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One of the most important themes of today’s scientific
research is the design and development of energetic and
environmental materials, as well as the understanding of
their physics and chemistry. Condensed matters, such as
organic-inorganic hybrid perovskites, superionic conductors,
metal-organic frameworks, covalent organic frameworks,
black phosphorus, penta-graphene, and mechanolumines-
cent materials, have attracted tremendous interest. In this
special issue, we intend to cover recent theoretical and exper-
imental progress in the condensed matter materials that have
applications related to energy and environment, but also with
a much broader touch on other important functionality. �e
focus will be on the physical properties of novel condensed
mattermaterials in terms of their applications, for example, in
solar cells, rechargeable batteries based on metal ions, green-
house gas sequestration and conversion, gas sensory and sep-
aration, photovoltaics, photoluminescence, and mechanical
sensors. �e purpose of this special issue is to present the
recent progress in these exciting fields. A brief summary of
all accepted papers is provided below.

In the paper by S. Chen et al., they have reported the
controlling physical surface structure of polyvinyl butyral
(PVB) films by different film-formingmethods, spin-coating,
bar-coating, and electrospinning. �e wettability of these
PVB films was examined, and the surface morphologies
and roughness were investigated. �e results indicated that
coating PVB films were hydrophilic, while electrospun films
were hydrophobic.�e physical surface structure was the key
role on the interesting transition of their surface wettability.
�ese results may help to find the way to control the PVB film
surface wettability and then guide for applications.

�e paper by G. P. Podust et al. presents their results of
the dose dependencies of the light sum accumulation in ZnSe

single crystals at a different X-ray excitation at 85 K. �e
values of light sum accumulation at different deep traps were
determined from the thermally stimulated luminescence and
conductivity curves. It was confirmed that the accumulated
light sum is uniquely determined by the dose of radiation
only, that is, the product of the intensity of excitation by the
time of X-ray exposure.

�e work by M. Ambrožič and S. Kralj studied the
impact of the cell thickness on configurations of line discli-
nations within a plane-parallel nematic cell. �e Lebwohl-
Lasher semimicroscopic approach was used and (meta)stable
nematic configurations were calculated using Brownian
molecular dynamics. Defect patterns were enforced topo-
logically via boundary conditions. �e resulting structures
exhibit line defects which either connect the facing plates
or remain confined within the layers near confining plates.
�e first structure is stable in relatively thin cells and the
latter one in thick cells. It is demonstrated that “history”
of samples could have strong impact on resulting nematic
configurations.

�e paper by J. Burunkova et al. reported dodecanethiol-
functionalized gold nanoparticles that were incorporated
into the polymer matrix of diurethane-methacrylate mon-
omer mixture in the presence of SiO

2
nanoparticles (8 wt%)

and a new reactive organic luminescent material ACAIN
(1-N-(2-acryloyloxy-3-chloroprop-1-yl)-amino-5-isocyano-
naphthalene, 1 wt%). It was shown that the addition of
SiO

2
nanoparticles enhances the fluorescent intensity of

ACAIN by 1.5 times in the 450-550 nm spectral range.
Furthermore, an additional fluorescence enhancement up
to 4.5 times was observed when Au nanoparticles were
added to the nanocomposite in a rather low (0.12 wt%)
concentration.
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�e paper by E. Barrios-Salgado et al. reported PbS thin
films with thickness between 100 and 150 nm which were
grown for the first time by microwave-assisted chemical
bath deposition in a commercial automated system with
deposition times not exceeding 5 min. X-ray diffraction
analysis shows that the thin films have cubic rock salt type
structure with good crystallinity. �e grain size increased
from 18 to 20 nm, as the deposition time increased. Energy
dispersive X-ray results confirm that the films are stoichio-
metric. Optical measurements show that thin films have
relatively high absorption coefficients between 104 and 105
cm-1 in the visible range. In addition, the films exhibit a
direct gap, within the energy range from 1.0 to 1.35 eV.
�e electrical properties, such as conductivity, the Seebeck
coefficient, carrier concentration, and carrier mobility, are
discussed.

�e paper by D. Jiang et al. studied the effect of adding Co
on crystallization behavior and magnetoimpedance effect of
amorphous/nanocrystalline FeCuNbSiB alloy strips.

A. Teklu et al. studied stiffness, hardness, and the reduced
Young’smodulus of reduced graphene oxide by using nanoin-
dentation coupled with atomic force microscopy.

�e paper by N. D. Quan et al. reported the synthesis of
lead-free Bi

0.5
(Na

0.80
K
0.20

)
0.5
TiO

3
(BNKT) ferroelectric films

on Pt/Ti/SiO2/Si substrates via chemical solution deposition.
�e influence of crystallization time on the microstructures
and ferroelectric and energy-storage properties of the films
was investigated in detail. �e obtained results indicate that
the BNKT films have application potentials in advanced
capacitors.

�e paper by H. Wang et al. reported the prepara-
tion of a lithium-rich manganese-based cathode material,
Li

1.25
Ni

0.2
Co

0.333
Fe

0.133
Mn

0.333
O

2
, using a polyvinyl alcohol-

(PVA-) auxiliary sol-gel process using MnO
2
as a template.

�e effect of the PVA content on the electrochemical proper-
ties and morphology of the material was investigated.

D. U. Combari et al. conducted an experiment and inves-
tigated the performance of a silicon photovoltaic module
subjected to amagnetic field.�e current-voltage and power-
voltage characteristics were plotted in the same axis system
and allowed us to find, as a function of the magnetic field,
the electrical parameters of the photovoltaic module such
as maximum electric power, fill factor, conversion efficiency,
and charge resistance at the maximum power point. �ese
electrical parameters were then used to calculate the series
and shunt resistances of the equivalent circuit of the pho-
tovoltaic module. �e results have shown that the efficiency
of a solar module is affected by the presence of magnetic
fields.
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Surface wettability of a film plays a critical role in its practical applications. To control the surface wettability, modification on
the physical surface structures has been a useful method. In this paper, we reported the controlling physical surface structure of
polyvinyl butyral (PVB) films by different film-forming methods, spin-coating, bar-coating, and electrospinning.Thewettability of
these PVB films was examined, and the surface morphologies and roughness were investigated. The results indicated that coating
PVB films were hydrophilic, while electrospun films were hydrophobic. The physical surface structure was the key role on the
interesting transition of their surface wettability. Theoretical analyses on these results found that the coating PVB films showed
different mechanism with electrospun ones. These results may help to find the way to control the PVB film surface wettability and
then guide for applications.

1. Introduction

The wetting behavior of solid surfaces by a liquid as a
very important aspect of surface properties has been a
focused interest for a long time [1–4] and has shown a wide
variety of practical applications in various fields, such as
protecting clothes [5], medical care [6–8], and filtration [9].
Consequently, great efforts have been made to find the way to
control the surface wettability [10–13].

According to the term biomimetic, “lotus leaves effect”
indicates that the cooperation of hierarchical structures and
other specific components on the natural surfaces results
in the desired wettability [1–3, 14]. Moreover, from the
theoretical view, such as Young’s equation [15],Wenzel model
[16], and Cassie model [17], the surface roughness plays
a critical role in surface wettability [18–21]. Furthermore,
the rough surface is extended to porous surfaces and even
micro-nano structures [22–24]. To achieve these structures,

especially in film structures, several methods are developed
such as solution cast and electrospinning [5–10, 19, 21].

Among variousmaterials, polyvinyl butyral (PVB), which
is characterized by high adhesion to glass, excellent mechani-
cal strength, excellent biocompatibility, nontoxicity, and good
solubility in alcohol, has been applied to many fields such
as an adhesive interlayer in safety glass, wound dressing,
and coating film [5–7, 10, 11]. Moreover, PVB shows both
hydrophobic and hydrophilic properties due to its chemical
structure with both vinyl butyral group and vinyl hydroxyl
group [10, 25]. And previous study has suggested that elec-
trospun PVB nanofibrous structures and patterns showed
larger water contact angle (WCA) than that of the solution
casting film [7, 10, 11].However, theseworksmost focus on the
electrospun PVB meshes and rarely discuss the comparison
of the structures between the different methods.

In this paper, we focused on the comparison of PVB films
made by several methods, spin-coating, bar-coating, and
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Table 1: The SWCA of the prepared PVB films by different methods.

Methods SWCA (∘) SWCA (∘) SWCA (∘) ASWCA (∘)
Concentrations/parameters 8 wt% 10 wt% 12 wt%

Spin-coating
250 r/s 77.767 78.800 78.900

78.593300 r/s 74.300 82.600 79.933
350 r/s 76.033 82.733 76.267

Bar-coating
6 𝜇m 86.438 83.297 84.303

83.0678 𝜇m 81.255 82.626 81.437
10 𝜇m 81.093 81.360 85.796

Positive electrospinning
15 cm 135.833 130.833 131.933

132.40420 cm 132.167 133.600 129.700
25 cm 131.667 135.400 130.500

Negative electrospinning
15 cm 131.033 135.733 130.867

131.61520 cm 128.633 135.100 133.367
25 cm 128.300 133.233 128.267

electrospinning. The WCAs on these films were measured
and the morphologies and surface roughness of them were
also examined. By analyzing these results, we want to find a
way to control the surface wettability.

2. Materials and Methods

2.1.Materials. Polyvinyl butyral (PVB) (MW∼100,000, Sino-
pharm Chemical Reagent Co., Ltd., China) was dissolved in
ethyl alcohol (analytical reagent, 99%) at 8 wt%, 10 wt%, and
12 wt% firstly and then stirred for 2 h at room temperature.

2.2. Preparation of the Films. The PVB/alcohol solutions
were used to produce films by spin-coating, bar-coating, and
electrospinning, respectively. During spin-coating process,
PVB/alcohol solutions were dripped onto cover slips (20
mm×20 mm) with 5 𝜇l and then set on the spin-coater (KW-
4A, Institute of Microelectronics of the Chinese Academy
of Sciences). The spinning velocities were selected at 250
r/s, 300 r/s, and 350 r/s, and spinning time was set at 30
seconds. In bar-coating process, 10 𝜇l PVB/alcohol solutions
were dripped onto slide glasses (76mm×26mm), and the bars
were selected with 6 𝜇m, 8 𝜇m, and 10 𝜇m film thickness. For
electrospun meshes, both positive electrospinning and neg-
ative electrospinning were processed. PVB/alcohol solutions
were firstly loaded into syringes (5 ml) and then set on the
electrospinning apparatus (DW-P303-1ACF5 (positive), DW-
N303-1ACDF0 (negative), Dongwen, China), the electrospin-
ning voltage was set at 15 kV and -15 kV, and the distances
were selected at 15 cm, 20 cm, and 25 cm.

2.3. Characterization. The static water contact angles
(SWCA) of the prepared films were examined by an optical
tensiometer (Attension Theta, Biolin Scientific, Germany)
with a 2 𝜇L water droplet for three sites at room temperature
and analysis was performed by fitting drops with a Young-
Laplace formula using the Theta software. The surface
roughness was also measured by optical tensiometer with 3D
surface roughness module. The morphologies of the films
were examined by a scanning electron microscope (SEM,

Phenom ProX, Phenom Scientific Instruments Co., Ltd.,
China) at 10 kV, and all samples were coated with gold for
30 s before analysis. The fiber diameters were analyzed by
Nano Measurer software. The Fourier transform infrared
spectroscopy (FTIR) spectrums were measured by aThermo
Scientific Nicolet iN10 spectrometer.

3. Results and Discussion

To ensure the wettability of the prepared PVB films, SWCA
were measured and shown in Table 1. One can find that the
spin-coating and bar-coating PVB films showed hydrophilic-
ity with SWCA <90∘, while the electrospun films showed
hydrophobicity with SWCA>90∘, which agreed with the
previous study [7, 10, 11]. Moreover, the bar-coating PVB
films had larger SWCA than spin-coating ones generally.
The SWCA of electrospun PVB films with positive elec-
trospinning process is mostly larger than that of negative
electrospinning. Nevertheless, as seen from Figure 1, the
prepared PVB films showed similar absorption peaks, which
indicated that these films had same chemical structures. It is
interesting that the samematerial showed different wettability
for its different film-forming methods.

To understand the interesting PVB film wettability, we
firstly examined the morphologies of selected PVB films
(10% concentration) with spin-coating 250 r/s, bar-coating
6𝜇m, and positive and negative electrospinning with distance
of 15 cm. As shown in Figure 2(a), the spin-coating PVB
film showed a macroscopically relative smooth surface with
SWCA 78.8∘; the bar-coating film also had a smooth surface
with SWCA 83.3∘ (Figure 2(b)). Both smooth films showed
hydrophilicity. Meanwhile, both the positive and negative
electrospun PVB films showed porous rough surfaces, as can
be found in Figures 2(c) and 2(d), and the SWCAwere 130.8∘
and 135.7∘, respectively. Both the porous rough electrospun
films showed hydrophobicity. According to these results, it
seems that the surface roughness determined the wettability
of the films.

For further investigation, we examined the roughness
of the selected films, as shown in Figure 3. It is strange
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Figure 1: FTIR spectra of PVB films made by different methods.

74.3∘

100 m 

10 m 

(a)

83.3∘

100 m 

10 m 

(b)

130.8∘

100 m 

10 m 

7
6
5
4
3
2
1
0

C
ou

nt

0.8 1.0 1.2 1.4 1.6 1.8

Diameter (m)

1.28±0.28 m

(c)

100 m 

10 m 

6

5

4

3

2

1

0

C
ou

nt

Diameter (m)
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

0.99±0.37 m

135.7∘

(d)

Figure 2: SEM images of the PVB films made by spin-coating 250 r/s (a), bar-coating 6 𝜇m (b), positive electrospinning 15 cm (c), and
negative electrospinning 15 cm (d). The upper inset images showed the water droplet onto these films, and the lower inset images showed the
electrospun fiber diameter distributions.

that the macroscopical smooth surfaces shown in Figure 2
have higher roughness than the electrospun films. In our
opinion, this case may result from the different surface
structures of the films that coating films showed relative dense
surface structure, while electrospun films had porous surface
structure, as can be seen in Figure 2. For the hydrophobilic
coating PVB films [seen in Figures 3(a) and 3(b)], bar-
coating ones showed higher roughness than the spin-coating
ones with r=3.715>2.351, where r is the factor of the surface
roughness. According to the Wenzel model [1, 22],

cos 𝜃 = 𝑟 cos 𝜃
𝑐
, (1)

where 𝜃
𝑐
< 90∘, the larger the factor of roughness r is, the

smaller 𝜃 will get, and the increasing roughnesswillmake the
filmmore hydrophilic.The case in coating PVBfilms followed
the Wenzel model; consequently the bar-coating films with
more roughness showed smaller SWCA than spin-coating
ones. Meanwhile, for the electrospun films, the porous and
micro-nano surface structures made the Wenzel model not
work. As suggested in Figures 3(c) and 3(d) and Figures
2(c) and 2(d), the positive electrospun PVB film with more
roughness (r=1.106) had smaller SWCA (130.8∘) than that of
negative electrospinning PVB film (r=1.076, SWCA 135.7∘).
In this case, the Cassie model, which gives a composite state
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(a) (b) (c) (d)

Figure 3: 3D surface roughness of the prepared PVB films under spin-coating 250 r/s (a), bar-coating 6 𝜇m (b), positive electrospinning 15
cm (c), and negative electrospinning 15 cm (d). The inset images showed the 2D surface roughness of these films.

that liquids are assumed to only contact the solid through the
top of the asperities and air pockets are assumed to be trapped
underneath the liquid [1, 22], may be considered; the function
can be expressed as

cos 𝜃 = −1 + 𝑓
𝑠
(1 + 𝑟 cos 𝜃

𝑐
) , (2)

where 𝑓
𝑠
are the area fractions of the solid on the surface.

From (2), one can find that the smaller 𝑓
𝑠
is, the more

hydrophobicity will be obtained. Specifically to the electro-
spun PVB films, the smaller the fiber diameter is, the smaller
𝑓
𝑠
will be achieved, and then higher hydrophobicity will be

shown [5, 7, 10, 11]. From lower inset images in Figure 2,
we can obviously find that negative electrospun PVB fibers
had smaller diameters and less uniform and consequently
exhibited higher SWCA.

4. Conclusions

In conclusion, we have prepared several kinds of PVB films
through spin-coating, bar-coating, and electrospinning. The
FTIR spectra suggested that these films have the same
chemical structures. Meanwhile, these films showed different
wettability that coating films were hydrophilicity and elec-
trospun films were hydrophobicity. SEM images indicated
that the different films showed different physical surface
structures, which may introduce the different wettability.
Further investigation on the surface roughness confirmed
that the wettability of coating films obeyed theWenzelmodel,
while the electrospun films agreed with the Cassie model.
These results may help to understand the mechanism of the
PVB films and then guide for its practical application.
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This paper presents the results of the dose dependencies of the light sum accumulation in ZnSe single crystals at a different X-ray
excitation at 85 K. The values of light sum accumulation at different deep traps were determined from the thermally stimulated
luminescence and conductivity curves. It was confirmed that the accumulated light sum is uniquely determined by the dose of
radiation only, that is, the product of the intensity of excitation by the time of X-ray exposure. The same result is also given by the
theoretical consideration of the kinetics of the light sum accumulation on deep traps for a multicentermodel of crystal phosphors.

1. Introduction

Zinc selenide (ZnSe) belongs to wide-bandgap materials
of AIIBVI type and is a well-studied material [1–3]. ZnSe
is widely used in the creation of semiconductor electronic
devices and information display systems [4]. Over the last
decade, another promising direction for ZnSe application has
been developed: as detectors of an indirect ionizing radiation
[4–6] and direct high-energy conversion of radiation into
electric current [7]. Relatively high value of the effective
atomic number Zef = 32 and a band gap width 𝐸𝑔 = 2.7 eV
(at 300 K), as well as the technology for growing high-quality
single crystals with low concentrations of uncontrolled impu-
rities and high material resistivity at ∼ 1010 – 1014 Ohm cm
make zinc selenide a promising material for creating X-ray
semiconductor detectors that do not require cooling [7]. It
should be noted that the resistivity of ∼ 1014 Ohm cm in
ZnSe crystals means that the concentration of free electrons
in the conduction band does not exceed 103 cm−3 at room
temperature.

The kinetics of luminescence and conductivity in the
crystal phosphors substantially depend not only on the
concentration of various luminescence centers but also on
the concentrations of various traps.Therefore, when studying
the kinetics of luminescence and conductivity, it is necessary
to know the kinetics of accumulation of the charge carriers
on deep traps and the kinetics of accumulation of recharge
of the luminescence centers. The classical kinetic theories

of photoluminescence [8–10] and photoconductivity [11–13],
which use the simplest model of crystal phosphors with one
trap and one recombination center, show that the value of the
maximum accumulated light sum intensity on the trap 𝑛∞ ∼√𝐼𝑒𝑥 (where 𝐼ex – excitation intensity). Since real crystals, as a
rule, contain a set of traps and several luminescence centers,
it is necessary to verify this ratio experimentally.

Thus, there arises a need for a comprehensive study
of the luminescent and electrical properties of ZnSe. This
paper is devoted to the study of the features of the light
sum accumulation in the ZnSe single crystals at different
intensities and duration of X-ray excitation in order to verify
the influence of the excitation intensity on the value of the
maximum accumulated light sum. For comparison, it is also
necessary to obtain a theoretical dependence for the light sum
accumulation on deep traps for amulticentermodel of crystal
phosphors.

1.1. Experimental Method. A comprehensive experimental
study of X-ray conductivity (XRC), X-ray luminescence
(XRL), phosphorescence (Ph), and conduction current relax-
ation (CCR) was carried out; however the main focus was on
the studies of thermally stimulated conductivity (TSC) and
luminescence (TSL) and their dose dependencies at different
intensities of X-ray excitation. ZnSe crystals were grown from
a prepurified initial charge and were not specifically doped
during their growth. For the study purpose, the samples were
made in the form of parallelepipeds with dimensions: 18×9×2
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mm3. By the method of thermo-EMF, it was found that the
samples had n-type conductivity. It is also known [14] that
the photoconductivity in ZnSe is due to free electrons.

To examine conductivity, the electrical contacts in the
form of two parallel strips of 1×5 mm2 (at a distance of 5
mm from each other) were sprayed on the very surface of the
single crystal samples. The conductors were then soldered to
the contacts. In this work, we used such a contact geometry,
in which the sprayed electrodes were located in the central
part of the most polished surface of the sample. A constant
stabilized voltage from 0 to 1000 V was applied to one
electrode, and the other was connected to a nanoampermeter
to record the current. The magnitude of the conduction
current wasmeasured with an accuracy of 1 % for the currents
from 10 pA to 1 mA. For all values of the conduction current,
the following condition was satisfied: the input impedance
of the nanoampermeter was by several orders of magnitude
smaller than the electrical resistance of the ZnSe sample. The
nanoampermeter is a part of a specially designed measuring
unit of I – V curve, which allows choosing different modes of
voltage variations: manual, stepwise, and linear with various
speeds.

To study the TSL and TSC, the sample was placed in
a cryostat and was secured with a large polished surface
(opposite to the surface with contacts) to a polished copper
block to ensure good thermal contact of the sample with
the cryostat's copper substrate. It is necessary to conduct
temperature studies, as it ensures the minimum temperature
gradient in the sample. Previously it was found that the
maximum temperature difference in various parts of the
sample does not exceed 0.3 K. During the studies, the sample
was in a vacuum (p < 1 Pa). The sample surface between the
electrical contacts was irradiated with the integral radiation
of the BHV-7 X-ray tube (Re, 20 kV, 5 mA (𝐼1X = 0.13
mW/cm2) or 25 mA (𝐼2X = 0.64 mW/cm2), L=130 mm)
through a berylliumwindow in a cryostat.The intensity of the
X-ray excitation was changed by varying the anode current of
the X-ray tube at a constant voltage.The shape of the emission
spectrum of the X-ray tube remained unchanged, and the
intensity was proportional to the magnitude of the anode
current of the X-ray tube.

The luminescence spectra were recorded at 8, 85, and 295
K. The dose dependencies of TSL and TSC were measured
after X-ray excitation for a fixed time 𝜏X at a temperature
of 85 K. After irradiation and relaxation of phosphorescence
and conduction current (about 10 minutes), the sample was
heated to 450K using an electric furnace of 800W embedded
in the cryostat. The heating rate of the sample was 0.40 ± 0.02
K/s. The cooling was made by liquid nitrogen. The radiation
dose was changed by altering the time of exposure 𝜏X at
a constant intensity of the X-ray tube, using two operating
modes: 20 kV, 25 mA, and 20 kV, 5 mA.

Two channels were used to record the luminescence:
integral and spectral. The optical axes of the two recording
systems were exactly in the middle between the electrical
contacts and at an angle of 45∘ to the normal of the sample
surface, which was uniformly irradiated by the X-ray quanta
(Figure 1).

When using an integral channel, the luminescent radia-
tion was focused using quartz lens onto the photocathode of
a photoelectric multiplier PMT-106.

For the spectral registration the luminescent irradia-
tion from the sample through a quartz condenser and a
monochromator MDR-2 (600 lines/mm diffraction grating)
was recorded either PMT-106 (in the spectral range of 350
– 820 nm) or cooled PMT-83 (in the range of 600 – 1200
nm). The accuracy of determining the intensity of X-ray
luminescence was not worse than 3 %, and TSL – 5 %
and was limited by the presence of the dark currents of
the photomultiplier and the noises of the recording system.
All luminescence spectra were corrected for the spectral
sensitivity of the recording system.

2. Results of the Experimental Studies

2.1. �e Luminescence Spectra for X-Ray Luminescence of the
ZnSe. The characteristic XRL spectra for ZnSe single crystal
ZnSe samples in the spectral region from 400 to 1200 nm
at different temperatures (8 – 420 K) consist of two known
[14–18] wide luminescence bands with maxima at 630 nm
(1.92 eV) and 970 nm (1.28 eV). The spectra of different
high-resistance samples differ only in the intensity ratio of
these two main luminescence bands. Figure 2 shows the
XRL spectra of two ZnSe samples, which were studied in
detail for the dose dependencies of TSL and TSC. The edge
luminescence and the luminescence of donor-acceptor pairs
in high-resistance ZnSe samples were not found.

The 630 nm band, according to [14, 15], is due to the
complex center which contains a zinc vacancy, and the band
with a maximum at 970 nm is due to the complex center
with a selenium vacancy [16, 17]. Both XRL bands are due to
the luminescence recombination mechanism since they are
observed in the phosphorescence and TSL [18]. The spectral
maxima of these bands [19] vary little with temperature
change, which allows recording them at a fixed wavelength
at different temperatures. In all luminescence studies for the
970 nm band, the registration was carried out at a wavelength
of 953 nm, since at this length the maximum luminescence of
this band is observed without taking into account the spectral
sensitivity of the recording system.

2.2. �ermally Stimulated Luminescence and Conductivity
ZnSe. TheTSL andTSC curves are intense enough to register,
and they indicate a significant level of stockpiling of the
charge carriers at the traps. For convenience, we will denote
TSL curves when registering in the 630 nm band as TSL-
630 and TSL-970, when registering in the 970 nm band.
Figures 3 and 4 show the characteristic TSL-630, TSL-970,
and TSC curves for two samples of ZnSe single crystal at high
and low radiation doses. It should be noted that the ratio of
the intensities of the TSL and TSC peaks vary for different
samples, which indicates a different concentration of various
traps in different ZnSe crystals.

Most of the charge carriers are thermally delocalized from
the traps when heated to a temperature of 250 K, which
indicates the dominance of the concentration of traps which
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Figure 2: XRL spectra of the first (1) and the second (2) ZnSe
samples at 85 K.

are not deep-level traps in the test material. The most high-
temperature maximum (very weak) is observed at 𝑇m = 292
K on the TSC curves.

In the TSL andTSC curves for each ZnSe sample the same
peaks are observed. Thus, for the first sample, the dominant
peaks are 𝑇m ∼ 129 K, 170 K, 184 K, 211 K, and 238 K. For
the second sample, the dominant peaks on the TSL and TSC
curves are 𝑇m ∼ 143 K, 170 K, 184 K, and 224 K and a weak
peak at 292 K, which is not visible in the TSL due to the
temperature luminescence extinction of 630 nm and 970 nm
bands. Let us note that although the temperature position of
one and the same TSL and TSC peak do not coincide (and
should not coincide), but the temperature difference between
them does not exceed 2-3 K, which is significantly less than
the temperature difference between adjacent peaks [20] (Δ𝑇m
= 13.6 K).

The similarity between the TSL curves when registering
at two recombination centers TSL-630 and TSL-970 and
TSC curves means that the delocalization of charge carriers
from any trap leads to the appearance of free carriers in
the zone (TSC peak) and their subsequent recombination
at the recharged luminescence centers of both samples (630
and 970 nm), the TSL peaks. It also indicates that we
have a similar electronic recombination mechanism at the
luminescence centers, which determine the 630 and 970 nm
bands.

An analysis of the temperature position of the TSL
and TSC peaks in ten different samples of ZnSe single
crystals at 𝛽 = 0.40 K/s shows that peaks from the same
set are observed, and their intensities vary significantly in
different samples. That is, for ZnSe single crystals, there is a
certain set of traps and various samples differing only in the
concentration ratio. Moreover, this set of traps corresponds
to the data [20] and obeys the formula of a harmonic
oscillator.

The temperature position of the TSL and TSC peaks
practically does not alter with a change in the dose of X-ray
irradiation (𝐷 = 𝐼𝑋 ⋅ 𝜏𝑋) from the minimum (𝐷min) to the
maximum (𝐷max), while 𝐷max/𝐷min = 10,000. Since the TSL
and TSC peaks from neighboring traps noticeably overlap,
firstly the temperature position of peaks was determined for
the resulting experimental maxima, depending on the X-ray
irradiation dose. Once it was verified that the temperature
situation remains unchanged within a few degrees, the next
step was to decompose the TSL and TSC curves into its
components. In this case, the theoretical forms of the peaks
of the TSL and TSC curves, given in [19], were used. It
was verified that the temperature positions of the maxima
of these components also remain practically unchanged at
various doses of irradiation. It indicates that the probability
of relocalization to the same trap is much less than the total
probability of recombination at different luminescence cen-
ters and localization to the deeper traps. But the accumulation
rate for traps of different depths is different, and therefore the
TSL and TSC curves (Figures 3 and 4), obtained at different
doses of X-ray irradiation, differ.

At high temperatures (T > 350 K) in all ZnSe sam-
ples, we observe conductivity appearance, while the current
magnitude does not depend on the X-ray dose received.
Reheating without irradiation repeats this dependence of the
current magnitude on temperature. It clearly indicates that
at T > 350 K the dark conductivity grows in these ZnSe
samples.

Referring to papers that have been previously published,
the way how to determine trap concentrations sometimes has
been used a thermostimulated conductivity (TSC) technique
[21, 22]. However, with this method, the filling of the trap
levels could not be more accurately determined and does not
consider the spatial distribution of localized charge carriers
on traps.

3. The Light Sum Accumulation
in ZnSe Single Crystals

The classical kinetic theories of luminescence and conduc-
tivity are not suitable for determining the kinetics of charge
carrier accumulation on deep traps since they use a model
of crystal phosphors with one type of traps and one lumines-
cence center. In real crystals, several traps are always observed
(several peaks on the TSL and TSC curves). Let us consider
the light sum accumulation on deep traps within multicenter
model of crystal phosphor, inwhich at excitation temperature
T0 the following are present: several types of shallow traps,
phosphorescent trap, and several types of deep traps for
electrons, and at least two kinds of luminescent centers with
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Figure 3: TSC (1), TSL-630 (2), and TSL-970 (3) curves of ZnSe sample #1: at a low dose of radiation (𝐷X = 7.8 mJ/cm2) (a) and at a high
dose of radiation (𝐷X = 4608 mJ/cm2) (b).
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Figure 4: TSC (1), TSL-630 (2), and TSL-970 (3) curves of ZnSe sample #2: at a low dose of radiation (𝐷X = 7.8 mJ/cm2) (a) and at a high
dose of radiation (𝐷X = 4608 mJ/cm2) (b).

electronic recombination mechanism (deep traps for holes).
Shallow traps do not significantly affect the luminescence
kinetics since electrons on them are in a localized state for
a very short time (< 1 s).

We can determine the levels of deep traps’ maximum
filling (𝑟e) based on their kinetic equations (for example, for
m- and k-type traps) for the stationary state:

𝜕𝑛𝑚𝜕𝑡 = 𝑁−𝑢−𝜎−𝑚 (V𝑚 − 𝑛𝑚) − 𝑤𝑚𝑛𝑚 − 𝑃+𝑢+𝜎+𝑚𝑛𝑚 = 0
𝜕𝑛𝑘𝜕𝑡 = 𝑁−𝑢−𝜎−𝑘 (V𝑘 − 𝑛𝑘) − 𝑤𝑘𝑛𝑚 − 𝑃+𝑢+𝜎+𝑘 𝑛𝑘 = 0

(1)

and kinetic equations for free electrons (N−) and holes (P+)

𝜕𝑁−𝜕𝑡 = 𝐺 −∑𝑁−𝑢−𝜎−𝑚 (V𝑚 − 𝑛𝑚) − ∑𝑤𝑚𝑛𝑚
−∑𝑁−𝑢−𝜎−𝑗 𝑝𝑗 = 0

𝜕𝑃+𝜕𝑡 = 𝐺 −∑𝑃+𝑢+𝜎+𝑗 (V𝑝𝑗 − 𝑝𝑗) − ∑𝑤𝑗𝑝𝑗
−∑𝑃+𝑢+𝜎+𝑚𝑛𝑚 = 0

(2)

using the notation: n and p are the concentrations of the
localized electrons and holes; u− and u+ are the thermal
velocity of free charge carriers; 𝜎 is localization cross sections
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(the superscript is the sign of the charge of the free carrier;
subscript is a type of the local center); ] is concentrations of
local centers; 𝑤 is the probability of thermal delocalization of
charge carriers; G is the generation rate of free charge carriers
(proportional to the excitation intensity 𝐼x).

Since the probability of thermal delocalization from
deep traps is very small (𝑤m, 𝑤k, 𝑤j ≈ 0), this process
can be neglected. As a result, the maximum concentration
of localized electrons (𝑛m∞, 𝑛k∞) will be determined by
the competition of two processes: the localization of free
electrons and the recombination of free holes with localized
electrons. From (2), it is possible to obtain stationary concen-
trations of free electrons and holes, which are determined by
the intensity of generation of free charge carriers (G) and their
lifetime in the zones (𝜏−, 𝜏+) [19]:

𝑁− = 𝐺𝜏− = 𝐺∑𝑢−𝜎−𝑚V𝑚 ,
𝑃+ = 𝐺𝜏+ = 𝐺∑𝑢+𝜎+𝑗 V𝑝𝑗

(3)

When a steady state is reached, if we consider that the ratio
of the cross sections of holes localization to the electron’s
localization 𝜎+𝑚/𝜎−𝑚 should not vary much for each of the deep
traps, then for the maximum level of deep traps filling we get

𝑛𝑚∞
V𝑚

= 1
1 + (𝜎+𝑚/𝜎−𝑚) (∑ V𝑑𝜎−𝑑/∑ V𝑝𝜎+𝑝) ≈

𝑛𝑘∞
V𝑘

= 1
1 + (𝜎+

𝑘
/𝜎−
𝑘
) (∑ V𝑑𝜎−𝑑/∑ V𝑝𝜎+𝑝) = 𝑟𝑒

(4)

For two types of luminescence centers (j= 1.2), which are deep
traps for holes, it is also logical to introduce the level of their
recharge (𝑟h). For them, the corresponding kinetic equations
will be

𝜕𝑝1𝜕𝑡 = 𝑃+𝑢+𝜎+1 (V𝑝1 − 𝑝1) − 𝑁−𝑢−𝜎−1𝑝1 = 0
𝜕𝑝2𝜕𝑡 = 𝑃+𝑢+𝜎+2 (V𝑝2 − 𝑝2) − 𝑁−𝑢−𝜎−2𝑝2 = 0

(5)

Similarly, as for electrons, we get

𝑝1∞
V𝑝1

= 1
1 + (𝜎−1 /𝜎+1 ) (∑ V𝑝𝑗𝜎+𝑝/∑ V𝑑𝜎−𝑑) ≈

𝑝2∞
V𝑝2

= 1
1 + (𝜎−2 /𝜎+2 ) (∑ V𝑝𝑗𝜎+𝑝/∑ V𝑑𝜎−𝑑) = 𝑟ℎ

(6)

if the ratio of the cross sections of the localization of
electrons and holes 𝜎−𝑗 /𝜎+𝑗 is not very different for various
recombination centers.

At excitation in crystal phosphors at each moment of
time, the charge conservation law must be satisfied; that is,
the balance equation must be satisfied

𝑝1 + 𝑝2 = ∑𝑛𝑑 ⇒ 𝑟ℎ (V𝑝1 + V𝑝2) = 𝑟𝑒∑ V𝑑 (7)

The number of electrons localized in the traps should cor-
respond to the number of localized holes. As a result, the
following equation should be satisfied:

𝑟𝑒𝑟ℎ =
∑ V𝑝∑ V𝑑

= 1 + (∑ V𝑝𝜎+𝑝/ ∑ V𝑑𝜎−𝑑) (𝜎−𝑗 /𝜎+𝑗 )
1 + (∑ V𝑑𝜎−𝑑 /∑ V𝑝𝜎+𝑝) (𝜎−𝑚/𝜎+𝑚)

≅ ∑ V𝑝𝜎+𝑝∑ V𝑑𝜎−𝑑
𝜎−𝑗𝜎+𝑗

(8)

Equation (8) will be valid for all crystal phosphors, in which
the ratio of localization cross sections for electrons and
holes is not very different for various traps and for various
luminescence centers.

By using (8), which we substitute in (4) and (6), we obtain
simple relations for the filling levels of the deep traps and the
recharge level of the luminescence centers:

𝑟𝑒 = 𝑛𝑚∞
V𝑚

= 𝑛𝑘∞
V𝑘

= 11 + ∑ V𝑑/∑ V𝑝𝑗
= ∑ V𝑝𝑗∑ V𝑑 + ∑ V𝑝𝑗

𝑟ℎ = 𝑝1∞
V𝑝1

= 𝑝2∞
V𝑝2

= 11 + ∑ V𝑝𝑗/∑ V𝑑
= ∑ V𝑑∑ V𝑑 + ∑ V𝑝𝑗

(9)

Thus, the maximum recharge levels for the deep traps
and luminescence centers are determined by the relation of
concentrations, while the following is performed: 𝑟𝑒 + 𝑟h = 1.

For such a multicenter model of crystal phosphorus, it is
possible to determine the kinetics of electron accumulation
on deep traps by integrating the differential equation (1) with
the initial condition: at t = 0 all 𝑛m = 0.

𝜕𝑛𝑚𝜕𝑡 = 𝑁−𝑢−𝜎−𝑚 (V𝑚 − 𝑛𝑚) − 𝑃+𝑢+𝜎+𝑚𝑛𝑚 ⇒
𝑑𝑛𝑚𝑛𝑚 − (𝑁−𝑢−𝜎−𝑚/ (𝑁−𝑢−𝜎−𝑚 + 𝑃+𝑢+𝜎+𝑚)) V𝑚

= − (𝑁−𝑢−𝜎−𝑚 + 𝑃+𝑢+𝜎+𝑚) 𝑑𝑡
𝑛𝑚 (𝑡) = 𝑛𝑚∞{1

− exp[−( 𝜎−𝑚∑ V𝑑𝜎−𝑑 +
𝜎+𝑚∑ V𝑝𝑗𝜎+𝑗 )𝐺 ⋅ 𝑡]}

= 𝑛𝑚∞ {1 − exp(− 𝑡𝑡𝐺𝑚)}

(10)

where

𝑛𝑚∞ = 𝑟𝑒V𝑚,
𝑡𝐺𝑚 = 1

(𝜎−𝑚/∑ V𝑑𝜎−𝑑 + 𝜎+𝑚/ ∑ V𝑝𝑗𝜎+𝑗 ) 𝐺
(11)

The 𝑡Gm parameter differs for various traps, but their dif-
ference is determined by various localization cross sections.
And since their difference is within the same order, the rates
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of light sum accumulation on different traps will not differ
very much. Of course, less deep traps saturate faster because𝜎−𝑚 > 𝜎−𝑘 if 𝑚 < 𝑘. It is also confirmed experimentally (see
Figures 3 and 4).

Respectively, according to the balance equation, the
kinetics of accumulation of the recharged luminescence
centers will be

𝑝1 (𝑡) + 𝑝2 (𝑡) = ∑
𝑚

𝑛𝑚∞ {1 − exp(− 𝑡𝑡𝐺𝑚)} (12)

Considering (9), eventually, we have

𝑝1 (𝑡) = 𝑟ℎV𝑝1∑𝑚 𝑛𝑚∞ {1 − exp (−𝑡/𝑡𝐺𝑚)}∑𝑚 𝑛𝑚∞ ,
𝑝2 (𝑡) = 𝑟ℎV𝑝2∑𝑚 𝑛𝑚∞ {1 − exp (−𝑡/𝑡𝐺𝑚)}∑𝑚 𝑛𝑚∞

(13)

Thus, a theoretical consideration of the light sum accu-
mulation in the crystal phosphors showed that, first, the
maximum value of the accumulated light sum does not
depend on the intensity of the exciting radiation, and the total
concentrations of the deep traps and recombination centers
are decisive. Secondly, the accumulated light sum value is
determined by the radiation dose (a product of the intensity
of the exciting radiation by the exposure 𝐷X = 𝐼X ∙ 𝜏X).
Thirdly, the kinetics of accumulation of the light sum on
each type of deep trap are described by its simple exponential
dependence, which allows determining the parameters of this
exponent by several experimental points.

An important difference of the X-ray excitation is the
spatial microinhomogeneity of the generation of the elec-
tronic excitations upon absorption of an X-ray quantum.
Thousands of generated e-h pairs are in a small area with a
diameter of less than 0.5 microns. The Coulomb interaction
between electrons and holes prevents the rapid expansion
of this region. As a result, if there are a sufficient number
of recombination centers in the material, as in our ZnSe
samples, most of the free charge carriers will recombine
in this local region, creating scintillations. It is confirmed
experimentally by the dose dependencies of the luminescence
at low temperatures [20]. It also means that not all generated
free charge carriers are involved in the conductivity and
localization on deep traps [23, 24].

3.1. �e Experimental Dose Dependencies of TSC and TSL in
ZnSe. Thedose dependencies for the light sum accumulation
in the ZnSe single crystals on different traps were determined
by the intensities of the main TSL and TSC peaks. Each TSL
and TSC curve was decomposed into components so that the
sum of the components did not differ from the experimental
TSL and TSC curves by more than 5 %. We discovered
that curve shapes (their half widths and peak temperature
positions) are similar for different doses of X-ray radiation.
Of course, at the same time, we neglected the peaks with very
low intensities.

For all dose dependencies of the TSL and TSC peaks
obtained at two X-ray excitation intensities (𝐼X1 = 0.13 and
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Figure 5: Dose dependencies of TSC peaks of ZnSe (#2) 𝑇m = 143
K (1), 170 K (2), 183 K (3), and 224 K (4) with U0 = 15 V (dots) and
theoretical curves of the light sumaccumulation (solid lines) by (10).

𝐼X2 = 0.64mW/cm2) we have almost similar peak intensities
at the same radiation doses. That is, if 𝐼X1 ⋅ 𝜏1X = 𝐼X2 ⋅ 𝜏2X, then
the corresponding TSL and TSC curves coincide with each
other within the limits of error.

The characteristic dose dependencies of the TSC peaks
of ZnSe single crystal at two X-ray excitation intensities are
shown in Figure 5 by the example of the second sample (dots
are the experimental values; lines are the theoretical depen-
dencies (10)), the dependencies (2) and (3) are multiplied
by certain coefficients for greater visibility. As expected, the𝑡𝐺𝑚 parameter value for different TSC peaks does not differ
much from each other. Most importantly, the maximum
accumulated concentration of electrons in deep traps does
not depend on the intensity of the exciting X-ray radiation,
that is, 𝑛m∞ ̸= f (G).

Thus, the proposed multicenter model of crystal phos-
phor more sufficiently describes the light sum accumulation
on deep traps than the classical kinetic theories. The second
important point is that the kinetics of electron accumulation
on traps is well described by the exponential dependence(10).The same dependence is observed for TSL. Figures 6 and
7 show the dose dependencies of TSL-630 and TSL-970.

All dose TSL and TSC curves are well approximated by
the exponential dependence. Moreover, 𝑡𝐺𝑚 = 𝜏exp ⋅ 𝐼𝑋 for
each peak (that is, for each type of trap) there are almost the
same values for the two excitation intensities and which differ
fivefold. It means that the rate and kinetics of the light sum
accumulation for each peak are the same at any excitation
intensity.

When comparing the light sum accumulation for each
peak in different recording channels, it should be noted that
there is a more rapid saturation of TSC peaks rather than the
TSL peaks (𝑡𝑇𝑆𝐶𝐺𝑚 less related 𝑡𝑇𝑆𝐿𝐺𝑚 by several times). It agrees
well with the core differences between TSL and TSC.TheTSC
curves show the variation of the concentration of the free
electrons delocalized from the traps N−(T), while the TSL
curves are the product of the concentration of free electrons



Advances in Condensed Matter Physics 7

0 1000 2000 3000 4000 5000
0

400

800

1200

1600

2000

3

2

1

＊ ４
３
，

-6
3
0

(a
rb

.u
ni

ts)

D (mJ/cＧ2)

1 10 100 1000 10000

1

10

100

1000

10000 1

4

3 (x10)

2 (x0.1)

1

4

3 (x10)

2 (x0.1)

Ｃ ４
３
＃

(n
A

)

D (mJ/cＧ2)

1 10 100 1000 10000

1

10

100

1000

10000

Ｃ ４
３
＃

(n
A

)

D (mJ/cＧ2)

4

3 (x10)

2 (x0.1)

Figure 6: Dose dependencies of the TSL-630 peaks at 𝑇m = 129 K (1), 184 K (2), and 211 K (3) of the sample #1 under two intensities of X-ray
excitation and the theoretical curves of the light sum accumulation (solid lines).
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Figure 7: Dose dependencies of the TSL-970 peaks at 𝑇m = 129 K(1), 184 K (2), and 211 K (3) of the sample #1 under two intensities
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Figure 8: Dose dependencies of TSC (1), TSL-630 (2), and TSL-970(3) peak 𝑇m = 224 K of the ZnSe #2 sample at two X-ray excitation
intensities (dots) and theoretical light sum accumulation curves
(solid lines) by (10).

on the concentration of the recharged luminescence centers
N−(T)∙p(T). As is known, the intensity of luminescence
recombination is understood as the total number of free
carriers’ recombination events at the recharged recombina-
tion centers. It means that the dose dependencies of the
TSC and TSL will differ, since p(T) also changes during the
excitation and the light sum accumulation and, accordingly,
when recombining delocalized electrons. But it should be
noted that the change in the concentration of the recharged
luminescence centers occurs only by the magnitude of the
delocalized electrons. That is, a relative change in the number
of the recharged luminescence centers is not very significant
when one type of an electron trap gets emptied. That is why
the temperature positions of the corresponding TSL and TSC
peaks differ slightly. For example, Figure 8 presents the dose

dependencies of the peak at 𝑇m = 224 K of the second sample
observed in both TSC and TSL-630, as well as TSL-970.

When comparing TSL-630 and TSL-970 it is necessary
to take into account the fact that the intensity of the lumi-
nescence, which is being recorded, is due to the intracenter
quantum output of the luminescence center and its temper-
ature dependence; the geometric coefficient (determined by
that part of the luminescent quanta that enters the recording
system) by the spectral sensitivity of the recording system in
the region of the luminescence spectrum. In fact, we consider
a relative intensity, which is proportional to the product of
the concentrations of free electrons and recharges of the
recombination centers. The study of TSL and TSC of other
zinc selenide single crystals did not reveal experimental facts
that would contradict with these experimental results and
theoretical conclusions.

Based on the results obtained, one can explain the
behavior of the dose dependencies of the TSL and TSC
for all traps. Thus, the total concentration of traps in the
second sample is greater than in the first ZnSe sample. The
light sum accumulation rate is determined by the ratio of
recombination centers in the concentration of traps (and
not just the traps concentration). The smaller the size of the
localization region of the carriers at the absorption of an
X-ray quantum is, the greater the concentration of traps is.
Accordingly, in the first sample, a smaller part (than in the
second one) of charge carriers goes to localization when one
X-ray quantum is absorbed. It causes a slower initial rate of
the light sum accumulation in the sample.

4. Conclusions

In ZnSe single crystals, the TSL curves, when detected on two
luminescence bands (630 and 970 nm), and TSC curves have
a similar character. It indicates that the peaks in the TSL and
TSC are due to delocalization of the carriers from a trap to a
zone of their subsequent recombination on both types of the
recharged luminescence centers (630 and 970 nm).While the
differences in the parameters of the light sum accumulation
during the TSL registration on two luminescence bands are
due to the difference in the parameters of the luminescence
centers and their concentrations.

A theoretical model of crystal phosphors with several
types of traps has been proposed for which was found
next: (1) the accumulation of the light sum on each trap
is described by a simple exponential dependence with its
characteristic accumulation time and (2) themaximum accu-
mulated light sum at the X-ray excitation does not depend
on the intensity of exciting radiation. These conclusions
are experimentally confirmed by the research of light sum
accumulation in ZnSe single crystals at X-ray excitation.

It means that the classical model of crystal phosphor
with one type of traps, which provides for a maximum
accumulated light sum the dependence 𝑛∞ ∼ √𝐼𝑒𝑥, is too
simplistic. It is necessary to use a model of crystal phosphors
with several types of traps, for which the dynamics of the
accumulation of the light sum on each trap is described
by a simple exponential dependence with its characteristic
accumulation time and which gives the independence of
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the value of the maximum accumulated light sum from the
excitation intensity.
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We studied the impact of the cell thickness on configurations of line disclinations within a plane-parallel nematic cell.The Lebwohl-
Lasher semimicroscopic approach was used and (meta)stable nematic configurations were calculated using Brownian molecular
dynamics. Defect patterns were enforced topologically via boundary conditions. We imposed periodic circular nematic surface
fields at each confining surface. The resulting structures exhibit line defects which either connect the facing plates or remain
confined within the layers near confining plates. The first structure is stable in relatively thin cells and the latter one in thick cells.
We focused on structures at the threshold regimewhere both structures compete.We demonstrated that “history” of samples could
have strong impact on resulting nematic configurations.

1. Introduction

Line topological defects are ubiquitous in nematic liquid
crystals (NLC) which is fingerprinted even in their name
[1]. They could be stabilised topologically by appropriate
boundary conditions [2, 3] or due to energy reasons [4].
They have a strong impact on optical NLC properties and
are therefore of potential interest for various electro-optic
applications.

Nematic uniaxial liquid crystals exhibit simultaneously
liquid properties and local orientational order [5]. The latter
is at macroscopic level commonly presented by the nematic
director field ⇀𝑛 . It points along the local uniaxial order,
where states with ±⇀𝑛 are physically equivalent. In bulk
equilibrium ⇀𝑛 is spatially homogeneous and aligned along
a single symmetry breaking direction. NLC can exhibit
line dislocations, which are characterised by the winding
number m = ±1/2 [6, 7]. It reveals the total reorientation of⇀𝑛 on encircling the defect in counter-clockwise direction.
Furthermore, one can assign the total topological charge q to
a line defect [6] by enclosing it by a surface. This charge is
integer and reveals how many realizations of all orientations

are realised in the nematic order parameter space [6]. Note
that the core structure of line m = ±1/2 line defects is biaxial
[8], and the center of the core exhibits negative uniaxiality.

Line defects could be stabilised in different ways. For
example, they could be enforced by AFM imprinted patterns
to plates enclosing NLC in plane-parallel geometry as illus-
trated in [2]. It has been shown [9] that, in such geometries
the line defects could either span the opposite plates or are
confined to the vicinity of the bounding plates. In this paper
we focus on these competing structures. We henceforth refer
to the defect configurations that (i) connect the bounding
plates and (ii) remain confined close to the planes, as the (i)
connected and (ii) confined defect configurations, respectively.
In our study we consider networks of line defects in a
plane-parallel cell of thickness h. We use the Lebwohl-
Lasher semimicroscopic lattice model [10, 11] where the local
orientational order is presented by nematic pseudospins. We
assume that the bounding plates are patterned by a lattice
of concentric circles, enforcing the circular planar nematic
alignment, which give rise to line defects. We focus on the
impact of h and history of samples on defect patterns. The
plan of the paper is as follows. In Section 2 we present model
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and in Section 3 results. In the final sectionwe summarize our
results.

2. Materials and Methods

We consider nematic structures within a plane-parallel cell
of thickness h. At the bounding plates we enforce spatially
varying nematic patterns and calculate the corresponding
nematic structures within the cell. In our modelling we
use the semimicroscopic Lebwohl-Lasher lattice approach
[10, 11]. In this modelling the nematic orientational ordering
is described in terms of nematic spins ⇀𝑆 (states with ±⇀𝑆
are physically equivalent) residing at each lattice site. We
henceforth refer to unit vectors ⇀𝑆 as spins. The simulation
lattice is cubic, characterised by the lattice constant a0.

The simulation lattice consists of M × M × L sites in the
Cartesian coordinate system (x, y, z). Here L is proportional
to the cell thickness, i.e., h = La0, while M >> L stands for
its lateral dimensions. In the following we set a0 = 1, so that
we identify L with the cell thickness. Individual sites are
denoted by a set of indices (i, j, k): 1 ≤ i ≤ M, 1 ≤ j ≤ N,
and 1 ≤ k ≤ L. Each site is occupied by a spin ⇀𝑆 𝑖𝑗𝑘, which
tends to orient in parallel direction with its nearest neighbors.
The bounding plates have imprinted a two-dimensional (2D)
circular nematic “surface field” (see Figures 1 and 2, top
left), which enforces line defects to the LC body. Therefore,
we impose a lattice of two-dimensional m = 1 topological
point defects. This surface imprinted structure is positioned
symmetrically on both plates. In the model the surface field
is determined by frozen-in spins at the bounding plates.

The coupling between neighboring spins inside the cell
is given by the coupling constant J > 0, while the coupling
between the plates and the nearby spins is parametrized with
the anchoring strengthW > 0. The bulk interaction energy F
is the sum of the terms over all lattice sites:

𝐹 = − 𝐽𝐿𝐿
2 ∑
𝑖𝑗𝑘

∑
𝑛.𝑛

(→𝑆 𝑖𝑗𝑘 ∙ →𝑆 𝑛.𝑛)
2

, (1)

where 𝐽𝐿𝐿 = 𝐽.Thesubscriptn.n. in the inner sumdenotes the
6 nearest neighbors of the site with indices (i, j, k).Thebottom
and upper boundary plates are determined artificially by k =
0 and k= L + 1, respectively, and impose the nematic structure
determined by frozen-in spins. The corresponding nearest
inner spin planes (with k = 1 and k = L, respectively) interact
with the boundary planes with the LL interaction written
in (1), where 𝐽𝐿𝐿 = 𝑊 > 𝐽. At the lateral boundaries we
impose the periodic boundary condition. Besides the torques
due to coupling between neighboring spins the random
thermal fluctuations according to the Gaussian distribution
of deviations from equilibrium are included. For numerical
purpose, we introduce the dimensionless time step�𝑡∗=D�t
and the dimensionless temperature 𝑇∗= kT/J = kT. HereD is
the effective rotational diffusion coefficient, �t is the physical
time step, and k is the Boltzmann constant. Simulation details
are described in [11]. Furthermore, we scaleW in units of J.

A surface imposes spin configuration, consisting of a
lattice of 2D circular defects with the winding number m = 1

on the boundary plate. Each circular pattern, centered at (x0,
y0), is determined by

⇀𝑆 𝑑 ≡ (cos 𝜃, sin 𝜃, 0) = (− sin 𝜑, cos𝜑, 0) , (2a)

𝜑 = arctan
𝑦 − 𝑦0
𝑥 − 𝑥0

. (2b)

In (2a) and (2b) 𝜑 is the azimuthal angle in the (x, y) plane
and 𝜃 is the angle between the spin and the x-axis; therefore
𝜃 = 𝜑 + 𝜋/2 imposes a circular pattern. We place four equal
and symmetrically positioned circular defects on each plate
as shown in Figure 1. In between the circles we impose
a homogeneously aligned spin field along the x-axis. Both
confining plates impose the same spin field, i.e., ⇀𝑆 𝑖𝑗,𝐿+1 =
⇀𝑆 𝑖𝑗0.

In simulations we vary the cell thickness L.The remaining
parameters are fixed: W = 5 and 𝑇∗ = 0.5. These conditions
correspond to a relatively strong anchoring deeply in the
nematic phase.

For given conditions we calculate spin configurations
using Brownian molecular dynamics, where details are
described in [11]. We present key structural characteristics
using the following quantities. We define the traceless tensor
order parameter:

𝑄𝑚𝑛 = 3
2 ⟨𝑆𝑖𝑗𝑘,𝑚𝑆𝑖𝑗𝑘,𝑛⟩ − 1

2𝛿𝑚𝑛. (3)

Here Sijk,m denotes them-th component of the spin⇀𝑆 𝑖𝑗𝑘, while
the triangular bracket denotes the average over the cell and
𝛿mn is the Kronecker symbol. The scalar order parameter S is
conventionally defined as the largest eigenvalue of the tensor.

In order to measure impact of the bounding plates on
the average LC configuration within the cell we define the
quantity S(0, k) whichmeasures the averagematching of spins
in the k-th plane inside the cell with the frozen spins in the
confining boundaries, i.e.,

𝑆 (0, 𝑘) = 3
2𝑀2

𝑀

∑
𝑖,𝑗=1

(⇀𝑆 𝑖𝑗𝑘 ⋅ ⇀𝑆 𝑖𝑗0)
2

− 1
2 (4)

If the matching is perfect it holds S(0, k) = 1. Another useful
macroscopic parameter is the mean value of the square of
the spin component Sz, again with averaging over horizontal
planes:

⟨𝑆𝑧2⟩ (𝑘) = 1
𝑀2
𝑀

∑
𝑖,𝑗=1

(𝑆𝑖𝑗𝑘,3)
2

(5)

Note that the bounding plates enforce zero z-component of
the spins.

We study also the impact of sample “history” on spins.
For this purpose we impose four different initial spin con-
figurations: (1) spin configuration imposed by the plates
(which we label by “D”), (2) homogeneous configuration
with all the spins along the x-axis (“XH”), (3) homogeneous
configuration with all the spins along the z-axis (“ZH”), and
(4) random configurations, where the directions of the spins
are randomly distributed according to isotropic distribution
(“R”).
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Figure 1: Spin configurations in different “horizontal” planes for the cell with thickness L = 10: k = 0, bottom control plane with circular
defects (top left), k = 3 (top right), k = 4 (bottom left), and k = 5, middle of the cell (bottom right).

3. Results and Discussion

Of our interest is to analyse the thickness h=La0 driven
transformation between connected and confined defect con-
figurations. In thin enough cells the surface boundary con-
ditions stabilise a connected defect configuration. When the
cell thickness is increased, the defect structure, as enforced
by the plates, tends to unwind into preferable homogeneous
structure in the bulk of the cell. This is indicated by 2D
cross-sections parallel to the plate in Figures 1 and 2, where
the initial spin configuration was “D” and the equilibrium
spin configurations for two different thicknesses of the cell
are compared: L = 10 (very thin cell) and L = 30 (thicker
cell), respectively. Because of the symmetry it is sufficient
to illustrate the spin configurations for the lower half of the
cell, i.e., k ≤ L/2. Thus the four configurations presented in
either of Figures 1 and 2 represent the spin configuration
for the planes with increasing distance from the bottom
plate, indicated by increasing parameter k. In order to have
a definite (albeit superficial) direction of the spin also in the
center points of the defects, the spin was set to be aligned in
z-direction, i.e., perpendicular to the plates there (dots at the
defect centers in the figure).

It is evident fromFigure 1 (L= 10) that the defect structure
is essentially preserved through the cell for small thickness,

but the centers of the defects are smoothed. Thus the line
disclinations essentially connect the confining plates. On the
contrary, in Figure 2 (L = 30) the spin configuration in the
middle of the cell is roughly homogeneous along the x-axis.

Different structures for cells with different thicknesses
can also be forecast theoretically and revealed experimentally
with the use of polarizing optical microscopy [12, 13]. The
essence of the optical polarizing microscopy is the following.
The NLC is positioned between a pair of crossed polarizers
(perpendicular polarization directions). In the case of opti-
cally inactive medium in the cell no light passes through
the second polarizer. However, the optically active medium,
such as NLC, rotates the polarization direction because of the
difference in ordinary and extra-ordinary refraction indices,
and so the intensity of the transmitted light is nonzero. The
degree of polarization rotation depends on nematic director
field. In numerical simulation of the optical pattern, which
mimics the experimental situation, the path of the beam
through the NLC cell is divided into short segments, and
at each segment the small rotation angle of the polarization
is calculated by using the Jones matrix. If the direction of
the light beam is z (perpendicular to the cell plates), the
intensity of the transmitted light generally depends on (x,
y) coordinates, resulting in characteristic optical pattern.
Each pattern in our calculation corresponds to a single
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Figure 2: Spin configurations in different “horizontal” planes for the cell with thickness L = 30: k = 0 (top left, as for Figure 1), k = 5 (top
right), k = 10 (bottom left), and k = 15, middle of the cell (bottom right).

configuration (snapshot).Theoretically modelled patterns for
L= 10 and L= 30 are compared in Figure 3.The left image (L=
10) is characteristic for the winding number m = 1. However,
some traces of the optical patterns of them = 1 line defect are
still present for thicker cell (L = 30, right image).

The structures (equilibrium spin configurations) pre-
sented in Figures 1 and 2 above indicate that there exists a
threshold value of the cell thickness𝐿c abovewhich the defect
structure unwinds in the middle part of the cell (thicker
cells). In our study 𝐿c is between the values 20 and 30,
where the thickness of the cell is approximately equal to the
size of the imposed circles. The direction of the spins in the
predominantly homogeneous part of the cell is parallel to the
x-axis because this direction is favored by the alignment of
frozen spins between the circles.

Furthermore, we have studied the effect of different initial
spin configurations. In the case of thin cells (L = 10 or slightly
larger) the final equilibrium configurations for all different
initial configurations (“D”, “XH”, “ZH”, and “R”) are similar.
This was shown by comparison of 2D horizontal cross-
sections after relaxation, similarly as for Figures 1 and 2 , and
it has been also confirmed by similar values of parameters
S(0, k) and ⟨𝑆𝑧2⟩(𝑘) in (4) and (5). The value of ⟨𝑆𝑧2⟩ is of
the order of 0.02 in the middle of the cell (k = L/2), indicating

that the spins predominantly lie in the (x, y) plane. The small
Sz component is present because of thermal fluctuations.

Only the “ZH” initial spin configurations result in the
equilibrium configuration which tends to deviate from the
(x, y) plane configuration to larger extent, at least for larger
values of L. For instance, for L = 30 we have found that the
“ZH” initial configurations lead to equilibrium configuration
with ⟨𝑆𝑧2⟩ ≈ 0.6 at the middle of the cell, while the other three
initial configurations result in ⟨𝑆𝑧2⟩ ≈ 0.02, as in the case L =
10. However, other differences for initial spin configurations
“D”, “XH”, and “R” have been noticed. As expected, the final
configuration in the cell has the largest similarity to the defect
configuration on the plate, when the initial configuration is
“D”. This is also confirmed quantitatively by the largest value
of the parameter S(0, k) in (4) for all 2D planes (all values of
k). Figures 4 and 5 show the plane averages ⟨𝑆𝑧2⟩ and S(0, k)
as functions of the index k for all initial spin configurations
and for thicknesses L = 10 and 30, respectively.

The degree of alignment of spins along the x-axis could be
quantified by ⟨𝑆𝑥2⟩ in a similar way as ⟨𝑆𝑧2⟩ was defined in
(5) for the z-component. The “R” initial configuration results
in the equilibrium spin configuration between those corre-
sponding to “D” and “XH”.We have also noticed that for thin
cells (L = 10) the quantitative parameters, such as S(0, k), for
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Figure 3: Polarizing optical microscopy patterns for two thicknesses: L = 10 (left) and L = 30 (right). These patterns correspond to spin
configurations illustrated in Figures 1 and 2.The laser wavelength 445 nmwas arbitrary chosen, and the ordinary and extraordinary refraction
indices 1.544 and 1.821 correspond to NLC E7 [12, 13]. The real thickness was set to h = 2 𝜇m for the L = 10 cell and 6 𝜇m for the L = 30 cell.
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Figure 4: Dependence of the plane parameters ⟨𝑆𝑧2⟩ (left) and S(0, k) (right) on k in the case L = 10 (equilibrium spin configuration) for
initial configurations “D” (solid line), “XH” (dashed line), “ZH” (dash-dotted line), and “R” (dotted line).

“R” initial spin configuration are closer to the corresponding
values for “D” as compared to “XH”. The opposite is true for
thicker cells. Our simulations reveal that for initial conditions
“D”, “XH”, and “R” the structural differences decrease on
increasing the cell thickness. However, the “HZ” initial spin
configuration could lead to significantly different structures
as Figure 5 reveals. In this case we also observe a pronounced
statistical behavior of the system with respect to the “escape”
of spin configurations along the z-direction. By repeating
calculations several times for the same set of parameters we
observe that the system either “escapes” or does not and the

extent of this bifurcation behavior increases on approaching
the threshold thickness 𝐿c. The reason behind this is thermal
fluctuations included in the simulations. As a quantitative
measure of the bifurcation extent we set that the “escape”
is realized when ⟨𝑆𝑧2⟩ (k = L/2) exceeds ⟨𝑆𝑧2⟩c = 0.1. Our
statistical analysis in the cell 62 × 62 × 30 reveals that the
probability for the escape along the z-direction is roughly
equal to 40 %.

We also calculated the interaction energy per site of the
equilibrium states 𝐸s = 𝐹eq/(M

2L) (see (1)). We have found
that it increases slightly with the cell thickness: 𝐸s = −3.19,
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Figure 5: Dependence of the plane parameters ⟨𝑆𝑧2⟩ (left) and S(0, k) (right) on k in the case L = 30 (equilibrium spin configuration) for
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−3.06, −3.00, and −2.94 for L = 10, 15, 20, and 30, respectively.
The uncertainty of these values due to thermal fluctuations
in our simulations is 𝛿𝐸s ∼ 0.01. The quoted energy values
must be compared to the energy per site for completely
homogeneous state: 𝐸hom = −3 since J = 1. The smaller
energy per site for very thin cells results from relatively strong
coupling between the surface and neighbouring spins: W =
5. The surface anchoring energy has been included into the
total energy and its contribution to the sites at both plates
compensates the rise of energy due to inhomogeneity. On
the other hand differences in the equilibrium energy for the
four different initial configurations for the same L are roughly
comparable to fluctuation 𝛿𝐸s.

4. Conclusions

We investigated nematic structures within plane-parallel cells
of thickness h=La0 whose bounding plates enforced topolog-
ically line-defect patterns. The circular nematic fields at each
bounding surface favour surface topological defects bearing
m = 1 winding number at the centers of the circular patterns.
Due to the finite anchoring strength these nucleation sites
split and as a result two line defects withm = 1/2 emerge from
each nucleation site. In order to achieve winding number
neutral structure two m = −1/2 are formed to compensate
the total winding number within each (x,y) plane. In thin
cells these defect lines span the bounding plates and their
winding number remains the same across the cells. On the
other hand in thick cells the defect lines remain confined
to the vicinity of the bounding plates. Consequently, they
switch the sign of the winding number while linking m =
1/2 and 𝑚 = −1/2 daughter nucleation sites. We analysed

structures in the critical region, L ∼ 𝐿c, where these two
different realizations of defect patterns compete.The resulting
patterns depend relatively strongly on initial conditions. We
imposed four different histories to the nematic cells. We
either imposed the surface imposed pattern through whole
the cell, homogeneously aligned pattern along the x-axis or
z-axis, and isotropic profiles. We label these histories as “D”,
“XH”, “ZH”, and “R”, respectively. These patterns could be
experimentally imposed. For example, the first pattern is
realised in NLC cells below the critical thickness. The second
and the third patterns could be realised by using a strong
enough spatially uniform electrical field aligned along the
x-axis and z-axis, respectively. The fourth profile could be
realised by quenching the sample from the isotropic phase.
In the case of “ZH”we find behaviour which is reminiscent to
the percolation one. In our future study we intend to analyse
external electric field driven rewiring of defect patterns in
thin (L < 𝐿c) and thick (L > 𝐿c) cells.

In the studied case we considered substrates imposing
four circular “easy axis surface fields”. Note that larger num-
ber of circles and different distance between their centers or
different arrangement (e.g., hexagonal) would quantitatively
affect the results. However, we claim that qualitative structure
would be similar. Namely, the key parameter influencing
the switching mechanism is the length of disclinations. The
crucial parameters are therefore the cell thickness h and
the shortest distance between ±1/2 termination ends of
“confined” disclinations.

Furthermore, we considered conditions for which each
m = 1 surface imposed singularity nucleated a pair of m =
1/2 line defects. However, in general also other structural
solutions might appear depending on h and the strength
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of the surface anchoring interactions. Namely, in our mod-
elling we assume that the confined surfaces locally favour
unsplit m = 1 defect structure at the defect nucleating sites.
On the other hand, bulk elasticity favours formation of
defect lines bearing “elementary” (smallest possible) winding
numbers, i.e., |𝑚| = 1/2. A simple modelling [5] in the
approximation of equal nematic elastic constants reveals that
the director field dependent elastic free energy cost �𝐹𝑒 of
a single disclination of strength m within a finite region
(characterised by a linear length R) scales as �𝐹𝑒 ≈ 𝐹0𝑚2,
where 𝐹0 = 𝐹0(𝑅). Consequently, in bulk a pair of m = 1/2
dislocations is energeticallymore favourable than a singlem=
1 line defects. Our preliminary simulations (using Landau-de
Gennes continuum approach in terms of the tensor nematic
order parameter), where we focus on structures emerging
from a single m = 1 surface imposed singularity, reveal three
qualitatively different nematic structures on varying h. For
ℎ ≤ ℎ(1)𝑐 a single m = 1 singularity is most stable. Within the
window ℎ(1)𝑐 ≤ ℎ ≤ ℎ(2)𝑐 a pair of two m = 1/2 disclinations
appears instead. Furthermore, for ℎ ≥ ℎ(2)𝑐 an “escaped”
structure corresponds to the global minimum, where the
singularity in the director field is avoided by a nonsingular
escape of the nematic director field along the 3rd direction
[14]. Note that the described behaviour on crossing ℎ(2)𝑐 was
already observed experimentally [15, 16]. A more detailed
analysis will be published elsewhere.

The observed behavior is reminiscent to the percolation
phenomenon. We illustrate this analogy for the simplest
case of cubic cell (network) in percolation theory. The cell
is divided into small cubes (sites) with two significantly
distinct values of some physical quantity. Let us take the
usual case of either electrically conducting or insulating sites.
The conducting and insulating sites are randomly spatially
distributed, so that there is a fraction p of conducting sites.
In the vicinity of the percolation threshold 𝑝c and for a
finite network there is a probability P that a randomly
distributed conducting sites form a conducting (percolation)
path between two opposite faces of the entire cube. The
percolation threshold 𝑝c is usually defined as the fraction
of conducting sites (i.e., the volume fraction of conducting
phase) where the percolation probability has the value P =
50 %. The percolation threshold 𝑝c is roughly independent
on the network size, but the steepness of the monotonically
increasing function P(p) around 𝑝c increases with increasing
network size [17]. It holds P = 0 for p << 𝑝c, while P = 100
% for p >> 𝑝c. The fraction p in percolation theory plays
similar role as the thickness of the NLC cell in our study, and
𝑝c corresponds to the threshold thickness 𝐿c.
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Dodecanethiol-functionalized gold nanoparticleswere incorporated into the polymermatrix of diurethane-methacrylatemonomer
mixture in the presence of SiO

2
nanoparticles (8 wt %) and a new reactive organic luminescent material ACAIN (1-N-(2-

acryloyloxy-3-chloroprop-1-yl)-amino-5-isocyanonaphthalene, 1 wt %). This way, a new, probably multifunctional, polymer
nanocomposite was obtained. It was shown that the addition of SiO

2
nanoparticles enhances the fluorescent intensity of ACAIN

by 1.5 times in the 450-550 nm spectral range. Furthermore, an additional fluorescence enhancement up to 4.5 times was observed
when Au nanoparticles were added to this nanocomposite in a rather low (0.12 wt %) concentration.

1. Introduction

It is known that the luminescence of organic molecules in
the presence of metal nanoparticles can be enhanced or just
decreased, in dependence of different factors [1].Thepresence
of electromagnetic, plasmon field emitted by the proper
excited metal nanoparticle can enhance the luminescence of
an organic molecule [2]. At the same time the luminescence
of the molecule, directly connected to the metal surface, can
be essentially decreased because of the resonant transfer of
excitation energy to the metal or due to the dissociation
of excitons at the interface [3]. In a number of reports
the enhancement of luminescence in 𝜋-conjugated polymers
is related to the changes of polymer structure due to the
introduction of metallic nanoparticles [4–6].

It is known that 𝜋-conjugated organic systems have
been used as optoelectronic and sensing materials due to
their characteristic efficient light emission or absorption
and p-type charge transport. Hybrid nanostructures of 𝜋-
conjugated organic systems with nanoscale metals offer
surface plasmon- (SP-) enhanced luminescence, which can
be applied to organic-based optoelectronics, photonics, and
sensing.

The most popular route of metal (for example, Ag)
nanoparticle introduction into the polymermatrix consists of
the preparation of nanoparticles directly by a certain reduc-
tion process. For example, Ag nanoparticles (Ag NPs) can be
pre-prepared by sodium citrate reduction and incorporated
into agarose bymixing to form anAg-containing agarose film
(Ag@agarose), which yielded amaximum 8.5-fold increase in
the fluorescence [7]. However, in a number of applications
the selected form and dimensions of the nanoparticles are
important, primarily for the determined plasmon resonance
peak in the optical excitation and/or absorption spectra.
The possibility of the direct introduction of pre-prepared
gold nanoparticles to acrylate nanocomposites was shown
in our previous paper [8]. Moreover, we recently devel-
oped a new reactive solvatochromic dye: 1-N-(2-acryloyloxy-
3-chloroprop-1-yl)-amino-5-isocyanonaphthalene (ACAIN),
the complexation of which can be used for the selective
detection and quantification of silver(I) ions from aqueous
media [9]. In addition, ACAIN was found to be a vital cell
stain, which could selectively label the tonoplast in plant cells
[10]. We assume that the combination of our multifunctional
solvatochromic dye with the Au NP containing polymer
matrix can be important for sensor applications, since organic
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Table 1: Compositions of the Au-SiO
2
-ACAINmonomer composites.

Sample Monomers SiO
2
NPs Au NPs Initiator ACAIN

No [wt %] [wt %] [wt %] [wt %]
1 UDMA/IDA=3/7 - - - - 0.5 In2 1
2 UDMA/IDA=3/7 8 - - 0.5 In2 1
3 UDMA/IDA=3/7 8 0.12 0.5 In2 1
4 UDMA/IDA=3/7 8 - 0.5 In2 -
5 UDMA/IDA=3/7 8 0.12 0.5 In2 -

luminescent materials, which change the characteristics of
luminescent spectra under the influence of certain com-
pounds or ions, enable the mass production of cheap sensing
elements with the necessary forms and dimensions. There-
fore, the increase of luminescence intensity of the markers
in the polymeric material with increased stability is an
important issue from the practical point of view. Our aim was
to enhance the fluorescence of the multifunctional ACAIN
and at the same time incorporate it to a polymer matrix,
so that it could be used as a starting material for solid
state sensors. The introduction of SiO

2
NPs to the polymer

should prevent the leaching of luminescent components from
the composite. In this paper we present the results on the
preparation of an acrylate composite with ACAIN and SiO

2
,

as well as Au nanoparticles. The influence of Au nanoparticles
on the luminescence of this composite film was investigated.

2. Experimental

2.1. Materials. The following materials and chemicals were
used in this work: diurethane dimethacrylate, mixture
of isomers (436909 Aldrich, UDMA); isodecyl acrylate
(408956 Aldrich, IDA); initiator: 2,2-dimethoxy-2-phenyl-
acetophenone (19611-8 Aldrich, In2); dodecanethiol func-
tionalized gold nanoparticles with average size 5 nm
(Nanoprobes, No3014, AuNP) SiO

2
nanoparticles with size 7

nm (Aldrich No. 066K0110, SiO
2
NP); ACAIN, which is an

organic material with the structure shown in Figure 1.
ACAIN was prepared in a two-step reaction according to

scheme in Figure 2.
The detailed description of the synthesis and detailed

optical characterization of 1-(3-chloro-2-hydroxyprop-1-yl)-
amino-5-isocyanonaphthalene (CHAIN) and 1-N-(2-acryl-
oyloxy-3-chloroprop-1-yl)-amino-5-isocyanonaphthalene
(ACAIN) can be found in [9]. The compound is a yellow
powder at room temperature.

2.2. Preparation of the Au-SiO2-ACAIN-Monomer Mixtures
and the Polymer Nanocomposite Films. The compositions of
the Au-SiO

2
-ACAIN monomer mixtures are presented in

Table 1 and the preparation procedure is as follows: silicon
oxide nanoparticles were added to the above-mentioned
monomers and homogeneous solution was prepared by son-
ication. After homogenization the proper amount of ACAIN
powder was mixed in and the solution of Au NP in toluene
and initiator (0.5 wt % In2) were added to this solution and

NH

N
C

Cl

O

O

Figure 1: The molecular structure of 1-N-(2-acryloyloxy-3-
chloroprop-1-yl)-amino-5-isocyanonaphthalene (ACAIN).

carefully mixed. Next the solvent, toluene, was evaporated
until constant weight of the nanocomposite.

Preparation of the Polymer Nanocomposite Films. Preparation
of the polymer nanocomposite films consists of the UV-
curing of the monomer solutions between glass and polyester
film to prevent the inhibiting effect of oxygen. The UV light
source was a mercury lamp OSRAM, HQV 125 W. 20-30
𝜇m thick nanocomposite samples were formed on a glass
substrate in the gap between the glass and a polyester film,
as shown in Figure 3(a).The polyester film was removed after
the UV-curing. The SEM picture of the cross-section of the
sample is presented in Figure 3(b).

2.3. Experimental Measurements. Optical transmission spec-
tra of the obtained polymer nanocomposites were recorded
on a Shimadzu 1800 UV-vis spectrometer. Luminescence
spectra were investigated by the scanning laser microscope
Zeiss LSM-710 with pumping light wavelength at 405 nm
(excitation) and 3 nm spectral steps. The structure of the
nanocomposites containing Au NPs was characterized by
TEM (JEM-2000FXII).

3. Results and Discussion

For practical applications the uniform distribution of the Au
NPs in the polymer matrix is an important issue. Therefore,
using transmission electron microscopy first we showed
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Figure 2: Synthesis of 1-(3-chloro-2-hydroxyprop-1-yl)-amino-5-isocyanonaphthalene (2, CHAIN) and 1-(2-acryloyloxy-3-chloro-prop-1-
yl)-amino-5-isocyanonaphthalene (3, ACAIN).
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Figure 3: (a) Scheme of sample preparation.The polyester film is removed after polymerization. (b)f@V picture of Au NPs (the white arrow
selects one) in the polymer matrix, Sample 3.

directly that the Au NPs are well distributed in the matrix
and do not agglomerate (see Figure 3(b)). The absence of
agglomeration was further supported by the presence of
the plasmon resonance absorption peak near ∼540 nm (see
Figure 4), corresponding to the dimensions of theAuNPs (∼5
nm).

Since ACAIN contains a reactive acrylate functional
group, we assumed its complete incorporation in the polymer
matrix during the photopolymerization process.The uniform
fluorescent color of the polymer films backed this assump-
tion. Optical absorption spectra of pure acrylate composites
with 1 wt % of ACAIN and with the addition of two types
of nanoparticles (Au NPs and SiO

2
nanoparticles) were

measured (Figure 4). The ACAIN absorption maximum for
all composites, shown in Table 1, is located near 350 nm
(Figure 4). The introduction of 8 wt % of SiO

2
nanoparticles

and 0.12 wt% of Au nanoparticles results in the increase of the
absorptionmaximumand its small, about 10 nm shift towards
shorter wavelengths. These phenomena may be caused by the
formation of a complex between the SiO

2
NPs and ACAIN,

which similarly to other cases [11, 12] could also prevent the
possible leach out of the luminescent component. It should

also be noted that the addition of the NPs does not change
the absorption maximum, essentially.

That is why in our experiments the luminescence was
excited at the longwave-side of this maximum, at 405 nm. It
is important to note that the introduction of Au NPs results
in the appearance of an absorption peak with a maximum at
∼540 nm, which is related to the resonant absorption of the
localized plasmons in the Au NPs.

The photoluminescence spectra of the above-mentioned
composites are presented in Figure 5. It was established that
the pure polymermatrix (composite 4) and the polymer com-
posite with Au and SiO

2
NPs (composite 5) were not lumines-

cent, while the introduction of ACAIN stimulated a strong
luminescence signal. The last spectrum has wide asymmetri-
cal band shapes with small maxima features at 460 and 490
nm for theACAIN polymer composite without andwith SiO

2

nanoparticles, respectively. These spectra have similar shapes
as is characteristic for naphthalene derivatives, for example,
described in [13]; however the maxima are essentially shifted
to the red spectral range, which can be explained by the
presence of the N≡C group in the ACAIN structure. It was
established, as presented in Figure 5, that the introduction
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Figure 4: Optical absorption spectra of the ACAIN-containing (compositions 1-3) and polymer films without ACAIN (compositions 4,5).
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Figure 5: Luminescence spectra of the ACAIN-containing polymer
films, compositions 1, 2, and 3.

of the SiO
2
nanoparticles to the UDMA/IDA/ACAIN com-

posite increased the luminescence intensity by 1.5 times, and
the addition of Au NPs/SiO

2
results in a 4.5-time increase

in the intensity of luminescence. Besides the positive role of
SiO

2
NPs described in refs. [11, 12] and the similar influence

on ACAIN molecules in our materials, the essential role of
Au NPs can be attributed to the generation of plasmon fields,
which are localized near the Au NPs, causing an efficient
interaction with the luminescent molecules. Both phenom-
enamay cause the observed shift of the ACAIN luminescence
maximum towards longer wavelengths in comparison with
the empty polymer matrix only.

It is quite possible that in our case a donor-acceptor type
complex formation occurs between ACAIN and the Au NPs,
since the gold nanoparticles possess positive charge at the
surface and the isocyanonaphthalene acrylate derivatives are
considerably dipolar owing to the presence of the electron
donating amino and the electron withdrawing isocyano
groups, as it is seen in the ACAIN structure (Figure 1). The
possibility of such complex formation was shown in our
previous paper [14]. Under the influence of 450-550 nm
luminescence, the localized plasmon can be excited at the
short wavelength wing of the resonant peak and enhance
the luminescence of the organic derivative, although with
much less efficiency than in the resonance case. The effect is
due to the known localized plasmon (LP) coupling and the
local near-field enhancement of optical transitions. Tailoring
Au NP size and concentration in such nanocomposites is
expected to be used for the design and development of high-
performance luminescent materials and functional compo-
nents. In this case the application of preformed particles, as
proposed in this paper, is preferable.

The enhancement of luminescence can be better at
double-wavelength excitation, which includes the resonant
excitation of localized plasmons in the given type of Au NPs.
But in our case an interesting mechanism of luminescence
enhancement may be proposed: self-excitation with positive
feedback. In this mechanism the luminescence excites plas-
mon resonance, which in turn enhances the luminescence.
Further investigations are in progress in this attractive direc-
tion.

4. Summary

Polymer nanocomposites were fabricated by direct introduc-
tion of preformed SiO

2
and Au NPs with concentrations

8 wt % and 0.12 wt %, respectively, into the mixture of
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acrylate monomers, which contain also a new luminescent
isocyanonaphthalene basedmaterial, ACAIN. Resonant plas-
mon absorption was observed in these nanocomposites; i.e.,
gold nanoparticles were separated and localized plasmon
fields can be generated by illumination. The luminescence of
ACAIN was essentially enhanced to 4.5 times of the original
in such nanocomposites, as a result of a plasmon-assisted
process, which can also be explained by a self-exciting process
with a positive feedback.
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PbS thin films with thickness between 100 and 150 nmwere grown for the first time bymicrowave-assisted chemical bath deposition
in a commercial automated system with deposition times not exceeding 5 min. X-ray diffraction analysis shows that the thin films
have cubic rock salt type structure with good crystallinity. The grain size increased from 18 to 20 nm, as the deposition time
increased. Energy dispersive X-ray results confirm that the films are stoichiometric. Optical measurements show that thin films
have relatively high absorption coefficients between 104 and 105 cm-1 in the visible range. In addition, the films exhibit a direct
gap, within the energy range from 1.0 to 1.35 eV. The electrical properties, such as conductivity, the Seebeck coefficient, carrier
concentration, and carrier mobility, are discussed.

1. Introduction

Lead sulfide (PbS) is an important IV–VI semiconductor
material with technological applications including infrared
detectors [1] and absorbers in thin film solar cells [2, 3].
Different methods have been used to synthesize PbS; they
include chemical bath deposition (CBD) [4, 5], spray pyroly-
sis [6], pulsed laser deposition [7], vacuum evaporation [8],
chemical vapor deposition (CVD) [9], ultrasound [10], and
electrodeposition [11].

Studies of PbS thin films obtained by CBD showed that
this compound has a band gap (Eg) within the range of
energies from around 1.39-1.55 to 2.38-2.75 eV, an electrical
resistivity of 105Ω cm, and a preference orientation along

the (111) or (200) planes with grain sizes about 20 or 34
nm depending on the temperature and/or formulation used
[5, 12, 13]. The authors in [14] prepared PbS films by CBD at
room temperature for different deposition times (from 60 to
300min) using lead acetate as a source of Pb ions, thiourea to
produce S ions, and triethanolamine as the complexing agent
in water. As a result, grown films showed that Eg decreases
from 0.52 to 0.38 eV, as deposition time increases.

Besides the traditional set-up for CBD, PbS thin films
have been also deposited by CBD under the influence of UV
radiation [14] and microwave radiation [15–19]. Nanocrys-
talline PbS thin films have been reported using a microwave-
assisted chemical bath deposition method with deposition
times from 30 to 120 min showing a p-type conductivity
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[15]. X-ray diffraction patterns show cubic rock salt (NaCl)
structure with preference crystalline orientation along (111)
or (200) depending on the deposition time. Moreover, as the
deposition time increases, the particle size increases from 13
to 23 nm, while both the electrical resistivity and the band
gap Eg decrease from 380 to 347Ω cm and from 2.7 to 1.6 eV,
respectively. The synthesis of PbS nanocrystals in an ethanol
solvent for 20 min by microwave heating was reported in
[16] with size around 10 nm approximately. Additionally, the
pure cubic phase of PbS nanocrystals has been grown by
applying a microwave radiation for 30 min using ethanol,
distilled water, ethylene glycol, and polyethylene glycol-200
as solvents and lead acetate and thiourea as lead and sulfur
sources, respectively [17].These films show a direct transition
with an optical band gap of 3.49 eV.The nanoparticles of PbS
were prepared in a domestic microwave oven with different
sulfur sources and Pb(NO3)2 as lead source [18].

The microwave-assisted chemical bath deposition (MA-
CBD) is a simple, quite fast, and energy-efficient method to
obtain thin films [20]. The heating is generated from inside
the solution through microwave irradiation, which causes a
homogenous distribution of temperature within the solution
and accelerates the growth rate by accelerating the film's
reaction kinetics [21, 22].

As far as we know, this is the first time that thin films of
PbS are reported to be grown by MA-CBD with deposition
times not exceeding 5 min in a commercial automated
system. In this work, the PbS thin films were synthesized
using thioacetamide as sulfur source at different deposition
times. The structural, optical, and electrical properties of the
thin films were analyzed.

2. Materials and Methods

2.1. Thin Film Deposition. PbS thin films were grown by
microwave-assisted chemical bath deposition, following the
chemical formulation reported previously [23]. A solution
containing 5 ml of Pb(NO3)2 1 M, 20 ml of NaOH 1 M,
6 ml of CH3CSNH2 1 M, 4 ml of (HOCH2CH2)3N 1 M,
and distilled water was prepared. Typical microscope glass
slides were cut to obtain 75 x 8 x 2 mm substrates. One
substrate was introduced each time into the vial containing
the chemical solution. Then, the vial was placed in the Anton
PaarMicrowave Synthesis ReactorMonowave 300 (2.4 GHz).
The deposition was carried out at 40∘C for 2, 3, and 4 min.
Finally, the sampleswere taken out of the solution andwashed
with distilled water.The thicknesses of the films were 100, 130,
and 150 nm for 2, 3, and 4 min, respectively.

2.2. Characterization. Films’ thickness was measured on an
XP-200 Ambios Technology profilometer. X-ray diffraction
(XRD) patterns were recorded with Cu-K𝛼 radiation on a
Rigaku Ultima IV diffractometer with grazing incidence of
1.0∘ with the sample plane. A field effect scanning electron
microscope, Hitachi-FESEM S-5500, was used to analyze
the surface morphology of the films. Chemical composition
was analyzed in an Oxford x-act energy dispersive X-ray
spectrum (EDX) analyzer attached to a Hitachi-SEM SU1510.

Optical transmittance and specular reflectance spectra were
measured in a JASCO V-670 spectrometer using air or an
aluminizedmirror as reference, respectively. For the electrical
measurements we used a Keithley 230 programmable voltage
source and a Keithley 619 electrometer. A pair of carbon
electrodes (5 mm length and 5 mm separation) were painted
on the film surface, at which the I-V characteristics have
ohmic behavior. Photocurrent response curves were done
with a bias (V) of 10 V applied across the electrodes. The
current (I) in the sample is recorded at each 0.5 s for the first
20 s in the dark, the next 20 s under 1000 W/m2 provided by
a tungsten halogen lamp, and the last 20 s after switching off
the illumination. Thermoelectric measurements were done
by amicrovoltmeter/scanning thermometer Keithley 740 and
the DC power supply with two Peltier elements to establish
a difference of temperature. The activation energy for the
electrical conductivity was evaluated in the temperature
range between 298 and 363 K.

3. Results and Discussion

3.1. Reaction Mechanism. The reaction mechanism for form-
ing PbS thin films is as follows:

Pb2+ ions result from Pb(NO3)2, through the reactions
shown below [24]:

Pb (NO3)2 + 2NaOH → Pb (OH)2 + 2NaNO3
Pb (OH)2 + 2NaOH → Na2 [Pb (OH)4]

[Pb (OH)4]2− → Pb2+ + 4OH−
(1)

Additionally, the hydrolysis of thioacetamide, CH3CSNH2,
takes place in the solution which releases S2− ions as follows
[25]:

CH3CSNH2 + H2O → CH3CONH2 + H2S

H2S + H2O → H3O
+ +HS−

HS− + H2O → H3O
+ + S2−

(2)

When the ionic product of Pb2+ and S2− ions exceeds the
solubility product of PbS (1.1x10−29), the insoluble solid PbS
precipitate is produced:

Pb2+ + S2− → PbS (3)

Microwave radiation used for the MA-CBD provides the
necessary energy for the PbS formation. While describing
the kinetics of the reaction, it is worth noticing that the
heating is due to the interaction of the microwave radiation
with the solution through two mechanisms [26, 27]. These
mechanisms are related to the interaction of the microwave
radiation with the ionic medium and with the polar solvent,
that is, the water, which leads to a homogeneous distribution
of the temperature inside the solution, not only accelerating
the formation of the nuclei of PbS but also stimulating the
growth of the crystals.
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Table 1: Structural parameters as a function of deposition time.

Sample 2𝜃 (deg) FWHM (deg) Grain size
(nm)

Lattice constant
(Å)

Interplanar
spacing (Å)

2 min 30.01 0.4757 18.0 5.95 2.967
3 min 30.08 0.4303 19.9 5.94 2.970
4 min 30.05 0.4213 20.3 5.94 2.973

Table 2: Atomic percent of PbS thin films.

Sample Atomic %
Pb S

2 min 49.82 50.18
3 min 49.09 50.91
4 min 49.25 50.75
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Figure 1: XRD patterns of PbS thin film as a function of deposition
time.

3.2. Structural Properties. Figure 1 shows the X-ray diffrac-
tion patterns of the PbS thin films deposited by the MA-
CBD technique at 40∘C on glass substrates during 2, 3,
and 4 min. XRD patterns clearly have diffraction peaks at
25.96∘, 30.06∘, 43.01∘, 50.90∘, 53.37∘, 62.54∘, and 68.90∘ which
correspond to the (111), (200), (220), (311), (222), (400), and
(420) Miller planes of cubic structure (Galena) PbS (PDF#
077-0244), respectively. These results indicate that the films
are crystalline with cubic rock salt (NaCl) type structure.

The crystallite size (D) was calculated from the XRD
spectrum using Scherrer's equation [28]:

𝐷 = 0.94𝜆𝛽 cos 𝜃 , (4)

where 𝜃 is the Bragg diffraction angle, 𝜆 is the wavelength
of X-ray radiation, and 𝛽 is the full-width at half-maximum
(FWHM) of the main peak (200) in the XRD pattern.

An increase in the grain size is observed as the depo-
sition time increases. This leads to an improvement in the
crystallinity of the samples. In addition, the FWHM of PbS

thin films decreases with increasing deposition time, which
supports the observed increase in crystallinity. These results
are presented in Table 1.

The interplanar spacing (d) was taken from the (200)
plane using the XRD equipment software. As can be seen in
Table 1, the calculated interplanar spacing values are in good
agreement with the 2.967 Å reported in the standard PDF#
077-0244.

The lattice constant, a, of the films for the cubic structure
was calculated using the equation [29]

1𝑑2 = ℎ2 + 𝑘2 + 𝑙2𝑎2 , (5)

where h, k, and l are theMiller indices and d is the interplanar
spacing. The values of lattice constant are shown in Table 1.
It is found that the lattice constant values obtained are in
agreement with a = 5.934 Å as reported in PDF# 077-0244.

3.3. Surface Morphology and Chemical Composition. Figure 2
shows the SEM images of PbS thin films grown for 2, 3,
and 4 min. The micrographs show granular structure with
well-defined grain boundaries. Additionally, the films display
homogenous surface morphology without microcracks and
pinholes.

The characteristic peaks of S-K𝛼 at 2.307 keV, Pb-M at
2.342 keV, and Pb-L𝛼 at 10.550 keV are identified in the EDX
spectra of the thin films along with those arising from the
substrate (Na-K𝛼 at 1.04 keV, Mg-K𝛼 at 1.253 keV, Al-K𝛼 at
1.486 keV, Si-K𝛼 at 1.74 keV, and Ca-K𝛼 at 3.69 keV).

According to the elemental analysis obtained by EDX, the
films are close to the stoichiometric formula of PbS, where
the Pb:S ratio is 1:1. The composition of PbS films is shown in
Table 2. Figure 3 shows the EDX spectrum of a thin PbS film
grown for 2 min.

3.4. Optical Properties. Figure 4 shows the optical transmit-
tance (T) and specular reflectance (R) for PbS thin films. The
optical absorption coefficient (𝛼) as a function of the pho-
ton energy (h𝜐) was estimated from the transmittance and
reflectance spectra data and film thickness (d) by considering
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Figure 2: SEM images of PbS thin film grown for (a) 2 min, (b) 3 min, and (c) 4 min.
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Figure 3: EDX spectrum of the PbS thin film grown for 2 min.

multiple reflections within the thin film, according to the
following equation [30]:

𝛼 = 1𝑑 ln
{{{
(1 − 𝑅)22𝑇 + [((1 − 𝑅)22𝑇 )2 + 𝑅2]

1/2}}}
. (6)

Figure 5 shows the optical absorption coefficient (𝛼) of the
PbS thin films. Plots of (𝛼h])2/3 versus h𝜐 were used to
calculate the energy values of the band gap by the linear
fitting of the experimental data, as shown in the inset of
Figure 4.The straight line region in this plot indicates that the
absorption edge corresponds to a direct forbidden electronic
transition as reported for PbS thin films grown by chemical
bath deposition [31]. To understand the type of electronic
transition which occurs during the optical absorption, (𝛼h])2
versus h] was also plotted. The best fit is obtained for
(𝛼h])2/3 versus h] with a correlation factor of 0.99, while
for plots of (𝛼h])2 versus h] the correlation factor decreases
to 0.92 or less. Hence our experimental results suggest that
optical band gap in PbS thin films has a direct band gap
and forbidden electronic transitions taking place during the
optical absorption [32].

The value of Eg was obtained when the adjusting line
tends to zero (𝛼 →0). Values of 𝛼 > 104 cm−1 were obtained
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Figure 4: Transmittance (T) and reflectance (R) spectra for the PbS
thin films at different thicknesses.

for the thin films, as displayed in Figure 4. The optical band
gap values of the PbS thin films calculated were 1.35, 1.16, and
1.0 eV for 2, 3, and 4 min, respectively. The Eg value decreases
with an increase in time deposition and this is likely to be
attributed to an increase in crystal size, as is displayed in
Table 1. Band gap values are in agreement with the values
reported in the literature [5, 14].

3.5. Electrical Properties. Photoconductivity response curves
of the films are shown in Figure 6. All the samples are slightly
photoconductive. Electrical conductivity (𝜎) was estimated
from the current and voltage values, the electrode geometry,
and the film thickness. PbS thin films show a decrease in
dark conductivity with an increase in time deposition. In
polycrystalline semiconductors, the conductivity depends on
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three factors: (i) density of carriers, (ii) mobility, and (iii)
potential barrier at the grain boundaries [33, 34]. Despite
the absence of Kelvin probe force microscopy (KPFM)
measurements of the films in this current communication,
a comparison with other semiconducting polycrystalline
systems led us to elaborate on potential causes behind the
drop in conductivity [35–38]. The carrier conductivity of
the samples might be analyzed assuming the “polycrystalline
model,” where carriers pass over back-to-back Schottky
barriers that are generated by traps at grain boundaries (GB)
via thermionic emission. These traps (charged defect states at
GB) might result from impurities segregated during the thin

filmgrowth process.Moreover, for small grains, themean free
path of carriers is expected to be smaller than the width of
barriers, and effects of carrier diffusion should play out also.
Table 3 displays the values of electrical conductivity.

The Seebeck coefficients, S (𝜇V K−1), calculated from the
thermoelectric measurements, are presented in Table 3. For
all samples S is positive, indicating p-type conductivity. The
Seebeck coefficient and the electrical conductivity are linked
through an inverse relation [39]; i.e., the lower 𝜎, the higher
its S.

Hole concentration (p) was calculated through the follow-
ing relation [40]:

𝑆 = 𝑘𝐵𝑒 [52 − 𝑠 + ln 𝑁V𝑝 ] , (7)

where S is the Seebeck coefficient, s is the parameter which
describes the scattering processes in the semiconductors, Nv
is related to the density of states in the valence band, kB is the
Boltzmann constant, and e is the electron charge. According
to the literature we assume the values of s as 5/2 and Nv
as 1024 m−3 [39, 41]. Additionally, hole mobility (𝜇p) was
calculated from the relation between the conductivity and
the hole concentration. Table 3 presents these results. The
obtained results of 𝜇p for PbS thin films are in agreement with
the value of 0.03x10−2 m2 V−1 s−1 reported previously [31].

The relationship between the electrical conductivity and
temperature is governed by the following equation [30]:

𝜎 (𝑇) = 𝜎𝑜 exp(- 𝐸𝑎𝑘𝐵𝑇) , (8)

where 𝜎𝑜 is a parameter whose value depends on the semi-
conducting material, Ea is the thermal activation energy, and𝑘𝐵 is the Boltzmann constant. In Figure 7 the dependence of
ln (I) as a function of the inverse of the temperature (T) is
plotted for PbS thin films.TheArrhenius plot yields a straight
line, with the slope corresponding to the value of activation
energy. The activation energies for the interval between 330
and 360 K are 0.14, 0.33, and 0.35 eV for deposition times
of 2, 3, and 4 min, respectively. It is worth noticing that
in polycrystalline materials the activation energy provides
a measure of the Fermi energy (EF), the maximum of the
energy for the valence band (EV), and the energy of the
potential barrier of the grain boundaries (EB), through the
relationship Ea = EF–EV + EB [33].

4. Conclusions

The thin films of PbS were grown by the microwave-
assisted chemical bath deposition (MA-CBD) technique in a
commercial automated system. We were able to reduce the
deposition times to less than 5 minutes and obtain films with
good adhesion and homogeneousness throughout the surface
of the substrate with thickness from 100 to 150 nm. The XRD
analysis confirmed the polycrystalline cubic rock salt (NaCl)
type structure with crystallite size between 18 and 20 nm as
the deposition time was varied from 2 to 4 min. The EDX
analysis indicates that the thin films were stoichiometric. All
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Table 3: Electrical parameters of PbS thin films.

Sample 𝜎
( 102Ω−1 m−1) S

(𝜇V K−1)
p

(1023 m−3)
𝜇p

(10−2 m2 V−1 s−1)
Dark Illumination

2 min 1.13 1.30 15 8.5 0.13
3 min 0.18 0.23 18 8.1 0.03
4 min 0.13 0.14 19 8.0 0.02

2 min
Ea=0.14 eV

Ea=0.35 eV
4 min

3 min
Ea = 0.33 eV
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Figure 7: Plots of ln (I) vs (1/T) of PbS thin film as a function of deposition time.

the PbS films exhibit a direct band gap which varies from 1.0
to 1.35 eV. The films are of p-type conductivity with electrical
conductivity in the range from 13 to 113Ω−1 m−1. Besides, hole
mobility decreases from 0.13 x 10−2 to 0.02 x 10−2 m2 V−1 s−1
with increasing deposition time. On the basis of the results,
these thin films may be considered as potential candidates for
optoelectronic applications.
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After one of the B atoms in Fe73.5Cu1Nb3Si13.5B9 alloywas replaced by both 0.7 Si and 0.3 Co, Fe73.5Co0.3Cu1Nb3Si14.2B8 alloy ribbons
were prepared by single roll fast quenching method. The obtained alloy ribbons were subsequently wound into ring magnetic
cores, and then these magnetic cores were annealed at different temperatures in air. The effects of adding Co on the crystallization
behavior and soft magnetic properties of the as-quenched alloy ribbons with and without heat treatment were studied. The results
show that the amorphous structure of the prepared Fe73.5Co0.3Cu1Nb3Si14.2B8 alloy ribbons is transformed into the coexistence of
amorphous and nanocrystalline structures after heat treatment at 550∘C. Comparing with Fe73.5Cu1Nb3Si13.5B9 alloy ribbons, the
first initial crystallization temperature (𝑇𝑥1) and crystallization peak temperature (𝑇𝑝1) of Fe73.5Co0.3Cu1Nb3Si14.2B8 alloy ribbons
were reduced by 1.6 and 1.7∘C, respectively, While the second initial crystallization temperature (𝑇𝑥1) and crystallization peak
temperature (𝑇𝑝2) were increased by 6.5 and 5.7∘C, respectively, resulting in that the difference between the first and the second
initial crystallization temperatures (�𝑇𝑥) are increased by 8.1∘C; the initial permeability (𝜇𝑖) and saturation induction density (𝐵𝑠)
of the amorphous/nanocrystalline Fe73.5Co0.3Cu1Nb3Si14.2B8 magnetic cores were reduced by 0.15 H/m and 0.39 T, respectively,
while the coercivity (𝐻𝑐) is increased by 0.34 A/m.

1. Introduction

Since a fast quenching process was employed to prepare the
amorphous alloys by Klement et al. in 1960 [1], it has been
attracting more and more attention of researchers because of
its unique structure, efficient preparation process, excellent
material properties, and wide application prospects [2]. The
amorphous softmagnetic alloy ismainly composed of Fe, Co,
and Ni belonging to ferromagnetic metal elements, as well
as Si, B, P, and C belonging to amorphous metal elements.
Generally, a small amount of transitional elements or rare-
earth elements is usually added into the amorphous soft
magnetic alloy [3, 4], to improve the ability and thermal
stability of the amorphous alloy. Yashizawa et al. found that
the iron-based alloy with an amorphous and nanocrystalline
dual-phase structure can be conveniently obtained by adding
a small amount of Cu andM (M=Nb, Ta, Mo andW, etc.) into

the amorphous Fe-Si-B alloy family and annealing them at an
appropriate temperature [5].

Panina and Mohrifirstly noticed the giant magne-
toimpedance (GMI) effect in the amorphous CoFeSiB soft
magnetic alloy wire in 1994, where the impedance value
changes with the applied magnetic field along the axis of
the wire when the amorphous wire is excited by alternating
current [6]. Afterwards, the GMI were also observed in Fe-
based nanocrystalline ribbons, films, andwireswith high per-
meability [7, 8].The various miniature sensors based on GMI
have been applied in measurement of weak magnetic fields,
detection of azimuth, andmagnetic recording technology due
to the advantages of this effect such as high sensitivity, small
size, and fast response [9].

Both the high temperature properties and high frequency
performance of the alloys can be improved by replacing Fe
in finemet soft magnetic alloy with Co [10–12]. In this work,
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skeleton strip

Impedance analyzer

Figure 1: Scheme of testing principle of magnetoimpedance effect.

the Fe73.5Co0.3Cu1Nb3Si14.2B8 (Alloy-II (Co)) alloy strip is
successfully prepared by signal roll quenching method by
adjusting the composition of Fe73.5Cu1Nb3Si13.5B9 (Alloy-I).
The annealing of the alloy strip at different temperatures is
conducted to study the effect of adding Co on the crystal-
lization behavior of the alloy strip. The direct-current (DC)
soft magnetic properties of the amorphous/nanocrystalline
cores, as well as the magnetic impedance effect of the
amorphous/nanocrystalline strips, are also investigated.

2. Sample Preparation and Test Method

The signal roll quenching is employed to prepare the alloy
strip of Alloy-I and Alloy-II (Co) with the width 20mm
and thickness 25 𝜇m, respectively. Firstly, the alloy strip is
wound into a ring core with an outer diameter of 40mm and
inner diameter of 25mm by a tape winding machine. Then
the end of the strip is welded with amorphous spot welder.
Afterwards, the ring core is annealed in a nonmagnetic stain-
less steel tubular atmosphere resistance furnace in nitrogen
atmosphere at the temperature of 350, 400, 450, 500, and
550∘C, respectively, and, at each temperature, the duration is
100min. Finally, the annealed strip is air cooled.

The X-ray diffractometer (XRD) Bruker D-9 is employed
to conduct phase analysis. In detail, the copper target 𝐾𝛼
rays with wavelength of 0.154 nm, diffraction angle 2𝜃 range
of 20∼90∘, and step size of 0.02∘ is utilized. The working
current and voltage are 40 kV and 40mA, respectively. The
differential thermal analysis is carried on with synchronous
thermal analyzer SDT Q600 instrument (TA, America), and
the heating rate is 10∘C⋅min−1. The Argon atmosphere with
purity of 99.99% is put to use for protection. Besides, the
soft magnetic DC testerMATS-2010SD is employed to test
the DC soft magnetic performance. During the process,
the amorphous/nanocrystalline cores annealed at 550∘C are
loaded into the tray in the first place, and then 10 turns of
primary coil and 3-turn secondary coil are wound on the
guard plate with enameled wires.The effective magnetic path
length of amorphous/nanocrystalline cores is 98.44mm and
the effective cross-sectional area is 127.3mm2. In addition, the

impedance meter 4284A is employed to test the impedance
of amorphous/nanocrystalline, and the current amplitude
and alternating current frequency are set as 10mA and 0.1∼
1MHz, respectively. The magnetic field drawing instrument
is employed to generate magnetic field and the intensity is
0∼2800 A/m. Both the DC magnetic field and the current
direction are along the length direction of the strip and
perpendicular to the geomagnetic field.

As shown in Figure 1, it is the scheme of testing principle
of magnetoimpedance effect. The 200-turn copper enameled
wire (Φ = 0.21mm) is layered and evenly wound around
the induction coil skeleton (plastic rectangular hollow tube
with a section of 7.76mm in length and 2.15mm in width
and 8.23mm in length and 3.05mm in width, respectively).
Afterwards, a 2 cm long amorphous/nanocrystalline strip
annealed at 550∘C is placed in the middle of the inductor
skeleton. Finally, the inductor is placed in the center of the
magnetic field, and the axial direction of the inductance coil
is set to be parallel to the magnetic field.

The effect of impedance is defined as amplitude of
impedance variation like

�𝑍 = 𝑍𝐻 − 𝑍0 , (1)

where 𝑍0 is impedance of inductance coil without magnetic
field and 𝑍𝐻 is impedance of inductance coil after axial
magnetic field applied.

In Figure 2, the equivalent circuit model is displayed to
reveal the magnetoimpedance effect. The impedance of alloy
strip can be equivalent to the series circuitmodel of resistance𝑅 and inductance 𝐿, and the impedance is

𝑍 = √𝑅2 + (2𝜋𝑓𝐿)2, (2)

𝐿 = 𝜇𝑁2𝑆𝑙 , (3)

where, in (2), 𝑓 is the frequency for testing and 𝑅 and 𝐿
are the resistance and inductance of the coil, respectively. In
(3), 𝑁 and 𝑙 stand for the round and length (which is equal
to the length of amorphous/nanocrystalline strip) of the coil,
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Figure 2: The equivalent circuit model of magnetoimpedance effect.
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Figure 3: DSC curves of as-quenched alloy strips.

respectively. 𝜇 and 𝑆 represent the magnetic permeability of
the amorphous/nanocrystalline strip and cross section area
of coil, respectively.

From (1), (2), and (3), the impedance of amorphous/
nanocrystalline strip can be calculated by

�𝑍 = 𝑍𝐻 − 𝑍0
=

√𝑅2 + (2𝜋𝑓𝜇ℎ𝑁2𝑆𝑙 )

2 − √𝑅2 + (2𝜋𝑓𝜇0𝑁2𝑆𝑙 )
2
 ,

(4)

where 𝜇0 is the permeability of amorphous/nanocrystalline
strip without magnetic field, while 𝜇ℎ denotes the permeabil-
ity of amorphous/nanocrystalline strip after axial magnetic
field is applied.

3. Result and Analysis

3.1. Effect of Adding Co on Amorphous and Crystallization
Behavior of Alloy Strip. As can be seen from Figure 3, both
quenched alloy strips have a two-stage crystallization process.
In the first stage, the starting crystallization temperatures are
514.4 and 512.8∘C, respectively, while the crystallization peak
temperatures are 533.4 and 531.7∘C, respectively. Regarding
the second stage, the starting crystallization temperatures
are 665.4 and 671.9∘C, respectively, and the crystallization
peak temperatures are 684.1 and 689.8∘C, respectively. The
differences of the starting crystallization temperature of the
two stages are 151 and 159.1∘C, respectively.

As shown in Figure 4, the diffraction spectra of two kinds
of alloy strip with different quenched states perform typical
diffuse peak characteristics of amorphous structure, and
there are no sharp diffraction peaks in the crystalline phase. It

indicates that both of the alloy strips with different quenched
states possess noncrystalline structure. The strength of the
diffuse peaks of the two alloy strips increases but the diffuse
peak width is gradually narrowed at 2𝜃 of=45∘ along with
the increasing of annealing temperature. When the anneal-
ing temperature reaches 500∘C, the sharp diffraction peaks
appear at 2𝜃 with=44.7∘, 65∘, and 82∘ for the both alloy
strips.With comparison to the PDF card (35-0519), the crystal
surfaces including (110), (200), and (211) belonging to the
Fe3Si phase with body centered cubic (BCC) structure can
be clearly identified. On the other hand, when the annealing
temperature comes to 550∘C, the diffraction peak intensity
of Alloy-II (Co) alloy strip gets stronger, and the width of
the peak is narrower compared to Alloy-I alloy strip. Judged
from Scherrer equation, the grain sizes of Alloy-I and Alloy-
II (Co) alloy strips can be calculated to be about 11.044
and 12.734 nm at 2𝜃 of =44.7∘, respectively. It reveals that
both alloy strips can form a composite structure with the
coexistence of the amorphous and nanocrystalline phases
superior to heat treatment at 550∘C.

From the results in Figures 3 and 4, we find that the
first crystallization peak corresponds to the precipitation of
soft magnetic solid solution (precipitation of 𝛼-Fe phase).
And the second crystallization peak is the crystallization of
the remaining amorphous phase, which is mainly related to
the precipitation of Co-B, Fe-B, and Nb-Co compounds [13–
15]. Compared to the Alloy-I alloy strip, the Alloy-II (Co)
one possesses lower starting crystallization temperature and
crystallization peak temperature, which indicates that the Co
addition will lead to worse thermal stability of amorphous
alloy [16, 17]. However, the addition of Co increases the
difference between the one- and two-stage crystallization
temperature of the alloy strip, which is conducive to the
precipitation of a single Fe-Si phase and the precipitation of
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Figure 4: XRD patterns of as-quenched and annealing alloy strips.

Fe-B phase which affects the magnetic properties of the alloy.
Actually, Co element possesses similar chemical property
to Fe, and if Co element is added to the amorphous alloy
system, solid solution will be formed. In this process, Co
atoms increase the chaos of the alloy melt by occupying the
spatial lattice position of the Fe atoms, resulting in formation
of amorphous phase. Besides, the addition of Co element can
delay the occurrence of crystallization reaction and restrict
the precipitation of amorphous phase, which also promotes
the formation of amorphous phase.

3.2. Effect of Adding Co on DC Soft Magnetic Properties
of Amorphous/Nanocrystalline Crystalline Cores. The effect
of adding Co on DC soft magnetic properties of amor-
phous/nanocrystalline cores is displayed in Table 1, where 𝜇𝑖
and 𝜇𝑚 mark the initial and maximum permeability, respec-
tively; 𝐵𝑠 and 𝐵𝑟 represent the saturation magnetic induction
intensity and residual magnetism, respectively. The hysteresis
loss and coercive force are denoted by𝑃𝑢 and𝐻𝑐, respectively.
Compared with the amorphous/nanocrystalline Alloy-I core,
the amorphous/nanocrystalline Alloy-II (Co) magnetic cores
possesses lower initial permeability, maximummagnetic per-
meability, hysteresis loss, saturation magnetic induction, and
residual magnetism, but it yields to coercive force.This trend
shows that adding Co element reduces the DC soft magnetic
properties of amorphous/nanocrystalline cores.The decrease
of initial permeability can improve the antisaturation ability
and antibiasing ability of amorphous/nanocrystalline mag-
netic core under DC bias, to some extent. In particular, the
stability of the amorphous/nanocrystalline core can be greatly
improved in the electromagnetic application environment
with DC component.

3.3. Effect of Adding Co onMagnetic Impedance of FeCuNbSiB
Amorphous/Nanocrystalline Strip. The magnetoimpedance
effect of the amorphous/nanocrystalline Alloy-I strip
annealed at 550∘C is shown in Figure 5. The results indicate

that the impedance 𝑍 and amplitude of the impedance �𝑍
increase as the test frequency 𝑓 increases when the magnetic
field strength 𝐻 is fixed at constant. On the other side, when
the test frequency 𝑓 remains unchanged, the impedance 𝑍
will decrease but the amplitude of the impedance �𝑍
is just the opposite along with the increase of 𝐻 which
is the magnetic field strength. In fact, given a coil with
resistance 𝑅, number of turns 𝑁, cross section area 𝑆, and
length 𝑙, the permeability 𝜇 of amorphous/nanocrystalline
strip is constant if the magnetic field intensity 𝐻 remains
unchanged, leading to increase of impedance 𝑍as the
increase of test frequency 𝑓 from (2) and (3). However,
the permeability 𝜇 of the amorphous/nanocrystalline strip
decreases with the increase of magnetic field intensity𝐻 when the test frequency 𝑓 is constant [8], following
decrease of the impedance 𝑍 as the increase of magnetic field
strength 𝐻 according to (2) and (3).

In addition to the above discussion, 𝑍𝐻 will decrease
along with the increase of magnetic strength 𝐻 since 𝑍0 is
a constant if the test frequency 𝑓 remains to be unchanged,
resulting in the increase of �𝑍 as the increase of𝐻 according
to (4), while 𝜇𝐻 is constant if the magnetic strength 𝐻 stays
in the same condition, with the increase of �𝑍 as increase of𝑓 from (4).

In Figure 6, the magnetoimpedance effect of the amor-
phous/nanocrystalline Alloy-I and Alloy-II (Co) strips
annealed at 550∘C is tested and shown, where the test
frequency is 1.0MHz. The results show that the impedance
variation amplitude �𝑍 of the amorphous/nanocrystalline
Alloy-II (Co) strip increases compared to the Alloy-Ione.

4. Conclusion

In conclusion, the following two aspects can be attributed in
this work:(1). The amorphous Fe73.5Co0.3Cu1Nb3Si14.2B8 strip is
successfully prepared by single roll quenching method by
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Table 1: DC soft magnetic properties of the amorphous/nanocrystalline cores heat treatment at 550∘C.

Magnetic core 𝜇𝑖/(H⋅m−1) 𝜇𝑚/(H⋅m−1) P𝑢/(T⋅A⋅m−1) B𝑠/T B𝑟/T H𝑐/(A⋅m−1)
Alloy-I 0.39 0.99 2.77 1.52 0.76 0.40
Alloy-II (Co) 0.24 0.61 1.9 1.13 0.64 0.74
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Figure 5: The magneto impedance effect of the Alloy-I amorphous/nanocrystalline strips after heat treatment at 550∘C.
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Figure 6: The magnetoimpedance effect of Alloy-I and Alloy-II(Co) amorphous/nanocrystalline strips after heat treatment at 550∘C.

replacing one B atom with 0.7 Si and 0.3 Co based on the
Fe73.5Cu1Nb3Si13.5B9 alloy. Both amorphous strips can be
formed, the amorphous/nanocrystals dual-phase structure
after heat treatment at 550∘C. Compared to the amorphous
Fe73.5Cu1Nb3Si13.5B9 strip, both the first-stage initial crystal-
lization temperature and crystallization peak temperature of
the amorphous Fe73.5Co0.3Cu1Nb3Si14.2B8 ribbon get lower,
but both the initial crystallization temperature and the
crystallization peak temperature are higher in the second

stage, and the difference of initial crystallization temperatures
increases between the two stages.(2). The initial magnetic permeability, saturation
magnetic induction, and the DC soft magnetic properties of
the amorphous/nanocrystalline Fe73.5Co0.3Cu1Nb3Si14.2B8
magnetic core are all reduced, but it yields to the coercive
force compared with the amorphous/nanocrystalline
Fe73.5Cu1Nb3Si13.5B9 magnetic core. In addition, the
impedance amplitude of the amorphous/nanocrystalline
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Fe73.5Co0.3Cu1Nb3Si14.2B8 strip increases compared to the
amorphous/nanocrystalline Fe73.5Cu1Nb3Si13.5B9 strip.

Data Availability

The data used to support the findings of this study are
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Nanoindentation coupled with Atomic ForceMicroscopywas used to study stiffness, hardness, and the reduced Young’smodulus of
reduced graphene oxide. Oxygen reduction on the graphene oxide sample was performed via LightScribe DVD burner reduction,
a cost-effective approachwith potential for large scale graphene production.The reduction of oxygen in the graphene oxide sample
was estimated to about 10 percent using FTIR spectroscopic analysis. Images of the various samples were captured after each
reduction cycle using Atomic Force Microscopy. Elastic and spectroscopic analyses were performed on the samples after each
oxygen reduction cycle in the LightScribe, thus allowing for a comparison of stiffness, hardness, and the reduced Young’s modulus
based on the number of reduction cycles. The highest values obtained were after the fifth and final reduction cycle, yielding a
stiffness of 22.4 N/m, a hardness of 0.55 GPa, and a reduced Young’s modulus of 1.62 GPa as compared to a stiffness of 22.8 N/m, a
hardness of 0.58 GPa, and a reduced Young’s modulus of 1.84 GPa for a commercially purchased graphene filmmade by CVD.This
data was then compared to the expected values of pristine single layer graphene. Furthermore, two RC circuitswere built, one using
a parallel plate capacitors made of light scribed graphene on a kapton substrate (LSGC) and a second one using a CVD deposited
graphene on aluminum (CVDGC).Their RC time constants and surface charge densities were compared.

1. Introduction

The unique one-atom-thick two-dimensional structure of
carbonnanomaterial graphenemust continually be examined
as it exhibits many desired mechanical, electrical, thermal,
and optical properties [1]. These properties influence and
affect surface area, conductivity, the quantum hall effect,
electron scattering, band structure, and theKlein paradox [2].

Even though graphene is well studied, its large scale
commercial production still proves challenging and expen-
sive [3, 4]. Thus, there is a high likelihood that many
scientists will attempt to develop new and cost-effective
graphene fabricating techniques [5, 6]. As such, this work
focuses on the importance of examining the properties
of homemade reduced graphene oxide that proves to be
significant for interpreting future scientific investigations.
We used LightScribe DVD burner, a cost-effective approach
with potential for large scale graphene production. Yet, not
much work has been done on the elastic or mechanical

properties of such large size two-dimensional homemade
films of reduced graphene oxide samples. Therefore, in
this work, we used nanoindentation coupled with Atomic
Force Microscopy (AFM) in order to obtain better under-
standing of the structure and the mechanical properties of
both homemade reduced graphene oxide and commercially
purchased graphene (made by chemical-vapor deposition).
The main investigation surrounding homemade reduced
graphene oxide revolves around measuring the difference in
stiffness, hardness, and the reduced Young’s modulus of sam-
ples based on the number of trips through a LightScribe DVD
burner [7]. Images of each sample were captured after its
oxygen reduction cycle in the LightScribe. These results were
then compared to the experimentally determined values for
the reduced Young’s modulus of a commercially purchased
sample, as well as the expected theoretical value for pristine
graphene. Two properties of graphene that are important for
its use in electrical applications (such as supercapacitors) is
that it consists of a honeycomb arrangement of carbon atoms
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Figure 1: Force-distance curve for graphene oxide. The white
line depicts the loading stage, while the black line represents the
unloading stage.

that is one-atom thick allowing a high specific surface area
and that it has a high electron mobility. Thus, two parallel
plate capacitors were built using laser-scribed graphene on
a kapton substrate as the electrodes for one (LSGC), and
chemical-vapor deposited graphene on an aluminum foil
substrate as the electrodes for the other (CVDGC).

2. Theory

Nanoindentation serves as one of themost commonmeans of
testing mechanical properties of materials. Once calibrated,
the Atomic Force Microscope (AFM) measures the intensity
of interactions between a probe and the sample during the
loading stage (indentation) and the unloading stage (while
the probe is retracted). The small area of the probe tip, which
comes in various shapes, allows for a high sensitivity to
minuscule forces. The probe tips are placed on soft springs
(cantilevers), which are often made of silicon, allowing for
detection of forces in the range of a few nN [8]. These subtle
interactions are recorded on a force-distance curve as shown
in Figure 1. From this curve, numerousmechanical properties
of thin-films and characteristics can be derived.

2.1. Imaging. The Nanosurf Flex Atomic Force Microscope
and AFMs in general are widely used to create both two
and three-dimensional surface images [10]. These images are
accurate on a nanometer scale and can be taken using both
contact and noncontact probes.

Along with high resolution imaging, the Nanosurf can
also be used for various spectroscopic investigations, in this
instance, nanoindentation. The calibration of the AFM allows
the indentation measurements to be taken in nano-Newtons
based on the cantilever spring constant instead of voltage
based on the scanhead calibration.This allows for derivations
of stiffness, hardness, and the reduced Young’smodulus based
on the force-distance curve.

2.2. Force Spectroscopy and Nanoindentation. In force spec-
troscopy mode the AFM probe is used as an indenter.

Depending on the spring constant and strength of the indent-
ing probe, vertical forces are applied ranging from 𝜇N to tens
of pN.When indenting a surface on a nanometric scale, many
atomic forces interact with the attraction and separation of
the probe leading to distinct stages of the cantilever deflection
and force-distance curve. As the cantilever approaches the
sample with just nanometers of separation, atomic van der
Waals forces attract the probe to jump-to-contact resulting in
a negative vertical forcemeasurement. After physical contact,
continued vertical force is applied to the sample causing
elastic and plastic deformation; this is the loading stage. Sub-
sequently, once the max force 𝑃

𝑚𝑎𝑥
is reached the cantilever is

retracted. The release of pressure is measured and visualized
in the unloading stage. In the last phase of cantilever retrac-
tion, adhesion forces between the probe and sample cause a
jump-off-contact point where, again, negative vertical forces
are measured. Though these adhesive and attractive forces
give insight into the electrostatic properties of the sample,
nanomechanical and structural characteristics are extracted
from the contour of the unloading stage in the force-distance
curve. Figure 2 shows an idea force-distance curve with
respective loading and unloading stages. The nanometric
contact nature between the AFM probe and sample makes
the accurate measurement of necessary parameters, such as
the area of probe contact (𝐴

𝑐
), challenging. Thus, many

methods have been introduced to accurately model the tip-
sample interaction while enabling a derivation of relevant
structural characteristics. Our analysis used AtomicJ [11] for
determining the stiffness and reduced Young’s modulus and
the widely accepted method proposed by Oliver and Pharr
for determining the hardness. This relationship is given in
Equation (4).

Using the Oliver and Pharr model, three main charac-
teristics must be measured from the force-distance curve:
the maximum applied load, 𝑃

𝑚𝑎𝑥
(N), the displacement

at 𝑃
𝑚𝑎𝑥

, ℎ
𝑚𝑎𝑥
(𝑚), and the contact stiffness, S. Once these

quantities are measured, the projected cross sectional area of
the indenter, 𝐴(ℎ

𝑐
)(𝑚2), is calculated using ℎ

𝑐
, the residual

contact depth, and a conical approximation of the probes
dimensions using the manufacturer’s specifications. Figure 3
shows the probe manufacturers tetrahedral tip dimensions
used for calculating the conical cross section.

Figure 4 shows an ideal indentation to visualize the
contact depth, ℎ

𝑐
[see (1)], and subsequent projected cross-

sectional area equation [see (2)].The contact depth is written
as

ℎ
𝑐
= ℎ
𝑚𝑎𝑥
− 𝜖 (𝑃𝑚𝑎𝑥𝑆 ) (1)

where 𝜖 = 0.75, constant for conical tip indenter. Similarly,
the projected area is given by

𝐴 (ℎ
𝑐
) = (𝜋) [tan (18∘) (ℎ

𝑐
)]2 (2)

As seen in Figure 2, contact stiffness, S, is calculated
to be the slope of the unloading curve. Because the upper
portion of the unloading curve corresponds to the linear
stage of the probe retraction before tapering off, the most
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Figure 2: Force-distance curve for graphene oxide. The white line depicts the loading stage, while the black line represents the unloading
stage.

Figure 3: This figure, provided by AppNano, shows the dimensions
of the tetrahedral tip.

accurate stiffness measurements are calculated from this
initial gradient. Mathematically,

𝑆 = (𝜕𝑃𝜕ℎ) . (3)

Once contact area is determined, the hardness, H, defined
as the mean pressure a substance can support across that area,
is calculated using the equation

𝐻 = 𝑃𝑚𝑎𝑥𝐴 (ℎ
𝑐
) (4)

where 𝑃
𝑚𝑎𝑥

is the max load (N) and 𝐴 is the contact area
during indentation (m2) [12].

Young’s modulus is a measure of elasticity or the stress
and strain ratio of a substance. Because of elastic nature of the
unloading curve, the reduced or effective Young’s modulus
was calculated [13]. Using the stiffness from Equation (3)
and the contact area from Equation (2), the reduced elastic

modulus takes elastic deformations in both the probe and
sample into account and is given by

𝐸
𝑟
= 𝑆√𝜋
2√𝐴 (ℎ

𝑐
)
, (5)

where 𝐸
𝑟
is the reduced Young’s modulus (Pa).

3. Methodology

3.1. Production of Graphene. For large scale top-down syn-
thesis of graphene, it begins with a block of graphite.
Because graphite is simply billions of graphene sheets stacked
together, the introduction of strong acids oxidize the sub-
stance into graphene oxide. Oxidation weakens the chemical
bonding thus creating a greater interlayer spacing between
them. A final thermal shock of the graphene oxide at high
temperature enables an opening of the structure creating
graphene platelets with a thickness of 1-2 nm. Homemade
graphene specimens were produced with a similar top-down
approach using a commercially purchased 60 ml aqueous
solution of graphene oxide (GO). Comprised of 5 g/L of
graphene oxide, this highly concentrated solvent enables
samples to be prepared of varying sizes and shapes. The
graphene oxide used in the solution was approximately 79%
carbon and 20% oxygen [14]. Ensuring that the graphene
oxidemixture was uniformly and consistently spread over the
entire sample area, the solution was placed in an ultrasonic
cleaner. The uniformly mixed solvent was siphoned on to
a polytetrafluoroethylene (PTFE) substrate and was dried
using two methods: standard air-drying, as well as curing
in a vacuum oven for 24 hours at 100∘C and 70 mmHg
below standard atmospheric pressure. (Air-dried samples
developed a nonuniform profile with enclosed air bubbles



4 Advances in Condensed Matter Physics

h

P

initial surface

unloaded

loaded

indenter

a

ＢＭ

Ｂ＝ 

Ｂ＠

Figure 4: Ideal indentation depicting ℎ
𝑐
and the initial linear portion of the unloading stage where stiffness is calculated.

0 m

９
∗

10m

0
m

10


m

８∗

409n

−320n

８∗10m

９∗10m

Figure 5: AFM image and three-dimensional topography of air-dried graphene oxide solution taken using theDD-ACTAprobe.The sample
shows a region of elevated height with crater structure seen in the upper left hand corner of the three-dimensional topography scan.

leading to vast deviations in topography and indentation
characteristics.) Once cured the samples were adhered to
a standard, writable compact disk in order to perform a
thermal shock via the high intensity laser in a LightScribe
drive resulting in oxygen reduction [15]. Producing graphene
on PTFE substrates do not alter their composition and enable
samples be easily transferred to the CD for oxygen reduction
cycles or to glass slides for examination. AFM images of air-
dried and vacuum-dried graphene oxide samples are shown
in Figures 5 and 6, respectively.

Conversely, the commercially purchased graphene used
for comparisonwas fabricated through chemical-vapor depo-
sition (CVD), a bottom-up procedure. Though this process
can grow graphene on various substrates such as copper or
nickel, our samples were coated a sheet of aluminum foil.
The graphene coating had an average thickness of 3.5 nm,
and the lateral size of the individual graphene flakes were
between 5-10 𝜇m [9]. These flakes coated the surface to form
a conductive layer. SEM images taken by the manufacturer

and AFM images showing similar flake patterns taken by our
group are compared in Figures 7 and 8, respectively.

3.2. AFM Calibration. The first step in setting up the AFM
for imaging and spectroscopic analysis involved mounting
a probe. For this experiment, noncontact AppNano ACLA
[16], contact AppNano SHOCON probes [17], and AppNano
Diamond Doped ACTA probes (DD-ACTA) [18] were used.
Mounting the probe on the cantilever holder was usually
donewith forceps, while vacuum tweezers were utilizedwhen
removing the probe for storage. Proper mounting proved
crucial for ideal laser alignment and accurate measurements.

Once a probe had been mounted, the laser must be
aligned on the probe tip. Alignment was achieved by adjust-
ing the laser’s position through a viewing port on the AFM.
Course X/Y direction adjustments were performed first,
while examining the laser working point meter provided in
the Nanosurf EasyScan 2 software.
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Figure 6: AFM image and three-dimensional topography of vacuumoven-dried grapheneoxide solution taken using the DD-ACTAprobe.
A crevasse region runs through the center of the sample, with elevated regions on either side.
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Figure 7: SEM images taken by the supplier of the graphene coated aluminum [9]. Although the 1 𝜇m resolution of one the suppliers images
is greater than what the AFM can accurately image, the flake-like structures clearly resemble each other.

0 m 20 40 60 80
0

20

40

1.0 m

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 m

９
∗

10m

0
m

10


m

８∗

165n

−182n

８∗10m

９∗10m

Figure 8: AFM image and three-dimensional topography of commercially purchased graphene coated aluminum. Again, graphene flakes
are easily seen in the two-dimensional AFM image on the left. These images were taken using the DD-ACTA probe.
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Figure 9: This figure shows the Vibration Frequency Search Dia-
logue for the Nanosurf EasyScan 2 software using the DD-ACTA
probe.The frequency range was set between 200 and 400 kHz, with
the peak frequency occurring at 346 kHz.

A coarse frequency sweep was then performed, again
utilizing the Nanosurf EasyScan 2 software. Depending on
the probe used, the frequency range was set (see the Start
Frequency and End Frequency entries in the upper left
corner of Figure 9) and a course sweep was performed to
determine the free resonant frequency. This graph was then
exported as a .plt file to the program springconstant.exe, which
determines the experimental spring constant of the probe. In
our experiment, the spring constant of the SHOCON contact
probe was 0.148 N/m and that of the DD-ACTA probe was
40 N/m. Finding the experimental spring constant proved
significant, as the manufacture’s specifications displayed a
wide range with significant error. This value also allowed
for force-distance curve measurements to be converted to
Newtons rather than left as voltage based on the scan head
calibration.

One final step before data could be collected involved
determining the deflection sensitivity of the instrument. For
this test, a hard sapphire crystal was used as a calibration
tool. An indentation was performed and a force-distance
graph was obtained. The slope of the unloading portion of
the graph was determined using the measure length feature
of the Nanosurf EasyScan 2 software. This value was given
in units of Volts per meter. Based on these calibration
measurements, the deflection sensitivity for the DD-ACTA
probe was calculated to be 984 nm.

3.3. Images and Topography. Once calibrated, the AFM was
used to image the samples as well as measure the stiffness,
hardness, and reduced Young’s modulus. Numerous images,
as well as a total of thirty data points were taken for
each sample after each trip through the LightScribe. At
each data point, an indentation occurred, where the force
of the loading and unloading phases were recorded on a

force-distance curve. This curve was then used to derive
the above values as outlined in the Theory section. Ten
different data points were selected on a 10 𝜇m by 10 𝜇m
area on the sample before physically moving the sample to
test another area. This process was repeated two additional
times to obtain the thirty points, which were then averaged
to obtain the final values. These values were recorded for
the homemade samples after each trip through a LightScribe
oxygen reduction cycle, as well as for the commercially
purchased graphene. It is important to note, that the same
sample could not be used throughout experimentation. After
performing nanoindentation at thirty different points on
the sample, the structure and hence the surface mechanical
properties of the sample could be compromised. Because all
the samples were made in the same way under the same
circumstances, it was practical to use a different sample after
each nanoindentation measurements without any loose of
generality. As a result, a total of 7 samples were produced and
tested: untreated air-dried graphene oxide, untreated vacuum
oven-dried graphene oxide, 1 reduction cycle graphene oxide,
2 reduction cycle graphene oxide, 3 reduction cycle graphene
oxide, 4 reduction cycle graphene oxide, and 5 reduction cycle
graphene oxide.

3.4. RC Measurement. The laser-scribed graphene capacitor
(LSGC) was built by first cutting kapton into two 2.5 cm x
2.5 cm squares with 1 cm x 1 cm leads attached to them.These
squares were then adhered to the top of a LightScribe enabled
DVD disc. A graphene oxide dispersion of 5g/L of water was
then drop casted onto the adhered kapton substrates. The
sample was then allowed to dry at ambient conditions. Once
dried the disc was then inserted into the LightScribe DVD
burner upside down allowing the laser to etch the surface.
This process has then reduced the oxygen content in the
graphene oxide, leaving us two graphene electrodes for our
capacitor. After removing the electrodes from the disc they
were sandwiched together with a Mylar dielectric in between
them, which has a dielectric constant of 3.1 and a thickness
of 25.4 microns. The graphene samples were also measured
for their thickness using the Nanosurf EasyScan2 AFM. The
LSG was shown to have a thickness of around 3-3.5 microns.
As with the CVD made graphene capacitor, the aluminum
substrate with the CVD graphene deposited onto it was cut
into two 2.5 cm x 2.5 cm squares with 1 cm x 1 cm squares
leads attached to them.The sameMylar substrate was used as
a separator for this capacitor and constructed identically, but
with aluminum instead of kapton.

4. Results and Discussion

4.1. AFM Images. Images were taken using the ACLA non-
contact probe, the SHOCON contact probe, and the Dia-
mond Doped ACTA probe. Image size varied between 10 x
10 𝜇m to 40 x 40 𝜇m, with the time per line set between
0.6-0.8 seconds (1024 lines per image). Images of graphene
oxide were taken before attempted reduction to graphene
occurred, as well as after each trip through a LightScribe
reduction cycle. Figure 10 shows an image of a graphene oxide
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Figure 10: Image of a graphene oxide flake via SHOCON contact
probe, taken prior to mixing into a solution to be reduced by the
LightScribe. This is the only image taken of a graphene oxide flake
that did not come purchased in premade solution.

Figure 11: This image, taken with the SHOCON contact probe,
clearly depicts the stratified nature of the graphene oxide sample.
The scale length is 40 𝜇m by 40 𝜇m and the sample underwent 4
reduction cycles with the LightScribe.

flake before mixing it into a solution to be reduced by a
LightScribe.

Images were then taken and were paired with their corre-
sponding three-dimensional topography scan after each con-
secutive LightScribe reduction cycles. Representative images
after the fourth and fifth oxygen reduction cycles are shown
in Figures 11 and 12, respectively. Using this scan to perform
three-dimensional analysis, it was possible to approximate
both the number of layers of stacked graphene in the sample
as well as an approximate height of the sample. Figure 11
represents AFM image of the graphene oxide sample after the

fourth reduction cycle with the LightScribe. Measurements
of the various depths of the topography and edge positioning
of the sample allowed for an approximation of the number
of layers of stacked graphene to 5 layers. Figure 12 shows a
two and three-dimensional images of AFM images after the
fifth LightScribe reduction cycles of graphene oxide sample.
Similar measurements of the various depths of the three-
dimensional topography and edge positioning of the sample
allowed for an approximation of the number of stacked
graphene layers to 4-5 layers. As can be seen from these
images, our group was able to produce high quality graphene
oxide films with a simple cost-effective technique such as a
LightScribe.

4.2. SEM Images. Towards the end of experiment, a scanning
electron microscope (SEM) became available to image a 5
LightScribe reduction cycle sample. Figure 13 depicts flakes
of graphene and stratified layers of the sample. The SEM was
used to examine the sample from a larger scale. The image
scales shown in the figure range from 100-500 𝜇m. Attempts
were made to take images on the same scale as the AFM (10-
40 𝜇m) but the resolution of the table-top SEM was not clear
enough.

4.3. Fourier Transform Infrared (FT-IR) Spectroscopy. Fourier
transform infrared (FTIR) photoacoustic spectra in the 400-
4000 𝑐𝑚−1 were acquired by coadding 256 scans at a res-
olution of 8 𝑐𝑚−1 using a Varian 7000 FTIR spectrometer
equipped with aMTS300 photoacoustic module fromMTEC
Photoacoustics, Inc. USA. Rapid scan was used to obtain
the spectra of graphene samples in the solid state. The
final spectra were light intensity normalized using photoa-
coustic signals from a carbon black pellet under the same
experimental conditions. A typical spectrum of untreated
graphene oxide sample and after it has undergone one to
five oxygen reductions cycles via LightScribe is shown in
Figure 14. Detailed analysis of the spectra revealed that there
is a decrease in intensity of those bands involving oxygen
in the 1000-1800 𝑐𝑚−1 (C-O stretching, C=O stretching,
C-OH stretching, etc.) and 3500 𝑐𝑚−1 (O-H stretching)
regions upon reducing the graphene oxide samples [19]. The
largest oxygen reduction has been observed after the second
reduction cycle. There were not significant changes after
the third reduction cycle because the LightScribe reached
its maximum reduction capabilities after this cycle. This
result is consistent with the mechanical properties changes
observed in nanoindentation measurements as shown in
Figures 16–18.

4.4. RCAnalysis. Each capacitor was connected in series with
a resistor with an input 60 kHz AC square wave at 10V peak
to peak. The output waveform was analyzed using the cursor
function of an oscilloscope to find the RC time constants.
This process was repeated for ten different resistors for each
capacitor. The maintained voltage, the RC time constant, the
capacitance, and the average surface charge density where all
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Figure 12: This image shows the edge of a sample of 5 LightScribe reduction cycle graphene oxide taken using the SHOCON contact probe.
The three-dimensional topography and edge positioning of the sample allow for an approximation of the number of layers of stacked graphene.
This sample contains 4-5 layers seen in the various height differentials.

Table 1: Data for the LightScribe graphene capacitor.

Resistance (kΩ) Voltage Stored (V) RC Time Constant (𝜇s) Capacitance (pF)
22 9.75 1.00 45.54
66 9.40 1.60 24.24
100 8.55 2.05 20.50
200 6.40 3.95 19.75
300 4.73 4.30 14.33
400 3.72 4.60 11.50
470 3.22 4.20 8.94
500 3.08 4.70 9.40
600 2.68 5.02 8.33
700 2.16 5.10 7.14

12:44 L D8.3 x200 500 um

Figure 13: SEM image of graphene with stratified layers from 5
LightScribe reduction cycle sample.

measured. The surface charge density and RC time constants
were calculated, respectively, with the equations

𝜎 = 𝑉𝑘𝜖0𝑑 (6)

and

𝜏 = 𝑅𝐶 (7)

where 𝑉 is the average maintained voltage, 𝑘 is the
dielectric constant of Mylar, 𝜖

0
is the permittivity of free

space, 𝑑 is the thickness of the Mylar separator, and 𝜎 is
the surface charge density. A picture of one of the output
waveforms can be seen in Figure 15 and the results are
summarized in Tables 1 and 2.

The LSGC maintained a voltage of 24.5 times more than
that of the CVDGC and had a surface charge density of 25.3
times more than that of the CVDGC. However the CVDGC
had an RC time constant that was 29.12 times faster than the
LSGC, and an average capacitance of 2.5 times more than the
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Figure 14: FTIR spectrum of homemade graphene oxide after one, two, and five oxygen reduction cycle.

Table 2: Data for the commercially purchased CVD graphene capacitor.

Resistance (kΩ) Voltage Stored (V) RC Time Constant (𝜇s) Capacitance (pF)
22 9.75 1.00 45.54
66 9.40 1.60 24.24
100 8.55 2.05 20.50
200 6.40 3.95 19.75
300 4.73 4.30 14.33
400 3.72 4.60 11.50
470 3.22 4.20 8.94
500 3.08 4.70 9.40
600 2.68 5.02 8.33
700 2.16 5.10 7.14

Figure 15: Output waveform of the LSGC connected in series with
a 100 𝑘Ω resistor with an input 10V peak to peak square wave.

LSGC.These results may perhaps show a correlation between
the graphene sample thickness and the electron mobility. For
instance the LSGC graphene was almost 1000 times thicker
than the CVDGC graphene, therefore having more surface

area and maintained a much higher voltage. On the other
hand, the thinner CVDGC graphene was allowed to charge
and discharge faster, showing higher electron mobility. From
these findings we may be able to postulate that perhaps there
is a correlation to the thickness of a graphene sample, and
its ability to maintain and store more voltage at the cost of
electron mobility.

4.5. Spectroscopic Analysis. Nanoindentation was performed
on the various graphene oxide samples in order to calcu-
late stiffness, hardness, reduced Young’s modulus, and the
max load applied. This process was done after two and
three-dimensional imaging was performed to visualize the
topography of the samples after each reduction cycle. A
15𝜇m by 15𝜇m grid of indentations were performed in three
separate locations on each sample. Each grid was comprised
of 10 indentations yielding a total of 30 spectroscopic points.
Table 3 shows the average stiffness, hardness, 𝑃

𝑚𝑎𝑥
, and

reduced Young’s modulus of each sample across the 30
indentations. Therefore, all data discussed hereafter in this
section reflects the average values of the data points.

The first samples tested were the unreduced graphene
oxide. Although the oven-dried graphene oxide had slightly
higher values in every category, the measurements were close
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Table 3: The statistical analysis results for spectroscopic investigation of various samples. The values displayed are the averages of the thirty
data points taken for each sample.

Sample Stiffness (N/m) Hardness (GPa) 𝐸
𝑟
(GPa) 𝑃

𝑚𝑎𝑥
(𝜇N)

0 Reduction Cycle 16.00 3.09 0.81 12.00
1 Reduction Cycle 16.48 3.70 1.18 9.77
2 Reduction Cycles 24.31 4.80 1.50 7.35
3 Reduction Cycles 23.64 5.02 1.61 11.50
4 Reduction Cycles 20.81 5.38 1.62 11.10
5 Reduction Cycles 22.39 5.52 1.61 10.40
Commercial Graphene Oxide 22.80 5.83 1.84 14.10

enough to determine that oven-drying the sample versus air-
drying the sample did not significantly affect its material
properties or the nanoindentation process.

The first reduction cycle, as expected, led to an increase
in the stiffness, hardness, and reduced Young’s modulus.
The stiffness increased by 2.96% the hardness increased by
17.97%, and the reducedYoung’smodulus increased by 37.19%,
compared to the unreduced graphene oxide.

The second LightScribe reduction cycle generated addi-
tional increases in values from a previous reduction cycle, the
stiffness increased to 24.31 N/m, a 38.39% increase from the
first reduction cycle. The hardness, now 4.80 GPa, showed
a 25.88% increase from the previous reduction cycle and a
43.35% increase from the unreduced vacuum-dried graphene
oxide sample. Lastly, 23.88% and 59.74% increases in the
reduced Young’s moduli were seen from the first reduction
cycle and the unreduced vacuum-dried samples, respectively,
bringing the value of the reduced Young’s modulus to 1.50
GPa.

The third reduction cycle showed the first signs that
the LightScribe DVD burner was reaching its maximum
reduction capabilities. The stiffness decreases by 2.79%, while
the hardness and the reducedYoung’smodulus only increased
4.48% and 7.07%, respectively, from the second reduction
cycle. The overall percent increases from the unreduced
graphene oxide after the third reduction cyclewere 38.55% for
the stiffness, 47.6% for the hardness, and 66.12% for Young’s
modulus.

The fourth and fifth LightScribe reduction cycles signify
the maximum reduction capabilities of the DVD burner
being reached, with minimal improvement from the third
to fourth cycles and almost identical measurements from
the fourth to the fifth cycles. The percent increases for the
stiffness, hardness, and reduced Young’s modulus from the
third to the fourth reduction cycles were 12.73%, 6.92%,
and 0.62%, respectively. Overall, the increases from the
unreduced graphene oxide sample after the fourth reduction
cycle were 26.13% for the stiffness, 54.07% for the hardness,
and 66.7% for the reduced Young’s modulus.

After the fifth and final LightScribe reduction cycle, the
stiffness rose to a final value of 22.39 N/m, a 7.31% increase
from the fourth cycle. The hardness topped out at 5.52 GPa,
only a 2.57% increase from the previous cycle. Lastly, the
reduced Young’s modulus slightly decreased by 0.62% to a
final value of 1.61 GPa. At this point in experimentation, the

maximum effectiveness of the LightScribe DVD burner had
been reached, and further reduction cycles would not have
altered the material properties a significant amount.

The LightScribe DVD burner was ultimately able to
increase the stiffness, hardness, and reducedYoung’smodulus
of the graphene oxide samples. The total percent increases
from the unreduced graphene oxide sample to the fifth reduc-
tion cycle sample were 33.29% for the stiffness, 56.45% for the
hardness, and 66.12% for the reduced Young’s modulus.

After testing the final homemade sample, the commer-
cially purchased graphene sample was then spectroscopically
investigated via nanoindentation. As expected, the stiffness,
hardness, and reduced Young’s modulus were all greater than
the highest values of the homemade samples (the 5 reduction
cycle sample).The stiffness was 22.80 N/m, 1.81% greater than
the stiffness of the 5 reduction cycle sample.The hardness was
5.83 GPa, 5.46% greater than the 5.52 GPa hardness of the 5
reduction cycle sample. Lastly, the reduced Young’s modulus
of the commercial graphene was 1.84 GPa, 13.33% greater
than the 5 reduction cycle sample. Although the increase in
stiffness, hardness, and the reduced Young’s modulus were
significant, the measurements were on the same order of
magnitude as the 5 reduction cycle homemade graphene
sample. This shows the potential for homemade graphene
synthesis via DVD burner for reducing the amount of oxygen
in graphene oxide.

4.6. Statistical Analysis. Examining Figures 16–18 allows for
insight into the trends and range of the data, as well as some
statistical analysis. First, discussing the stiffness, Figure 16
shows the black standard deviation bars. All of the samples
have sections where the error bars, and thus the values
overlap. This means that the stiffness between the unreduced
sample and the 1 reduction cycle sample, for example, were
within one standard deviation of each other. The same holds
true for the difference in stiffness between the 1 reduction
cycle sample and the 2 reduction cycle sample, the 2 reduction
cycle and the 3 reduction cycle sample, etc. However, the
second and third reduction cycle samples showed slight
increase from the rest. This could be attributed to sample
thickness that these two samples could be thicker than the
rest. Nonetheless, after the second reduction cycle, we can
again say with higher certainty that the graphene oxide
sample increased in stiffness from the unreduced sample.
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Figure 16: This plot compares the stiffness of the sample based on
the number of LightScribe reduction cycles. The red points are the
average values for the thirty data points taken after each cycle. In
order to depict the changing nature of the stiffness, these pointswere
fit using a polynomial function shown above. The error bars depict
the standard deviation of the stiffness for the thirty data points taken
after each reduction cycle.
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Figure 17: This plot compares the hardness of the sample based on
the number of LightScribe reduction cycles. The red points are the
average values for the thirty data points taken after each cycle. In
order to depict the changing nature of the hardness, these points
were fit using a polynomial function shown above. The hardness
increased for the three reduction cycles before leveling off during the
fourth and fifth cycles. The error bars depict the standard deviation
of the hardness for the thirty data points taken after each reduction
cycle.

The average values and the standard deviations of the
hardness shown in Figure 17must also be investigated. Unlike
the stiffness, the standard deviation values of the hardness
show greater overlapping regions. It was not until the fourth
reduction cycle sample that we can be certain the hardness
value increased as it differed from the unreduced sample by
more than one standard deviation.

Lastly, Young’s modulus data, Figure 18, more clearly
exhibited that its value increased during the first and second
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Figure 18: This plot compares the reduced Young’s modulus of the
sample based on the number of LightScribe reduction cycles. The
red points are the average values for the thirty data points taken
after each cycle. In order to depict the changing nature of the elastic
modulus, these points were fit using a polynomial function shown
above. The reduced Young’s modulus increased for the first three
reduction cycles before leveling off during the fourth andfifth cycles.
The error bars depict the standard deviation of the reduced Young's
modulus for the thirty data points taken after each reduction cycle.

cycles but leveled off after the third cycle. The reduced
Young’s modulus between the unreduced sample and the
2,3,4 and 5 reduction cycle samples were less than one
standard deviation apart. Thus, the increase in the reduced
Young’s modulus was statistically significant after the first
reduction cycle and required one more cycle until the
increase in the elastic modulus was certain. Further, sim-
ilar to the stiffness, the next statistically significant jump
in the reduced Young’s modulus occurred after the third,
fourth, and fifth LightScribe reduction cycles. Thus, after
the third reduction cycle, we can again say with higher
statistical certainty that the graphene oxide sample’s reduced
Young’s modulus increased from the first reduction cycle.
Note that, the values of stiffness, hardness, and reduced
Young’s modulus for the homemade samples approached
that of the commercially purchased sample (shown as the
6th Oxygen Reduction Cycle in Figures 16–18) but none
of these values was greater than that of the commercial
sample.

5. Conclusion

Although significant increases in the stiffness, hardness,
and reduced Young’s modulus were made via LightScribe
reduction, the values obtained in this experiment differ
drastically from those of pristine single layer graphene. The
values of stiffness and hardness of graphene are not easily
standardizable as they depend on the sample’s thickness.
Young’s modulus of pristine graphene, however, is gener-
ally accepted to be around 1 TPa [20]. Our sample was
definitely not pristine, thus accounting for the dramatically
lower reduced Young’s modulus. Our results, however, were
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still much lower than other nonpristine samples. Work
done by Gmez-Navarro [21] revealed Young’s modulus of
chemically derived single graphene sheets to be approxi-
mately 0.25 TPa. Here, the discrepancy in results can be
attributed to the fact that our samples generally consisted
of 3-5 layer graphene sheets. Also, it is possible that the
LightScribe reduction process was not able to convert all
of the layers to graphene, thus further lowering the elas-
tic modulus. Importantly, one should note that although
our homemade sample differed from the expected Young’s
modulus of single layer nonpristine graphene by a factor
of 100, the commercially purchased sample also differed
by the same factor of 100. This speaks to the current and
prevalent issue of producing high quality graphene on a
large scale. Production of single layer, defect free, pristine
graphene proves incredibly challenging, even on a small scale.
Improvements in large scale graphene production could
usher in a new era of exciting technological and scientific
advancements.

In future experiments, these results could be refined
and improved. There were numerous sources of error
throughout experimentation, one of the largest dealt with
the determination of the contact area of the probe. An
approximate contact area was determined using manufac-
turer specifications and force-distance curves, yet the probe
tips were all slightly different and the error range in the
specifications could vastly affect calculations. Further, the
need to use a different sample for each reduction cycle
added extra inconsistency to the nanoindentation. Thenature
of vacuum-drying the samples led to uneven thicknesses,
thus every sample was different and comparisons of the
mechanical properties across samples became more chal-
lenging and less precise. In the future, repeating these
tests with different diamond tipped probes could also be
beneficial. The DD-ACTA probes used were noncontact
mode when imaging, thus using diamond tipped contact
probes would be a good way to confirm the results of this
project.

Lastly, various conditions in the lab affected the results.
Noise arising from light sources, vibrations caused by air con-
ditioning, and a not perfect mechanical vibrations isolation
system all reduced the accuracy of the measurements. These
factors also affected the images taken, which can be seen via
the lines and blurred sections that appear in some images.
This problem could be addressed in future experimentation
by enclosing the AFM in a vibrationally isolated chamber to
reduce these interference factors.

The findings of this research show that DVD burner
reduction does showpromise in converting graphene oxide to
graphene. Using this technique, we have built, as a proof-of-
concept, a graphene capacitor exhibiting the great potential
of graphene as a supercapacitor for renewable wind and
solar energy storages as well as electric cars. The values of
stiffness, hardness, and reduced Young’s modulus of home-
made graphene were on the same order of magnitude as the
commercially purchased samples. However, this method is
not ideal for attempting to create pristine graphene, which
still proves incredibly challenging and will continually be
investigated for years to come.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was partially supported by the Department of
Physics and Astronomy and the School of Sciences and
Mathematics at the College of Charleston. The work was also
supported by NSF/EPSCoR: SC EPSCoR/IDeA, Award no.
0IA-1655740.

References

[1] “A Short History of AFM,” http://hansmalab.physics.ucsb.edu/
afmhistory.html#history.

[2] D. A. C. Brownson, D. K. Kampouris, and C. E. Banks,
“An overview of graphene in energy production and storage
applications,” Journal of Power Sources, vol. 196, no. 11, pp. 4873–
4885, 2011.

[3] A. K. Geim and A. H. MacDonald, “Graphene: Exploring
carbon flatland,” Physics Today, vol. 60, no. 8, pp. 35–41, 2007.

[4] V. C. Tung, M. J. Allen, Y. Yang, and R. B. Kaner, “High-
throughput solution processing of large-scale graphene,”Nature
Nanotechnology, vol. 4, no. 1, pp. 25–29, 2009.

[5] S. Bae, H. Kim, Y. Lee et al., “Roll-to-roll production of 30-inch
graphene films for transparent electrodes,”Nature Nanotechnol-
ogy, vol. 5, no. 8, pp. 574–578, 2010.

[6] K. S. Kim, Y. Zhao, and H. Jang, “Large-scale pattern growth of
graphene films for stretchable transparent electrodes,” Nature,
vol. 457, no. 7230, pp. 706–710, 2009.

[7] “Slim External AluminumSlot-Loading BDXLBlu-RayWriter,”
http://www.pawtec.com/lightscribe/.

[8] JPK Instruments, “A Practical Guide to AFM Force Spec-
troscopy,” 2008.

[9] “Graphene Coated Aluminum,” https://graphene-supermarket
.com/Graphene-on-Aluminum-Foil.html.

[10] Atomic Force Microscope, http://www.nanosurf.com/?content
=040230.

[11] P. Hermanowicz, M. Sarna, K. Burda, and H. Gabryś, “AtomicJ:
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Lead-free Bi
0.5
(Na
0.80

K
0.20

)
0.5
TiO
3
(BNKT) ferroelectric films were synthesized on Pt/Ti/SiO

2
/Si substrates via chemical solution

deposition. The influence of crystallization time on the microstructures and ferroelectric and energy-storage properties of the films
was investigated in detail. The XRD analysis showed that the BNKT films have well crystallized corresponding to the single-phase
perovskite structure at 700∘C. Ferroelectric and energy-storage properties of the films were significantly enhanced by increasing
crystallization time. With crystallization time of 60 min, the remnant polarization (𝑃

𝑟
), maximum polarization (𝑃m), and 𝑃m-𝑃r

values reached the highest values of 7.9 𝜇C/cm2, 28.9 𝜇C/cm2, and 21.0 𝜇C/cm2, respectively, under the electric field of 400 kV/cm.
Thanks to the strong enhancement in 𝑃m and the large 𝑃ma-𝑃r value, the highest recoverable energy-storage density (𝐽reco) gets the
value of 2.9 J/cm3. The obtained results indicate that the BNKT films have application potentials in advanced capacitors.

1. Introduction

Recently, people have faced big global challenges such as the
air pollution, climate change, and the energy scarcity. For
the sustainable development, the traditional fossil fuel energy
resources should be replaced by new energy generation
technologies, such as wind and solar and thermal energy
with cleaner renewable sources. Hence, the development
of the high energy-storage materials and devices has been
paid increasing attention. The dielectric capacitors owning
numerous good properties such as ultrafast charge-discharge
rate, high energy-storage density (𝐽reco), good temperature
stability, and low cost have been widely studied in the past
decades. They have been used in a lot of modern electrical
equipment, such as high power microwaves and electromag-
netic armor. [1–5]. Because of the integrating and miniatur-
izing tendency of electronic devices, an ideal capacitor needs

to possess high energy-storage density, rapid discharge, and
high energy-storage efficiency (𝜂) [1, 6, 7]. Theoretically, the
dielectric materials having the small remnant polarization
(𝑃r), high saturated polarization (𝑃m), and high breakdown
strength (BDS) are the most potential candidates [1]. By
far, majority of studies on film capacitors have been just
focused on lead-based materials (PZT) [5, 8–12]. However,
owing to containing high Pb content, PZT-based materials
are not environmentally friendly and likely harm the human
health. Hence, the developments of lead-free materials with
high 𝐽reco and 𝜂 are an urgent demand for the applications
of pulsed power capacitors. Currently, lead-free ceramics,
such as (K0.5Na0.5)NbO3 (KNN)-based [13], BaTiO3 (BT)-
based [14], SrTiO3 (ST)-based [3], and (Bi0.5Na0.5)TiO3
(BNT)-based [15], have attracted much attention because of
their good energy-storage properties. Among them, lead-
free (Na0.5Bi0.5)TiO3 (NBT) ferroelectric materials have been
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extensively investigated for mainly the past 10 years [16].
Smolenski and his coworkers [17] revealed NBT as typical
perovskite-type ferroelectrics in 1961. When modified by
other ABO3 phases, the critical temperature at which the
AF-AFE phase transition occurs could be reduced with an
increase of ferroelectric properties. For example, NBT–xBT
lead-free thick films [18] were studied on the temperature-
dependence of the 𝐽reco and leakage current performance.
Authors attained the enhancement of the BDS and the 𝑃m
– 𝑃r value for NBT–0.06BT, resulting in the improvements
of energy-storage properties (the maximum 𝐽reco and 𝜂 of 2.3
J/cm3 and 45%, respectively at under 550 kV/cm). Xu and his
coworkers [19] obtained the solid solubility of BNTBT with
NBN and optimized energy-storage properties with 𝐽reco =
1.36 J/cm3 and 𝜂 = 73.9 % at NBN content of 0.02. For the
same system, Lu et al. [20], thanks to the La and Zr codoping,
enhanced the energy-storage capacity of the BNTBT (the
maximum 𝐽reco was 1.21 J/cm3 at 100 kV/cm). In the report
[20], the energy-storage density of BNBT–xKN ceramics was
explored with the rise of KN addition. Authors indicated
that the energy-storage density is increased radically and
reached the maximum value of 0.89 J/cm3 at 100 kV/cm for
BNBT–0.06KN. (1 − x)BNTBT-xNN ceramics [15], prepared
via the conventional solid state reactionmethod, exhibitmore
slim P–E loops with increasing the NN amount. Therefore,
the 𝐽reco was enhanced significantly and reached the highest
value of 0.71 J/cm3 for x = 0.10 at 7 kV/mm. Being similar AFE
ceramic, (1−x)(Na0.5Bi0.5)TiO3−xSrTiO3 (NBT-ST) system
was reported by Cao et al. [21]. The 0.7NBT-0.3ST exhibited
excellent temperature stability in its energy-storage density
from the room temperature to 120∘Cwith the maximum 𝐽reco
value of 0.65 J/cm3 obtained at 65 kV/cm. Via a solid–solid
state route, 0.475BNT–0.525BCTZ–x wt% MgO ceramics
[22] were prepared and we investigated their phase structure,
microstructure and dielectric and energy-storage properties
with the focus on optimizing properties for capacitor appli-
cations. Thanks to significant enhancement of the dielectric
breakdown strength in these ceramics with the addition of
MgO, their discharge energy density was strongly improved.
With a high dielectric breakdown strength of 15.67 kV/mm,
the sample with x = 5 showed the highest maximum 𝐽reco
of 1.04 J/cm3. Comparing to bulk ceramics, the ferroelectric
films having the higher BDS could release the drawbacks of
bulk ceramics and be suitable for the high energy-storage
applications. NBT films [23] synthesized on LNO/Si (100)
substrates by using a sol-gel technique show the excellent
energy-storage properties with the 𝐽reco of 12.4 J/cm3 and 𝜂 of
43% at 1200 kV/cm. Zhang et al. [24] markedly enhanced the
energy-storage properties of 0.7NBT-0.3ST relaxor films by
the Mn2+ substitution for Ti4+. With appropriate Mn doping
(1mol. %), the highest 𝐽reco value of 27 J/cm3 was gained
thanks to the high BDS value of 1894 kV/cm.

The above studies indicated that the energy-storage den-
sity was significantly improved by enlarging the difference
value between 𝑃m and 𝑃r and/or increasing the value of
breakdown strength (BDS). Enhancement of 𝐽reco value
in lead-free thin films has gained the progress, but their
performances were still far inferior to those of lead-based

materials. The processing conditions of NBT-based films
(such as the annealing temperature and crystallization time),
which contribute closely to the quality and cost of products,
were rarely studied. In the present study, we fabricated lead-
free Bi0.5(Na0.8K0.2)0.5TiO3 (abbreviated as BNKT) films via a
sol-gel method on Pt/Ti/SiO2/Si substrates and investigated
the energy-storage properties of BNKT films annealed at
700∘C as a function of annealing time (10 min, 20 min, 40
min, and 60 min). We found that ferroelectric and energy-
storage properties were enhanced when the annealing time
was increased.

2. Materials and Methods

The Bi0.5(Na0.80,K0.20)0.5TiO3 (BNKT) thin films were
formed on Pt/Ti/SiO2/Si substrates by a sol-gel technique.
Here, the BNKT precursor solutions are derived from
sodium nitrate (NaNO3, ≥99%, Sigma-Aldrich), potassium
nitrate (KNO3, ≥99%, Sigma-Aldrich), bismuth nitrate
(Bi(NO3)3⋅5H2O, ≥98%, Sigma-Aldrich), and titanium
isopropoxide (Ti[i-OPr]4, 99%, Sigma-Aldrich). Acetic
acid and 2-methoxyethanol were chosen as cosolvent, and
acetylacetones were chosen as ligands. During the process,
titanium isopropoxide was at first dissolved in acetylacetone
to prevent its hydrolysis. In order to compensate the possible
Na and K loss during high temperature annealing, we
added their excess amounts of 30% and 20%, respectively.
The mixture was stirred at 70∘C for 6 hours constantly to
form the final solution until a 0.4 M transparent and stable
yellow precursor solution was obtained. Each layer of the
BNKT films was formed by spin coating 0.4 M precursor
on substrates at 4000 rpm for 30 s, followed by pyrolysis at
400∘C for 10 min. The process was repeated until the BNKT
thin films with the required coating layers were obtained.
Finally, BNKT thin films were annealed at 700∘C in different
periods (10 min, 20 min, 40 min, and 60 min) to obtain the
ferroelectric phase. For the convenience, these films were
named as T10, T20, T40, and T60, respectively.

Characteristics of the films as the cross-sectional and
surface morphologies were detected by a field emission
scanning electron microscope (FE-SEM, Hitachi S4800) and
atomic force microscopy (AFM, Bruker Dimension ICON).
The crystal structures of BNKT thin films were characterized
by a Bruker D5005 diffractometer using Cu-K𝛼 radiation (𝜆
= 1.5406 Å). P−E hysteresis loops were measured under the
applied voltages ranging from −25 V to 25 V, frequency of
1000 Hz by using a TF Analyzer 2000 ferroelectric tester
(aixACCT Systems GmbH, Germany).

3. Results and Discussion

The BNKT films, after a synthesis, were investigated to check
the surface morphology and roughness by using the SEM
and AFM techniques. The two-dimensional (2D) and three-
dimensional (3D) AFM images for the BNKT films scanned
over a surface area of 40 𝜇m × 40 𝜇m were described
in detail in Figures 1(a)–1(d). The AFM images revealed
the densely packed, crack-free, uniform surfaces with the
grains possessing columnar shape. The roots mean square
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Figure 1: Two-dimensional (2D) and three-dimensional (3D) AFM images of BNKT films: (a) T10, (b) T20, (c) T40, (d) T60, (e) FE-SEM
micrographs of sample T60, and (f) cross-sectional SEM image of sample T60.

surface roughness (𝑅rms) was calculated and shown in the
Table 1. 𝑅rms possesses the values of 5.5, 4.8, 4.6, and 3.8 nm
corresponding to the BNKT films: T10, T20, T40, and T60.
The low 𝑅rms values of the film surfaces evidence a smooth
morphology. The decrease of 𝑅rms with annealing time is
mainly due to the growth of BNKT crystallite with smaller
grain boundaries merged into larger ones. The surface mor-
phology of the BNKT thin films, therefore, becomes denser
with an increase of the annealing time. This AFM result
was also consistent with the analysis exposed by the XRD
characterization and FE-SEM micrographs. In Figure 1(e),
we demonstrated the FE-SEM micrograph of sample T60
annealed in 60 min. This thin film was shown to exhibit a
dense and smooth surface consisting of tetragonal grain size
particles without any traces of cracks detected. Figure 1(f)
displayed the cross-sectional FE-SEM image of the T60 film.
Based on this analysis, we can determine thicknesses of films,
around 300 nm.

The BNKT thin film structure was measured with a 𝜃-
2𝜃 mode in steps of 0.02∘. Figure 2(a) displays the XRD
patterns of the BNKT films associated with the conditions
of annealed at 700∘C for different durations. The angular
peak positions of the XRD signals are observed at around
2𝜃: 31.2∘, 39.8∘, 47.3∘, and 58.0∘ corresponding to the BNKT
bulk [24]. With the surpassed intensity, the (111) orientation
located at 2𝜃 ∼ 39.8∘ is the mixture of orientations, deriving

from the Pt coated substrate. All other peaks belong to a
single-phase perovskite structure with no other impurity
phases detected, which agrees with our recent report [25]
on influence of crystallization temperature on multiferroic
behaviour of BNKT films. This observation also matches
our previous works [26, 27] where they indicated that
BNKT thin films possess simultaneously the rhombohedral
and tetragonal symmetries. Among the typical orientations
of the perovskite structure, the (110)/(200) peaks possess
high intensity and therefore are the preferred orientations
of the films. These intensity peaks were demonstrated in
Figures 2(b) and 2(c) with the 2𝜃 ranges: (b) 30.0∘–34.0∘
and (c) 46.0∘–48.5∘. Analysed result shows that the (200)
peak intensity of the BNKT films obviously tends to rise
when annealing time increases from 10 min to 60 min. The
full width at half maximum (FWHM) evaluated from the
XRD patterns declines with increasing annealing time. This
proved that the grain size enlarged as the annealing time was
increased. To specify, we evaluated the grain size of films by
using Scherrer equation [28]:

𝐷 = 𝐾 ⋅ 𝜆𝛽 ⋅ cos 𝜃 (1)

where D, K, 𝜆, 𝛽, and 𝜃 are grain size, constant of crystallite
shape (normally taken as 0.9), wave length, FWHM, and
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Figure 2: X-ray diffraction patterns of BNKT films in the 2𝜃 ranges of (a) 28.0∘–62.0∘, (b) 30.0∘–34.0∘, and (c) 46.0∘–48.5∘.

Table 1: The grain size and roots mean square roughness as a function of the annealing time.

Annealing time (min) 10 20 40 60
Grain size, D (nm) 44.9 47.2 49.1 49.7
Roots mean square roughness, 𝑅

𝑟𝑚𝑠
(nm) 5.5 4.8 4.6 3.8

Bragg angle, respectively. The grain size was calculated and
illustrated as a function of the annealing time in the Table 1.
D value increased significantly from 44.9 nm for the film T10
to 49.7 nm for the film T60.

Furthermore, the XRD analysis about the film structure
was confirmed by Raman technique with higher sensitivity.
Figures 3(a)–3(d) show the Raman spectra of BNKT films as
a function of crystallization time in the wavenumber ranges
of 100–1000 cm−1 at room temperature. Lorentzian fitting
technique was employed to expose the typical peaks of a
perovskite structure. The Raman result is consistent with
previous work on BNKTS ceramics [29], where it reported
that A1(TO1) mode at ∼138 cm−1 is assigned to the A-
site vibrations. For the film, this mode corresponds to the
wavenumber of 118 cm−1. We also observed the B1(TO1)
mode at 281 cm−1, assigned to O-Ti-O bending motion [30].
Especially, Chen and his coworkers [29, 31] revealed the
modes at higher wavenumbers, such as the A1(TO3) at 525
cm−1 and E(LO) at 615 cm−1 characterizing for vibrations
of TiO6 oxygen octahedral. For our study, these modes
are located at 514 cm−1 and 590 cm−1, respectively. The
wavenumber differences may be caused by the residual stress
formed by film/substrate interface. Similar behaviour is also
observed in our recent works [25, 32].

Ferroelectric properties of the BNKT films were exam-
ined by using a TF Analyzer 2000 ferroelectric tester at 1
kHz at room temperature. Figures 4(a)–4(d) illustrate the

P–E loops for the BNKT films with different crystallization
times. In Figure 4, the 𝑃m, 𝑃r, and 𝑃m - 𝑃r values of the films
were evaluated and analysed. An obvious enhancement of
the ferroelectricity can be observed as the annealing time
increases. When being annealed in 10 min, BNKT films show
a relatively poor ferroelectricity with small 𝑃m, 𝑃r, and 𝑃m
- 𝑃r values of around 18.9 𝜇C/cm2, 4.1 𝜇C/cm2 , and 14.8
𝜇C/cm2, respectively. These values continuously increase as
the annealing time is raised. Especially, at annealing time of
60 min, the 𝑃m, 𝑃r, and 𝑃m - 𝑃r reach their highest values of
around 28.9 𝜇C/cm2, 7.9 𝜇C/cm2, and 21.0 𝜇C/cm2, respec-
tively. The increase in the ferroelectric properties matches
up the grain size change and phase transition observed
from the XRD analysis. With the annealing time ≥ 60 min,
the intermediate pyrochlore phase completely transformed
into the perovskite phase, and therefore the polarization in
the film is improved. Furthermore, BNKT films revealed a
great difference between themaximum polarization (𝑃m) and
remnant polarization (𝑃r). Ahn and his coworkers [33] also
reported similar behaviour, which resulted from the strong
transform in the domain configuration between the states: (i)
applying the electric field and (ii) removing the electric field.
Because of the tensile stress at the film/substrate interface,
domains may easily switch their original states as the electric
field decreases to zero, leading to the small net polarization.
By contrast, at a high electric field, BNKT films reach the
spontaneous polarization of the bulk materials thanks to the
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Figure 3: Raman spectra of BNKT films with different annealing times in the wavenumber ranges of 100–1000 cm−1.

domain reorientation induced by the applied electric field. A
high (𝑃m − 𝑃r) value is a useful parameter for the energy-
storage devices.

The energy-storage properties of the BNKT films were
calculated based on the schematic diagram in Figure 5(a).
𝐽reco is the recoverable electrical-energy density stored in the
dielectric films and calculated from P-E hysteresis loops by
the following expression [34]:

𝐽𝑟𝑒𝑐𝑜 = ∫
𝑃
𝑚

𝑃
𝑟

𝐸𝑑𝑃 (2)

where E refers to the applied electric field and 𝑃m and 𝑃r are
the maximum and remnant polarization values, respectively.
𝐽loss is the energy corresponding to the inherent hysteresis in
the material. It is defined as numerical integration of closed
area of the hysteresis loops (Figure 5(a)). The total energy
(𝐽total) needs to charge a ferroelectric capacitor which is the
sum of dielectric losses (𝐽loss) and recoverable (𝐽reco) energy.
Thus, 𝐽loss and 𝐽total can be represented as

𝐽𝑙𝑜𝑠𝑠 = ∫
𝑃
𝑟

0

𝐸𝑑𝑃
and 𝐽total = 𝐽𝑟𝑒𝑐𝑜 + 𝐽loss

(3)
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Figure 4: P–E ferroelectric hysteresis loops of BNKT films with different crystallization times at the same applied electric field of 400 kV/cm.

Based on (2) and (3), 𝜂 value of the material can be calculated
as follows:

𝜂 = 𝐽𝑟𝑒𝑐𝑜𝐽𝑟𝑒𝑐𝑜 + 𝐽𝑙𝑜𝑠𝑠 × 100 (4)

Figure 5(b) demonstrates energy-storage density (𝐽reco),
energy loss density (𝐽loss), and energy-storage efficiency (𝜂)
of the BNKT films as a function of crystallization time at
applied electric field 𝐸appl of 400 kV/cm. While 𝐽reco and 𝐽loss
experience an increasing trend with a rise of crystallization
time, the opposite is true of 𝜂. The BNKT films, annealed in
10 min, possess the small 𝐽reco and 𝐽loss values of 2.2 J/cm3
and 1.2 J/cm3 , respectively. 𝐽reco continuously increases from
2.2 J/cm3 to 2.9 J/cm3 as crystallization time rises from 10
min to 60 min. Similarly, 𝐽loss reaches the highest value of
about 2.0 J/cm3 . 𝐽reco is obviously enhanced with an increase
of annealing time.Thismatches up the improved polarization
as analysed in Figure 4. But 𝜂 follows a downward trend
from 65.0% to 59.3%.This behaviour is related to an increase
of the coercive electric field, caused by oxygen vacancies.

When the BNKT films are annealed at high temperature, A-
site metals (such as Bi3+, Na+, K+) are evaporated, forming
oxygen vacancies. With such 𝐽reco and 𝜂 values, the BNKT
films are comparable with other lead-free films in terms
of energy-storage ability and have potential application for
electrostatic energy-storage devices.

4. Conclusions

Lead-free Bi0.5(Na0.80K0.20)0.5TiO3 ferroelectric films have
been successfully fabricated on Pt/Ti/SiO2/Si substrates via
a spin coating assisted sol-gel method. The experimental
results showed that all the films have well crystallized cor-
responding to the single-phase perovskite structure and no
other impurity phases are detected. BNKT thin films obtained
a significant enhancement in ferroelectric properties and
energy-storage density by increasing the crystallization time.
𝑃m and 𝑃r of films reached their highest values of around
28.9 𝜇C/cm2 and 7.9 𝜇C/cm2, respectively, thanks to rising
the crystallization time from 10 min to 60 min. Because
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Figure 5: (a) Schematic diagram for the calculation of energy-storage properties of ferroelectric films, (b) energy-storage density (𝐽reco),
energy loss density (𝐽loss), and energy-storage efficiency (𝜂) of BNKT films at applied electric field Eappl of 400 kV/cm.

of large (𝑃m − 𝑃r) polarization difference, 𝐽reco got the
maximum value of 2.9 J/cm3. The obtained advantages are
due to the intermediate pyrochlore phase which is completely
transformed into the perovskite phase.
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A lithium-rich manganese-based cathode material, Li1.25Ni0.2Co0.333Fe0.133Mn0.333O2, was prepared using a polyvinyl alcohol
(PVA)-auxiliary sol-gel process using MnO2 as a template. The effect of the PVA content (0.0–15.0 wt%) on the electrochemical
properties and morphology of Li1.25Ni0.2Co0.333Fe0.133Mn0.333O2 was investigated. Analysis of Li1.25Ni0.2Co0.333Fe0.133Mn0.333O2 X-
ray diffraction patterns by RIETAN-FP program confirmed the layered 𝛼-NaFeO2 structure.The discharge capacity and coulombic
efficiency of Li1.25Ni0.2Co0.333Fe0.133Mn0.333O2 in the first cycle were improved with increasing PVA content. In particular, the best
material reached a first discharge capacity of 206.0 mAhg−1 and best rate capability (74.8 mAhg−1 at 5 C). Meanwhile, the highest
capacity retentionwas 87.7% for 50 cycles. Finally, electrochemical impedance spectroscopy shows that as the PVAcontent increases,
the charge-transfer resistance decreases.

1. Introduction

Rapid development of lithium-ion battery technology and the
environmental impact of traditional non-renewable energy
sources are driving considerable interest in efficient “green”
energy storage devices [1]. Currently, the energy storage
devices of new energy vehicles and various electronic devices
(laptops, cell phones, power tools, bluetooth devices, etc.)
usually use lithium ion secondary batteries (LIBs). LiCoO2
was the first cathode material used for commercial LIBs
because of its high operating voltage and ease of prepa-
ration [2, 3]. But, the high cost, and toxicity of layered
LiCoO2 limit its use for large-scale high-power applications.
Replaceable cathode materials, Li1.2Ni0.2Mn0.6O2, LiMn2O4,
LiFePO4, LiNi1/3Co1/3Mn1/3O2, and LiNi0.8Co0.15Mn0.05O2,
have previously been synthesized [4–8]. Despite its unsat-
isfactory capacity (120–140 mAhg−1), the layered-structure
LiNi𝑥Co𝑦Mn1−𝑥−𝑦O2 is considered a promising cathode
material because of its relatively low cost and reduced

toxicity [9, 10]. To address the capacity issue, researchers have
launched a series of explorations to identify high-capacity
lithium storage cathode materials.

The specific capacity and stability of LIBs can be effec-
tively improved by doping or changing the surface mor-
phology or through surface modification. Mohan et al.
synthesized LiFe𝑥Ni1−𝑥O2 (0.00 ≤ 𝑥 ≤ 0.20) nanoparticles
with a single-layer structure using a sol-gel approach. The
particle sizewas reducedwith the substitution of iron, thereby
improving the electrochemical properties of the cathode
material [11]. The surface-modified layer of the cathode
improves the cycle efficiency and thermal stability for high-
rate discharge and improves the conductivity of the material
surface [12–14].

In this work, we used the well-known sol-
gel process to synthesize the target material
Li1.25Ni0.2Co0.333Fe0.133Mn0.333O2 by controlling the PVA
content (0.0–15.0 wt%). Scanning electron microscopy
(SEM), electrochemical tests, and X-ray diffraction (XRD)
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were used to investigate the relationship between the PVA
doping ratio and specific capacity of the synthesized cathode
materials. Pretreatment can significantly improve the rate
performance and initial coulomb efficiency and also help
to improve cycle stability and suppress voltage attenuation.
These properties are expected to improve the capacity
utilization and rate capability of this material [15].

2. Experimental Section

2.1. Material Synthesis. Using a method previously reported
in the literature, MnCO3 microspheres were prepared. First,
1.183 g MnSO4 was dissolved in a mixture of ultrapure water
(conductivity of 0.05 𝜇Scm−1) and alcohol labeled “A.”Then,
5.53 g NH4HCO3 was dissolved in 490 ml of ultrapure water
without alcohol labeled “B.” When both A and B are fully
dissolved, the two solutions A and B are mixed together to
form a suspension. The suspension was stirred constantly at
room temperature for 5 h. Then, the white precipitate in the
suspension was separated by centrifugation; the precipitate
was identified as MnCO3. Next, the MnCO3 was washed
with a mixed solution of alcohol and ultrapure water. After
cleaning, place MnCO3 on a drying table and dry it in a 60∘C
air atmosphere for 6 h.

Second, MnO2 hollow microspheres were prepared by
mixing the precursor MnCO3 and an aqueous 0.033 M
KMnO4 solution. After removing the MnCO3 core with 0.03
M HCl, MnO2 hollow microspheres were obtained after
centrifugation. The microspheres were cleaned 3 times with
ultrapure water. Next, MnO2 was dried using a drying oven
under an air atmosphere.

Finally, Li1.25Ni0.2Co0.333Fe0.133Mn0.333O2 was prepared
using the following PVA-auxiliary sol-gel process.
Weigh a certain amount of LiOH⋅H2O, Fe(NO3)3⋅9H2O,
Ni(NO3)2⋅6H2O, Co(NO3)2⋅6H2O, the MnO2 microspheres
were dissolved in 60 ml of ultrapure water, and the
lithium/metal (Ni, Mn, Fe) molar ratio is 1.25. Since lithium
is depleted under high temperature conditions, it is necessary
to add an excessive amount of lithium. In order to ensure
sufficient reaction of raw materials, PVA and citric acid were
added successively in different time. The mass fractions of
PVA were 𝑥 = 0.0, 2.5, 5.0, 7.5, 9.0, 10.0, 11.0, 12.5, and 15.0
wt%. The molar ratio of citric acid to total metal ions was
1:1 [16]. The mixture was then stirred at 80∘C until a viscous
gel was obtained [17]. The treatment of the precursor was
divided into two steps, first drying at 120∘C for 12 h and then
heating to 450∘C for 6 h in air.

The final products were obtained by finely grinding the
gel followed by heat treatment at 950∘C under a non-rare gas
atmosphere for 12 h.

3. Results and Discussion

3.1. Sample Characterization. We first investigated the struc-
tural features of the MnO2 hollow microsphere samples
and PVA-auxiliary lithium-rich manganese-based cathode
samples using SEM.The spherical shell structure and broken
hollow microspheres of the MnO2 are shown in Figures

1(a) and 1(b), respectively. Both of their diameters were
approximately 1 – 2 𝜇m. All of the samples exhibited a shell
structure that was gradually destroyed with increasing 𝑥
while the layered structure was aggregated together, which
greatly increased the contact surface area in the scanned area.
The tendency toward aggregation decreased with increasing
𝑥 in Figures 1(c)–1(i). For x = 10.0 wt%, the sample has the
smallest particle size and the most uniform distribution. It is
well known that electrochemical lithium insertion/extraction
is much easier in small particles, because of the reduction
of diffusion pathways for Li+ ions, which also enables faster
electronic transport through the size effect [19].

4. Characterization

TheX-ray diffraction (Rigaku SmArtlab-3KW) patterns were
collected on a D8 Advance instrument with Cu K𝛼 radiation
operated at 40 KV, 40 mA and scanning step 2 degrees per
minute at room temperature from 10∘ to 80∘.The XRD results
were analyzed using the RIETAN-FP program. SEM (JEOL
JSM-6390) was usually applied to analyze the morphology of
the resulting materials.

Electrochemical Measurements. The electrochemical mea-
surements of terrestrial CR2025 batteries were performed
at room temperature using CR2025 coin cells. The active
substances, acetylene black and poly (vinylidene fluoride)
were dissolved in N-methyl-2-pyrrolidone (NMP) at a ratio
of 8:1:1, and then the cathode compounds were evenly coated
on the aluminium foil by a smearing machine. Firstly, the
smear was dried in 50∘C air for 6 hours, and then dried in
120∘C vacuum for 12 hours. The coin cells were assembled
in a glove box (H2O < 1ppm, O2 < 1ppm) using Li metal
foil as the counter electrodes and 1 M LiPF6 in a 1:1 v/v
mixture of ethylene carbonate and diethyl carbonate as
the electrolyte. The assembled battery was subjected to a
charge and discharge cycle test at different magnifications,
and the voltage range was controlled within 2.5 to 4.5 V.
The electrochemical impedance spectroscopy spectra were
obtained in the frequency range of 10−1 Hz to 105 Hz using
a PARSTAT 2273 electrochemical work station [18].

Figure 2 presents a prototypical example of the XRD
powder pattern of Li1.25Ni0.2Co0.333Fe0.133Mn0.333O2 (x = 10.0
wt%). The pattern was obtained using the RIETAN-FP pro-
gram.Thepowder pattern reproduceswell the typical features
of the 𝛼-NaFeO2 structure and can be indexed as the R-3m
space group, as indicated by the solid curve. The splitting
of the (006), (012) and (018), (110) reflections suggests the
formation of a highly ordered hexagonal layered structure
[20]. We further performed a similar Rietveld analysis for
other compounds, and software analysis results are shown in
Table 1.The final refinements were satisfactory, with 𝑅WP and
𝑅I (reliable factor based on the integrated intensity) being
sufficiently small. The lattice parameters of all the samples
differed slightly. Figure 3 shows the regularity of (a) lattice
parameters a and c and (b) lattice volume V with the change
of PVA mass fraction. The lattice parameters had minimum
values at x = 10.0 wt%, indicating the stability of the lattice
of these samples. Compared with 𝑥 = 0.0 wt%, the lattice
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Figure 1: SEM images of (a) a complete spherical shell, (b) brokenMnO2 hollowmicrospheres, and Li1.25Ni0.2Co0.333Fe0.133Mn0.333O2 samples
for (c) x = 0.0 wt%, (d) x = 2.5 wt%, (e) x = 5.0 wt%, (f) x = 7.5 wt%, (g) x = 10.0 wt%, (h) x = 12.5 wt%, and (i) x = 15.0 wt%.
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Figure 2: Refined XRD pattern of Li1.25Ni0.2Co0.333Fe0.133Mn0.333O2 (x = 10.0 wt%). The black crosses represent the measured points, and the
pink curve is the fitted line. The green marks indicate the peak positions, and the blue line is the error curve.



4 Advances in Condensed Matter Physics

Table 1: Structural parameters of Li1.25Ni0.2Co0.333Fe0.133Mn0.333O2 are refined by the Rietan-FP.

PVA content a (Å) c (Å) V (Å3) 𝑅WP (%) 𝑅I (%) S
0.0% 2.86(1) 14.22(8) 100.9(1) 6.592 5.196 1.0932
2.5% 2.86(1) 14.25(5) 101.0(6) 6.707 5.332 1.0903
5.0% 2.86(3) 14.24(6) 101.1(7) 5.928 5.726 1.0021
7.5% 2.86(5) 14.26(9) 101.5(0) 6.528 5.160 1.0874
9.0% 2.86(1) 14.21(9) 100.8(6) 6.374 5.082 1.0570
10.0% 2.85(3) 14.18(0) 99.9(6) 6.764 5.285 1.1181
11.0% 2.85(7) 14.20(2) 100.4(6) 6.497 5.168 1.0187
12.5% 2.86(1) 14.22(2) 100.8(3) 6.615 5.784 1.2039
15.0% 2.86(3) 14.23(6) 101.0(8) 6.401 5.087 1.0514

a
(Å

)

X

c(
Å
)

a
c

2.87

2.86

2.85
0.0 2.5 5.0 7.5 10.0 12.5 15.0

14.28

14.24

14.20

(a)

V
(Å

3
)

X

V

0.0 2.5 5.0 7.5 10.0 12.5 15.0

101.5

101.0

100.5

100.0

(b)

Figure 3: Variation of (a) lattice parameters a and c and (b) lattice volume V of the pristine sample and PVA-auxiliary samples, where x is
the PVA content.

volume of Li1.25Ni0.2Co0.333Fe0.133Mn0.333O2 (x = 10.0 wt%)
was reduced by 0.94%.

The electrochemical performance of the original and
PVA-auxiliary lithium-rich manganese-based cathode sam-
ples was investigated at 2.5 and 4.5 V at different rates using
lithium metal as the anode. The charge curves for various
cycles at a rate of 0.1 C are presented in Figure 4(a). The
smooth curves indicate that the electrode material had a
stable structure within the tested voltage range [21]. For the
pristine sample, the first discharge capacity was 141.5 mAhg−1

and after 50 cycles, it faded to 122 mAhg−1, and the capacity
loss was 16%.

For the PVA-auxiliary lithium-rich manganese-based
sample (x = 10.0 wt%), the first discharge capacity was 206.0
mAhg−1 and after 50 cycles, it faded to 180.7 mAhg−1, and
the capacity loss was only 14%. It can thus be concluded
that the use of a moderate PVA-auxiliary sol-gel process can
enhance the specific capacity of the sample.This result occurs
because the surface area is affected by the PVA content, and
the increased surface area provides favorable conditions for
the lithium ion insertion/extraction process. As the number
of cycles increases, the discharge capacity of all samples

decreases slowly, most likely due to structural deformation
and/or side reactions during charge and discharge.

Figure 4(b) shows the cycle performances of all the
materials under different rate. Classically, at high current
rates, the specific volume drops, which may be due to an
increase in electrode polarization during the cycle observed
by previous researchers.

Under the various rates, specific capacities of PVA-
auxiliary sample (x = 10.0 wt%) are always higher than other
samples. Especially in 2 C rate, compared with PVA-auxiliary
sample (x = 0.0 wt%), PVA-auxiliary sample (x = 10.0 wt%)
has 2.5-fold superior rate capabilities. More importantly,
when the magnification returns to 0.1 C, the capacity can
be closest to the initial value. This suggests that the cathode
material (x = 10.0 wt%) has an excellent reversibility. The
results in Figures 4(a) and 4(b) indicate that the optimal
electrochemical performance of coin cells was achieved for
the PVA-auxiliary sample (x = 10.0 wt%).

To determine the rate capability of the sample, the
battery was cycled between 2.5 and 4.5 V at different current
rates of 0.1 C. The results are shown in Figure 5. The rate
capability of the PVA-auxiliary sample is significantly higher
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than the original sample. Compared with other samples, the
PVA-auxiliary sample (x = 10.0 wt%) has an excellent rate
performance, because the PVA-auxiliary method reduces the
charge-transfer resistance and enhances the reaction kinetics
[22].

To study the reaction kinetics of the electrode materials,
as shown in Figure 6, the EIS is tested with three electrode
units in the frequency range of 10−1 to 105 Hz. In this region,
a slanted line and semicircle were observed. The Z’-intercept
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Figure 6: Cathodic EIS spectra of Li1.25Ni0.2Co0.333Fe0.133Mn0.333O2
(x = 0.0 and 10.0 wt%) materials. The inset shows the cathodic EIS
spectra in the low-z’ region.

between the composition of the battery and the electrolytic
resistance in the high frequency region corresponds to the
ohmic resistance (𝑅e).

The middle-frequency semicircle is associated with the
charge-transfer resistance (𝑅ct) at the interface of the elec-
trode and electrolyte [23].The lithium ion scattering relation-
ship in the cathode material is reflected on the oblique line
of the low velocity region of the Warburg impedance (Zw).
The charge-transfer resistance of the x = 10.0 wt% sample was
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300Ω, which is smaller than that of the pristine sample (400
Ω). One possible explanation for this result is that the ion
transport of the PVA-auxiliary sample is relatively faster.The
reduction in charge transfer resistance clearly demonstrates
the importance of electron conductivity and Li+diffusion
when cycling at high current rates, which is closely related
to rate capability and charge and discharge cycle data.

5. Conclusions

In this study, a lithium-rich manganese-based cathode mate-
rial, Li1.25Ni0.2Co0.333Fe0.133Mn0.333O2, was synthesized using
a PVA-auxiliary sol-gel process, and the effects of the PVA
content on the crystal structure and morphology were
investigated using XRD and SEM analyses. Compared with
the pristine material, the PVA-auxiliary material (x = 10.0
wt%) after the 50 cycles of 0.1 C, the capacity holding
rate is 27.7%, and the capacity at 5 C is 74.8 mAhg−1.
The improved performance of the PVA-auxiliary sample
resulted from the effective reduction of the charge-transfer
resistance and enhancement of the reaction kinetics. Because
of the role of PVA, the rate capability and circulation of
Li1.25Ni0.2Co0.333Fe0.133Mn0.333O2 are improved.
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Aside from the terrestrial magnetic field that is generated from the earth core, power transmission, and distribution lines,
transformers and other equipment do produce a certain amount of magnetic field that could interfere with the performance of
photovoltaic modules. This study conducted an experiment and investigated the performance of a silicon photovoltaic module
subjected to a magnetic field. The current-voltage and power-voltage characteristics were plotted in the same axis system and
allowed us to find, as a function of the magnetic field, the electrical parameters of the photovoltaic module such as maximum
electric power, fill factor, conversion efficiency, and charge resistance at the maximum power point. These electrical parameters
were then used to calculate the series and shunt resistances of the equivalent circuit of the photovoltaic module. The results have
shown that the efficiency of a solar module is affected by the presence of magnetic fields. However, the magnitude of ambient
magnetic field generated by power transmissions lines and other equipment is extremely low (in the order of 10−2mT or less) as
compared to the values of the magnetic field used in this study. That made it difficult to conclude as to the impact of such field on
solar photovoltaic installations.

1. Introduction

The performance of a photovoltaic module (PV module)
depends on climatic and seasonal parameters but may also
depend on the presence of some external factors such as
electric field, magnetic field, and electromagnetic field.

Various researchers have used theoretical and experimen-
tal methods to investigate the effect of climatic and seasonal
conditions on photovoltaic modules and arrived at different
results.

Emetere et al. [1] examined, through experimental tests,
the effects of solar radiation irregularities due to climate
change on the electrical performance of photovoltaic mod-
ules. Koffi et al. [2] experimentally investigated the seasonal
variation of the operating temperature of silicon solar mod-
ules under tropical atmospheric conditions, including high

turbidity (Harmattan dust particles). Their results confirmed
that monocrystalline modules have lower temperature coef-
ficient than polycrystalline and amorphous solar modules.
Dia et al. [3] studied the degradation of photovoltaic modules
under tropical weather conditions. The degradation of the
photovoltaic modules, due to exposure to UV radiation, tem-
perature, humidity, and aerosols in a Sahelian environment
was investigated. The study showed that the degradation of
the photovoltaic modules is more affected by temperature
as well as solar irradiation. In the same vain, Kazem et al.
[4] investigated the effect of dust on the performance of
photovoltaic modules. The authors conducted an experiment
to identify the effect of deposition of different pollutants
(red soil, ash, sand, calcium carbonate, and silica) on the
voltage and power output of photovoltaic modules. The
results showed a drop of the voltage and the power output
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Figure 1: Photography of experimental setup.

of the photovoltaic module when dust particles are deposited
on the photovoltaic module. This drop was noted to be
strongly dependent on the type of pollutant and on the level
of deposition. The study also noted that ash pollutant affects
the most the voltage of photovoltaic modules as compared to
the other pollutants.

Other researchers used experimental methods to study
the effect of magnetic field on the performances of solar cells.
Betser et al. [5] used an experimental method to measure
the mobility of minority carriers in the base of InP/GaInAs
heterojunction bipolar transistor under constant magnetic
field. The magnetic field was applied perpendicular to the
direction of the current flow.The standard magnetotransport
theory was used to establish a relation between the base
current with no magnetic field, the change in the base
current induced by the magnetic field, the mobility of the
electrons, and the intensity of the applied magnetic field.
The authors obtained the electron mobility in the base of an
NPN InP/GaInAs HBT by measuring the base current as a
function of the intensity of applied magnetic field. The result
was in agreement with the value of the mobility measured
by the zero field time of flight technique. Vardanyan et al.
[6] proposed a method for measuring all recombination
parameters (diffusion length, diffusion coefficient, carriers
mobility, back surface recombination velocity) in the base
region of bifacial solar cell illuminated by its rear side and
under constant magnetic field applied parallel to the surface
of the p-n junction. The bifacial solar cell was illuminated
with a monochromatic light and the expression of electron
photocurrent and the associated parameters were obtained
by solving the continuity equation. By measuring the short
circuit photocurrents for two different wavelengths without
magnetic field and under applied magnetic field, the authors
obtained the recombination parameters of the solar cell. Erel
[7] conducted an experiment and studied the effect of electric
andmagnetic fields on the response of three different types of
solar cells (monocrystal, polycrystal, and amorphous Si solar
cells). The cells were first illuminated with LEDs of different
color and secondly by a lamp, with tungsten filament, of
different flux intensity. Erel concluded that the short circuit
current and the open circuit voltage decreased in the presence
of magnetic the field from red LED to the blue one. For an
increasing light flux intensity produced by the lamp with
tungsten filament, the short circuit current and the open
circuit voltage decreased in the presence of themagnetic field.

In a previous work [8] we have shown, by simulation,
that within the limits of the study, magnetic fields affect the
performance of a photovoltaic module made up of ideal solar
cells.

The aim of this work was to investigate potential negative
impact of magnetic fields on the performance of a commer-
cial silicon photovoltaic module. From experimental mea-
surements of I-V and P-V characteristics of the photovoltaic
module, we found themaximum electric power, the fill factor,
the conversion efficiency, and the charge resistance at the
maximum power point. Then, we calculated the series and
shunt resistances of the equivalent circuit of the photovoltaic
module.

2. Materials and Methods

2.1. Experimental Setup. The material used for the experi-
mental study (Figures 1 and 2) was as follows:

(i) a monocrystalline silicon photovoltaic module whose
characteristics are as follows:

(a) maximum electric power Pmax = 5W
(b) voltage at maximum power point: Vmax = 17.50V
(c) current at maximum power point: Imax = 0.29A
(d) open circuit voltage: VOC = 22.05V
(e) short circuit current: ISC = 0.32A
(f) surface of the photovoltaic module: Smod =
270 cm2

(ii) an inductance in U form used for the creation of the
magnetic field

(iii) a device used for the measurement of the intensity of
the magnetic field, made up of a probe and a millivoltmeter

(iv) two DC generators: 31.5 V - 2.5 A
(v) three rheostats:3300Ω-0.25A, 1000 Ω -0.5A, and

100Ω- 1.5A
(vi) a magnetoelectric amperemeter and a magnetoelec-

tric voltmeter
(vii) a ferromagnetic voltmeter and a ferromagnetic

amperemeter
(viii) a ferromagnetic millivoltmeter
(ix) an autotransformer: 400 V-13A
(x) a pyranometer, Standard ST-1307 tomeasure the solar

irradiance
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(xi) a Midi Logger GL 200A to measure the temperature
T1 at the front side of the photovoltaic module, the tempera-
ture T2 at the back side of the photovoltaic module, and the
ambient temperature T3

The autotransformer was used to vary the intensity of the
current through the U inductance located at 1 cm from the
photovoltaic module, by varying its supply voltage. Conse-
quently, the intensity of the created magnetic field varied.The
variation of the current supplied by the photovoltaic module
was obtained by the variation of the charge resistance Rh.

It is worth noting that the test was conducted in Oua-
gadougou located at latitude 12.37∘N and longitude 1.52∘W.

2.2. Magnetic Field Measurement

2.2.1. Device for the Magnetic Field Measurement. The probe
used for the measurement of the magnetic field intensity was
a coil; this is illustrated by Figure 3. This coil is a toroidal
inductor whose diameter is 450mm and it is made up of 10
loops. The loops are made with copper of 1mm2 of section
and protected with an insulator. This probe is positioned

at the section of the magnetic circuit of the inductance
that creates the magnetic field. The probe is connected to a
ferromagnetic millivoltmeter of class 0.5 (Figure 3).

The method used for the measurement of the magnetic
field is the principle of the electromagnetic induction.

2.2.2.Determination of the Teslametric Constant. We suppose
that the inductance is not saturated; therefore, it generates a
sinusoidal magnetic field whose instantaneous value is given
by

𝑏 (𝑡) = 𝐵𝑚 sin (𝜔𝑡) (1)
Bm is the amplitude of the magnetic field.

The sinusoidalmagnetic field generated by the inductance
in U form produces a magnetic flux through the coil of the
probe. The instantaneous value of this magnetic flux is given
by

𝜙 (𝑡) = 𝑁𝑆𝐵𝑚 sin (𝜔𝑡) (2)
N is the number of loops of the probe and S is the section of
the coil.
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Table 1: Effective values of the magnetic field.

E (mV) 0 49.93 74.89 149.76 349.63 499.25 748.88
ΔE (mV) 0 1.00 1.00 2.00 2.00 0.50 5.50
B (mT) 0 10 15 30 50 100 150
ΔB (mT) 0 0.20 0.20 0.40 0.40 0.10 1.10

An electromotive force is induced in the coil and its
effective value is measured with a millivoltmeter. The instan-
taneous value of the electromotive force induced in the coil is
expressed in the following:

𝑒 (𝑡) = −
𝑑𝜙 (𝑡)

𝑑𝑡
= 𝜔𝑁𝑆𝐵𝑚 cos (𝜔𝑡 + 𝜋) (3)

𝑒 (𝑡) = 𝜔𝑁𝑆𝐵√2 cos (𝜔𝑡 + 𝜋) (4)

The expression of the amplitude of the electromotive force is
given by

𝐸𝑚 = 𝜔𝑁𝑆𝐵√2 (5)

Thus, we deduced the relation between the effective value
of the magnetic field and the one of the electromotive force
given by

𝐵 =
1

𝜔𝑁𝑆
𝐸 = 𝐾𝑇𝐸 (6)

where B is effective value of the magnetic field, E is effective
value of the electromotive force induced in the coil, and KT is
teslametric constant.

In this study, the value of the teslametric constant is𝐾𝑇 =
0.2003 (𝑇𝑉−1).

Knowing the value of the teslametric constant, we
deduced the effective value of the magnetic field from the
measured effective value of the electromotive force.

The effective values of the magnetic field are given in
Table 1.

Figure 4 is a plot of the effective value of themagnetic field
as against the effective value of the electromotive force.

We used Figure 4, which is a straight line passing by the
origin of the axis, for the determination of the effective value
of the magnetic field.

3. Results and Discussion

3.1. Experimental I-V Characteristics. Theexperimental setup
of Figure 1 allowed us to measure the intensity provided by
the photovoltaic module to a variable charge resistance and
its voltage for four constant values of magnetic field intensity.
The results of the measurement are presented in Table 2.

The results inTable 2 show that, from short circuit to open
circuit, the intensity of the electric current decreases when the
intensity of the applied magnetic field increases.

We noticed that the ambient temperatures T3 are higher
than the temperatures T1 measured at the front side of the
photovoltaic module. The temperatures T1 are also higher
than the temperatures T2 measured at the back side of the
photovoltaic module.
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Figure 5: Experimental I-V characteristics at different intensity of
the magnetic field.

Figure 5 is a plot of the experimental I-V curves of the
photovoltaic module for different values of themagnetic field.

The experimental I-V curves have the same shape as
the theoretical I-V curves obtained through modelling in a
previous study by Combari et al. [8]. As the intensity of the
magnetic field in milliTesla (mT) was varied from 0 to 15, 0 to
30, and 0 to 50, the short circuit current decreased by 14%,
22%, and 34%, respectively, while the open circuit voltage
slightly increased by 5%, 5%, and 8%, respectively.
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Table 2: Values of current and voltage of the photovoltaic module against the intensity of the magnetic field and for a solar irradiance of 600
W/m2.

B (mT)

0 15 30 50 Temperature at
front side

Temperature at
back side

Ambient
temperature

Vmod (V) Imod1(mA) Imod2(mA) Imod3(mA) Imod4(mA) T1 (
∘C) T2 (

∘C) T3 (
∘C)

0 205 176.12 137 90.4 38.9 37.7 52.6
2 201 174.49 136.2 90.16 43.9 41.3 54.5
4 198.35 172.38 135 89.7 43.7 41.5 53.5
6 193.25 170.79 132.85 87.8 42 41.6 54.7
8 187 168 130 85.2 43 41.4 54.6
10 176.42 160.65 127.75 82.9 43.6 41.2 53.6
12 164.69 150.62 123 79.7 44.2 41 52.8
14 148.03 134.79 117 77 44.3 41.2 52.9
16 120.29 113 102 71.88 44 41.3 52.8
18 57 65.05 66.67 63.44 43.4 41 52.7
18.45 42.96 52 55.83 59 43.8 41.4 54
18.94 27 37 44.88 51 43.8 41 55.5
20 0 7 14 24.2 41.6 40.3 54.4
20.91 0 0 0 2 41.4 40.8 55
21.5 0 0 0 0 42.1 41.4 54.6
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3.2. Experimental Power-Voltage Characteristics. The experi-
mental values in Table 2 allowed us to compute the electric
power that the photovoltaic module can provide to an
external charge. The results are in Table 3.

The results show that the electric power decreases with
an increase of the magnetic field, except for points close to
the open circuit voltage. The decrease of the electric power
means that, as the magnetic field increases, the decrease in
current is much more important than the increase in voltage.

Figure 6 is a plot of the electric power versus the voltage
at different intensity of the magnetic field.

Figure 6 is also in accordance with the theoretical power-
voltage characteristics which were obtained through mod-
elling in a previous study by Combari et al. [8]. It can be
observed that, as the intensity of the magnetic field increases,

the electric power at the maximum power point decreases.
Also, as intensity of the magnetic field increases, the curves
get less steep and shift to the right towards the open circuit
voltage region. Consequently, the maximum power point
moves towards large values of the voltage but lower values
of the current, hence decreasing the electric power. In fact,
as the intensity of the magnetic field in milliTesla (mT) was
varied from 0 to 15, 0 to 30, and 0 to 50, the electric power at
the maximum power point decreased by about 9%, 21%, and
48%, respectively.

3.3. Characteristic Values of the Photovoltaic Module. We
present in this section the characteristics of the photovoltaic
module under the influence of the magnetic field. The
characteristics include current, voltage, and charge resistance
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Table 3: Electric power and voltage of the photovoltaic module against the intensity of the magnetic field for a solar irradiance of 600W/m2.

B (mT)

0 15 30 50 Temperature at
front side

Temperature at
back side

Ambient
temperature

Vmod (V) Pmod1(W) Pmod2 (W) Pmod3 (W) Pmod4 (W) T1 (∘C) T2 (∘C) T3 (∘C)
0 0 0 0 0 38.9 37.7 52.6
2 0.402 0.349 0.272 0.18 43.9 41.3 54.5
4 0.793 0.67 0.54 0.359 43.7 41.5 53.5
6 1.16 1.025 0.797 0.527 42 41.6 54.7
8 1.496 1.344 1.04 0.682 43 41.4 54.6
10 1.764 1.607 1.278 0.829 43.6 41.2 53.6
12 1.976 1.807 1.476 0.956 44.2 41 52.8
14 2.072 1.887 1.638 1.078 44.3 41.2 52.9
16 1.925 1.802 1.632 1.152 44 41.3 52.8
18 1.026 1.171 1.2 1.142 43.4 41 52.7
18.45 0.793 0.96 1.03 1.089 43.8 41.4 54
18.94 0.511 0.701 0.85 0.966 43.8 41 55.5
20 0 0.14 0.28 0.048 41.6 40.3 54.4
20.91 0 0 0 0.042 41.4 40.8 55
21.5 0 0 0 0 42.1 41.4 54.6

Table 4: Electrical parameters of the photovoltaic module against the intensity of the magnetic field and for a solar irradiance of 600W/m2.

B(mT) Pmax(W) Vmax(V) Imax(A) Voc(V) Isc(A) RMPP(Ω) FF (%) } (%)
0 2.075 13.65 0.152 20.00 0,205 89.80 50.61 12.81
15 1.931 14.41 0.134 20.50 0,176 107.54 53.49 11.91
30 1.694 15.40 0.11 20.91 0.137 140.00 59.13 10.46
50 1.152 16.00 0.072 21.50 0.090 222.22 59.59 7.12

at the maximum power point (MPP), series and shunt resis-
tances, maximum electric power, fill factor, and conversion
efficiency.

3.3.1. Electrical Parameters of the Photovoltaic Module. The
electrical parameters (current and voltage at maximum
power point, maximum electric power, fill factor, conversion
efficiency, and charge resistance at the maximum power
point) of the photovoltaic module under magnetic field are
found using the method proposed in previous works [8, 10].

During the test, while measuring the characteristics I-V
and P-V, the solar irradiance was also simultaneously mea-
sured alongside. The retained values were those correspond-
ing to a measured solar irradiance of 600 W. The incident
irradiance falling on the photovoltaic module was calculated
through the formula 𝑃𝑖𝑛𝑐 𝑆𝑚𝑜𝑑 and found to be 16.20 W;
Smod is the surface of the photovoltaic module, as defined in
Section 2.1.The above calculated incident irradiancewas used
for the calculation of the conversion efficiency.

The results are presented in Table 4.
On one hand, these results show that the maximum

electric power and the related conversion efficiency decrease
with an increase of the magnetic field; on the other hand
the fill factor and the resistance at the maximum power

point increase with an increase of the magnetic field. These
experimental results are in agreement with the findings of
the studies conducted on a silicon solar cell [10, 11] and on
a silicon photovoltaic module [8, 11].

Within the limits of this study, it is clear that the efficiency
of a solar module is affected by the presence of a magnetic
field. However, the magnitude of ambient magnetic field
generated by power transmissions lines and other equipment
is extremely low (in the order of 10−2mT or less as illustrated
in Table 5) as compared to the values of the magnetic field
used in this study.That makes it difficult to conclude as to the
impact of such field on solar photovoltaic installations.

3.3.2. Series and Shunt Resistances of the Equivalent Circuit
of the Photovoltaic Module. The experimental values of the
series and shunt resistances of the equivalent circuit of
the photovoltaic module were calculated using equations
suggested by Combari et al. [8].

Table 6 gives the series and shunt resistances of the
equivalent circuit of the photovoltaic module.

The values of the series and shunt resistances of the
equivalent circuit of the photovoltaic module increase with
the intensity of the magnetic field. This is in line with the
results achieved by the theoretical study [8].
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Table 5: Magnetic field from high voltage power transmission lines [9].

Voltage (kV)
Magnitude of the magnetic field from high voltage power transmission

lines according to distance to the source (mT)
0 m 30 m 100 m

400 0.03 0.012 0.001
225 0.02 0.003 0.0003
90 0.01 0.001 0.0001

Table 6: Series and shunt resistance of the equivalent circuit of the photovoltaic module as a function of the magnetic field and for a solar
irradiance of 600W/m2.

B(mT) 0 15 30 50
Rs (Ω) 7.76 9.90 12.20 17.70
Rsh (Ω) 257.547 363.430 562.590 888.889

4. Conclusions

This experimental study shows that the maximum electric
power output of a photovoltaic module, hence its conversion
efficiency, decreases when the intensity of the magnetic field
increases. On the contrary, the fill factor and the resistance
at the maximum power point do increase with the intensity
of the magnetic field.The increase of the experimental values
of the series and shunt resistances of the equivalent circuit
of the photovoltaic module under magnetic field confirm its
resistive behaviour called magnetoresistance.

Thus, the maximum electric power and the conversion
efficiency are two electrical parameters extremely dependent
on the intensity of the applied magnetic field. Consequently,
the presence of relatively important magnetic fields in the
neighborhood of a photovoltaic module decreases its perfor-
mance.

However, it is difficult to conclude as to whether ambient
magnetic field generated by power transmissions lines and
other equipment have noticeable impact on solar photo-
voltaic installations, since the magnitude of such field is
extremely lower compared to the values of the magnetic field
used in this study.

The authors then recommend further studies that will
narrow into magnetic fields in the order of those generated
by power transmissions lines, transformers, and other equip-
ment.
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