. 8, illustrating the CV
analysis of MIS capacitors having PVPh and composite PVPh/
graphene (LBL & blended) thin films, respectively. With
a maximum capacitance of 8.42 mF cm ™ in the voltage range of
0.1 to 1.80 V, PVPh/graphene (LBL) film has been found to
exhibit better dielectric nature. In the inset of Fig. 8, at an
enlarged scale, capacitance of PVPh and PVPh/graphene
(blended) thin film has been highlighted and this comparison

WD 5.7mm JEJUNU 50KV X50,000 100nm - WD 5.7mm

JEJUNU SEI 50KV X50000 100nm WD 60mm

WD 6.0mm

Fig. 4 Lower to higher resolution FESEM surface morphology analysis of PVPh/graphene thin films: (A) LBL and (B) blended.
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of capacitance values makes it more obvious that the composite
PVPh/graphene (LBL) thin film has 10° times more capability of
charge storage at a larger operation window i.e. £ 10 volts and
with more stability.

Capacitance dispersion, series resistance, and bulk resis-
tance are all factors that may have an impact on the capacitor's
behavior.>® The performance of MIS capacitors at higher
frequencies is shown in Fig. 9A and B, where PVPh/graphene
(LBL & blended) applied as dielectric layers. While PVPh thin
film based MIS capacitor CV, Cf and £f characterization output
have been shown in Fig. S6A-C.t As with an increase in AC
frequency, the capacitor's capacitance decreases. It has been
observed that the composite PVPh/graphene (LBL) dielectric
thin film performs 10* orders better than the PVPh/graphene
(blended) thin film at higher frequencies up to 100 kHz and
high voltage. When used as a dielectric layer, this behavior is far
superior to pristine PVPh or PVPh/graphene (blended)
composite thin films. These characteristics demonstrate an
excellent charge storage mechanism and have shown small
variations even at higher frequencies for the composite PVPh/
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Fig. 7 Schematic of MIS capacitor having PVPh/braphene (LBL &
blended) as dielectric layer.
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Fig. 8 Capacitance comparison of PVPh and PVPh/graphene (LBL &
blended) thin films in MIS configuration. Inset graph showing the
enlarged scale capacitance of PVPh and PVPh/graphene (blended).

graphene LBL thin film based MIS capacitor. Fig. 9 shows
plots measured for frequency dependent capacitance density (C
vs. f) in the MIS configuration at various frequencies ranging
from 10 kHz to 100 kHz. When the frequency was increased
from 10 kHz to 100 kHz, the capacitance density of the ~200 nm
thick hybrid dielectric PVPh/graphene (blended) thin film
dropped from 4.07 to 2.96 pF cm 2. Similarly, for ~210 nm
thick hybrid dielectric PVPh/graphene (LBL) film for frequency
increase, from 10 kHz to 100 kHz, the capacitance density
decreased from 1.18 to 0.358 mF cm ™ >, The drop in capacitance
density is ~27.27% for PVPh/graphene (blended) and ~74% for
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Fig. 9 (A & B) Capacitance vs. applied voltage (CV) at different frequencies, (C) frequency dependent capacitance (Cf) and (D) frequency

dependent dielectric constant (¢f), characterization of the composite PVPh/graphene (blended and LBL) thin film applied as dielectric layer in the

MIS capacitor.

PVPh/graphene (LBL). But it is worthy to note that the capaci-
tance density of PVPh/graphene (LBL) is ~99.70% more at 10
kHz, compared to PVPh/graphene (blended) and similarly, at
higher frequency of 100 kHz the capacitance density is ~99.1%
more. Therefore, the overall PVPh/graphene (LBL) dielectric
thin film capacitance density capability is ~100% more than
PVPh/graphene (blended). As the dielectric constant is a func-
tion of frequency, as the frequency increased from 10 kHz to 100
kHz, the value of dielectric constant decreased due to polari-
zation mechanisms.

4.3. Mechanism of capacitance enhancement of PVPh by
graphene flakes doping

It has been observed that PVPh/graphene (LBL) CV performance
at lower to higher frequencies is far better in comparison to
blended and pristine PVPh. This behavior could be attributed to
the interaction between —-OH in PVPh and functional groups
present at graphene flakes surface. In LBL composite thin film
the more -OH of PVPh and functional groups at the surface of
the graphene flakes interact easily and leading to the formation
of local microsupercapacitors which contribute to the overall
accumulated capacitance of the LBL composite. These micro-
supercapacitor are noticed to be stable even at higher
frequencies and contributing a reasonable accumulated

31432 | RSC Adv, 2023, 13, 31426-31434

capacitance to the overall obtained capacitance. While in
blended PVPh/graphene composite thin film, the -OH in PVPh
and functional groups at graphene surface are not systemati-
cally available for making more localized microsupercapacitors
formation which led to the overall almost 10k times lesser
capacitance compared to LBL composite thin film. Therefore,
from lower to higher frequencies the -OH from PVPh and
surface functional groups in grpahene flakes are seized and the
probability of microsupercapacitor formation is not possible or
almost negligible. In short, LBL provides more sites for micro-
supercapacitor formation as compared to blended thin film.

5. Conclusion

PVPh/graphene composite thin films are fabricated using elec-
trospray technique through blending and LBL. It has been
observed through investigation that composite PVPh/graphene
(LBL) thin film has shown better capacitance compared to the
PVPh/graphene (blended). Besides this, the behavior of
composite PVPh/graphene (LBL) thin film is much more stable
at lower (1 kHz) as well as higher frequencies (100 kHz)
compared to PVPh/graphene (blended) thin film. It has been
observed that voltage operating window of PVPh/graphene
(LBL) is broader than pristine PVPh and PVPh/graphene

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(blended). This characteristic of PVPh/graphene thin film can
be attributed to the increase in dielectric constant increase and
microcapacitors formation at the interfaces which are more
favourable in case of PVPh/graphene (LBL) compared to
blended thin film.
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