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This special issue is intended to present and discuss recent
challenges and technological advancement in development
and recent research trends for the use of functional nanoma-
terials and their application in energy harvesting and energy
storage devices and to understand the science of the recently
developed functional nanomaterials for energy applications.
This special issue gives an insight into the functional mate-
rials having potential application in the energy harvesting
and storage including the materials used for the recently
developed perovskite solar cells. A good number of papers
were submitted, and after a thorough peer review process,
six papers were selected to be included in this special issue.

The included papers cover important applications of
nanomaterials for energy application, including in quantum
dot solar cells, perovskite solar cells, optoelectrical properties
of fullerene derivatives, phase change behavior of carbon
derivatives, stabilization of electrospun nanofiber mats, and
self-ordered void formation in silicon dioxide. We believe
that the original work published in this special issue
highlights the contemporary topics in research related to
functional nanomaterials in energy applications and will
familiarize readers to the latest advances in the field.

The paper by K. Mukai and Y. Ishida presents a signifi-
cant improvement in the characteristics of organic solar cells
on Si substrates using quantum dot (QD) superlattices pre-
pared by sedimentation. They discovered that the PbS QD
grains grew into a large superlattice when the deposition pro-
ceeded for a long period of time. They also revealed that when
the deposition is slow, the short-circuit current density of the
solar cell doubles compared with the rapid deposition case.

The paper by N. Radychev et al. presents an investigation
of two donor-acceptor copolymers based in the view of
photovoltaic application. They revealed that the resulting
copolymers exhibit strong absorption in the visible region
with a similar band gap of about 2.2 eV and applying an opti-
mization procedure, a power conversion efficiency of 4.6% is
shown to have been achieved for the PC71BM solar cells.

The paper by T.-P. Teng et al. presents a novel carbon-
based nanofluids (CBNFs) with the minimized carbon
materials (MCMs), prepared using a graphite-powder-
based heating and cooling processing method (GP-HCPM),
with improved stability. Their results revealed that the
CBNFs tend to increase the thermal conductivity k, viscosity,
and density values but reduce the specific heat values of the
samples, compared with water.

The paper by L. Sabantina et al. presents first tests of
stabilizing PAN/gelatin nanofibers, depicting the impact of
different stabilization temperatures and heating rates on the
chemical properties as well as the morphologies of the result-
ing nanofiber mats. They discovered that like the stabiliza-
tion of pure PAN, a stabilization temperature of 280°C
seems suitable. Also, compared to stabilization of pure
PAN nanofiber mats, approximately double heating rates
can be used for PAN/gelatin blends without creating unde-
sired conglutinations.

The paper by J. Lim et al. presents CH3NH3PbI3
perovskite-sensitized solid state solar cells with the use of dif-
ferent polymer hole transport materials and showed that the
device with a spiro-OMeTAD-based hole transport layer
shows the highest efficiency of 6.9%. Interestingly, the
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PTB7 polymer, which is considered an electron donor
material, showed dominant hole transport behaviors in the
perovskite solar cell.

The paper by B. Pivac et al. presents the annealing behav-
ior of very thin SiO2/Ge multilayers deposited on Si substrate
by e-gun deposition. They showed that after annealing at
800°C, in inert atmosphere, Ge is completely out-diffused
from the SiO2 matrix leaving small (about 3 nm) spherical
voids embedded in the SiO2 matrix. These voids are
formed at distances governed by the preexisting multilayer
structure (in vertical direction) and self-organization (in
horizontal direction).
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We report the characteristics of organic solar cells on Si substrates using quantum dot superlattices (QDSLs) prepared by
sedimentation. When colloidal quantum dots (QDs) are deposited on a substrate in a solvent, they are closely packed and form
multiple grains in a film. We found that the PbS QD grains grew into a large superlattice when the deposition proceeded for a
long period of time. A solar cell was fabricated using the QD superlattice film as an absorbing layer. When the deposition was
slow, the short-circuit current density of the solar cell doubled compared with that of the rapid deposition case. Simulations
based on the superposition model suggest that the superlattice formation process is responsible for the observed change in the
cell characteristics.

1. Introduction

Renewable energy continues to attract attention as it reduces
current environmental problems like global warming and
increased energy demand. Photovoltaic power generation is
one renewable energy technology. The maximum power con-
version efficiency (PCE) of crystalline Si (c-Si) solar cells,
which are currently mainstream, is theoretically approxi-
mately 29%. Higher PCE is required if solar cells are to meet
future energy demands, requiring a technical breakthrough.
The PCE limit is due to heat loss and transmission loss. Elec-
trons and holes excited by photons with energy larger than
the band gap of Si (absorption layer) relax to the band edge,
releasing their energy as heat. Also, photons with energy
smaller than the band gap transmit without being absorbed.
It was theoretically predicted that intermediate band-type
solar cells with a quantum dot superlattice (QDSL) structure
can reduce these losses and yield greater than 60% PCE [1, 2].
Other researches have attempted to fabricate QDSL solar
cells with Stranski-Krastanov-type quantum dots (QDs)
[3–5]. However, formation of Stranski-Krastanov-type QDs
is based on crystal strain; thus, it is difficult to grow QDs with

high uniformity and high density while simultaneously stack-
ing them in three dimensions [6, 7]. On the other hand, col-
loidal QDs prepared by chemical synthesis are also expected
to be a viable material for the organic solar cells [8, 9]. Colloi-
dal QDs have been mixed into a photon-electron conversion
material instead of dye to expand the absorption band in
solar cells. In another case, colloidal QDs were used as
an absorption layer in Schottky junction organic semicon-
ductor solar cells. In organic solar cells, colloidal QD films
are prepared by spin coating on a substrate, and the QDs
accumulate randomly. We proposed using a superlattice of
colloidal QDs in solar cells [10–12]. It is known that, after the
evaporation of a solvent, colloidal QDs self-assemble and
pack densely in the area with electron-microscopic order
[13–17]. The structure functions as a polycrystalline struc-
ture in which small single-crystal regions are connected via
amorphous regions. We found that the very slow QD sedi-
mentation in a solvent enlarged each single crystalline area
in the polycrystalline structure [18]. The single-crystal region
can be regarded as a superlattice. By forming a film with a
wide QDSL, the absorption band is broadened and the aver-
age carrier mobility increases by the generated intermediate
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band. In this work, we investigated the characteristics of an
organic solar cell using PbS QDSL taking into account the
sedimentation speed of QDs during QDSL formation.

2. Experimental

QD solar cells were fabricated using organic materials on a Si
substrate. Figure 1 schematically shows the structure of the
fabricated solar cell. After removing organic contamination
with piranha solution, washing with buffered HF solution
was applied to the n-type (100) c-Si substrate, which was a
recycled product (resistivity was 1–10Ω·cm). Commercially
available PbS QDs were used in our device (EviDot, Evident
Thermoelectrics Inc.). The sedimentation time of colloidal
QDs was adjusted by changing the evaporation speed of the
solvent by controlling the atmospheric vapor pressure. Rapid
sedimentation was carried out by leaving QD droplets on the
Si substrate dry in a nitrogen gas atmosphere. Slow sedimen-
tation occurred by setting the sample in a sealed container
with a reservoir of solvent. It has been confirmed in previous
studies that free QDs precipitate in a solvent to the substrate
over a period of several days [4]. The thickness of the QD
layer ranged from several microns to 20 microns. Thereafter,
the QD layer was covered with a 40nm thick poly(3,4-ethy-
lenedioxythiophene) polystyrene sulfonate (PEDOT : PSS)
hole transport layer, which was mixed with 5wt% dimethyl
sulfoxide to improve the electric conductivity [19]. The mix-
ture was spin-coated on the QDSL layer at 6000 rpm for 2
minutes and was subsequently annealed for 15 minutes. An
aluminum electrode was deposited on the back Si surface,
and a cross-shaped gold electrode was deposited on the hole
transport layer by vapor deposition.

The QD layers were examined with scanning electron
microscopy (SEM) and photoluminescence (PL) measure-
ments. PL at room temperature was evaluated using a

670 nm diode laser with a monochromator (Jobin Yvon,
HR320) and lock-in amplifier (Seiko EG&G Corp., 5210).
The PL spectra are shown in Figure 2. Properties of QDs in
solution and QD layers were compared. We can see that
the QDs have a band gap in the infrared region and will be
the complement to the absorption of Si in the solar cell. Eval-
uation of the solar cell characteristics was conducted with a
lab-made apparatus. A conventional variable-illuminance
halogen lamp was used as the light source. The irradiation
intensity was calibrated using a solar power meter (AS
ONE Corp., ST530) and standard Si solar cell. The change
in the current with respect to the voltage of the solar cell
was evaluated using a measurement power supply (Advantest

Au

Front contact

PbS QDSL

Back contact Al

PEDOT:PSS (hole transport)

n-Si water

Figure 1: Schematic of QD solar cell structure.
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Figure 2: Photoluminescence spectra from the colloidal PbS QDs at
room temperature.
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Corp., TR6134), which was controlled via UBS with a self-
built VBA macro in Microsoft Excel.

3. Results and Discussion

The current-voltage characteristics of the fabricated QD solar
cell at 1.5 suns are shown in Figure 3. A solar cell without the
QD layer was prepared and its characteristics were investi-
gated for comparison. The QD layer was formed after several
minutes of solvent evaporation from the QD solution. The
short-circuit current density improved from 10.4mA/cm2

to 20.1mA/cm2 after introducing the QD layer. This could
occur due to a broadened absorption band in the cell. The
solar cell without the QD layer was inferior to a general Si
cell. This is probably because the Si substrate we used was a
recycled one. PCE increased by a factor of 1.5 (0.92 to
1.42%) after incorporation of the QD layer, although the
open-circuit voltage decreased slightly. The filling factor
(FF) was 38% and 27% with and without QDs, respectively.

The QD sedimentation time was controlled while fab-
ricating the QD layers. When depositing QDs slowly, free
QDs have enough time to reach a stable position in the
solvent and, as a result, the size of the densely packed
single-crystal region is expected to grow. When the solvent
evaporates rapidly, QDs accumulate on the surface of the
descending solvent and adhere to the substrate. Figure 4
shows SEM images of the surface of the QD layer deposited
for several minutes and that for over 3 days. A random
pattern formed on the surface after rapid sedimentation. In
the case of slow sedimentation, many clear steps can be seen
on the surface. The step structure suggests that QDs were
periodically arranged in an area of several hundred square
microns. We saw that the wide QDSLs formed in the QD layer
after depositing QDs for a long period of time. The PL charac-
teristics also suggest that the unique structure appeared due to
slow sedimentation. In Figure 2, one can see that the emission
peak from the QD layer shifted slightly towards shorter wave-
lengths due to slow sedimentation. In addition, the emission
intensity at short wavelengths increased and the spectrum

became asymmetric. We deduced that quantum confinement
in QDs was weakened due to the formation of intermediate
bands in some areas of the QD layer.

Figure 5(a) shows the current-voltage characteristics of
the QD solar cell fabricated using rapid and slow deposition
at 1 sun. There was almost no difference in the open-circuit
voltage between the two deposition times, but the short-
circuit current density nearly doubled when QD layers were
deposited slowly. As a result, the PCE more than doubled
when the QD layers were deposited slowly. Slow deposition
caused the FF to increase by approximately a factor 1.5 times.
As the irradiation power increased in a solar cell, the short-
circuit current density increased. The increase was greater
in the solar cell with the QD layer prepared by slow sedimen-
tation. This may be due to the better performance of QDSLs.
Comparing the results for rapid sedimentation in Figures 3
and 5(a), it seems that stronger excitation intensity leads
to a lower open-circuit voltage. This is because the cells used
in the measurement were different. In particular, the repro-
ducibility of the cell performance was not good when sedi-
mentation was rapid. The thickness of the QD layer was
somewhat different, and the problem might degrade the
quality of the interface between the QD layer and the hole
transport layer.

The QD layer fabricated by sedimentation improved the
solar cell performances. Since an improved current was
observed, the measured current-voltage data from the QD
solar cells were compared with simulation results from the
standard superposition model [20]. The current density in
the superposition model is defined as follows:

J = JSC − J0 exp eV
kT

− 1 , 1

where JSC is the saturation current density and J0 is the
reverse saturation current density. The reverse saturation
current is due to the minority carriers at the depletion layer
edge and at the i region by thermal excitation. During the cal-
culation, we used the measured JSC value with J0 as a fitting
parameter. The simulation results are shown in Figure 5(b).
The experimental results were reproduced very well, i.e.,
improvements of short-circuit current density, PCE, and FF
were explained by the model. The values used were J0 = 2 5
mA/cm2 for slow deposition and J0 = 1 3mA/cm2 for rapid
deposition. These values of J0 are very large. The most
likely reason for this is that more minority carriers were
generated at the depletion layer edge. Considering that the
Si substrate we used was a recycled product, we cannot
deny the potential adverse effects of the Si substrate. The
poor results from the solar cell without QDs support this
speculation. Since two types of QD cells suffer from the
same performance deterioration due to the fabrication pro-
cess, there must be a reason why J0 was larger in the case of
slow deposition. A possible reason for the large J0 value is
that minority carriers in the QDSL layer increased due to
the formation of intermediate bands. It has been suggested
that a wide QDSL, i.e., a broad intermediate band, formed
during slow sedimentation. The intermediate band in the
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Figure 3: Current-voltage characteristics of solar cells. Devices with
and without a QD layer are compared.
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infrared region will increase the number of minority carriers
due to thermal excitation. The carrier mobility may have also
improved in the intermediate band. As a result, the generated
minority carriers can reach the electrode more easily, thus
increasing the reverse saturation current.

It is also conceivable that J0 was apparently large due to
the cell resistance values. The cell resistance was calculated
from the current-voltage data in Figure 5(a). In the case of
rapid sedimentation, the series and parallel resistance values
were 114 and 79Ω·cm2, respectively. In the case of slow

(a) (b)

(c) (d)

Figure 4: SEM images of the QD layer surfaces. (a, b) QD sedimentation time of several minutes and (c, d) sedimentation time greater than 3
days. Scale bars are 100μm.
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Figure 5: (a) Experimental current-voltage data from QD solar cells. Devices with QDs deposited over 3 days and those with QDs deposited
for 20 minutes are compared. (b) Simulated current-voltage characteristics in QD solar cells.

4 Journal of Nanomaterials



sedimentation, they were 29 and 83Ω·cm2, respectively. The
series resistance was very high in the case of rapid sedimen-
tation, and in both cases, the parallel resistance was about
one order of magnitude lower than the common value. The
series resistance is the sum of various electric resistance
sources encountered in the course of carrier transport. For
holes, the contributing series resistances are the resistance
of the QD layer, the resistance during lateral transport in
the p-type layer, and the contact resistance between the elec-
trode and the hole transport layer. Carrier scattering at the
uneven PEDOT : PSS/QD layer interface is also presumed
to be the cause of series resistance, and one can infer that
scattering was more likely to occur in the case of rapid sedi-
mentation. The sedimentation speed likely affects the resis-
tance in the QD layer. For electrons, the resistance in the
QD layer and Si substrate and the contact resistance at the
back electrode contribute to series resistance. Among them,
only the resistance in the QD layer may be influenced
by sedimentation speed. Parallel resistance is a component
of the leakage current. The parallel resistance is low when
insulation between the positive and the negative electrodes
is poor. Impurities and defects in the absorption layer lower
the parallel resistance, and our cell may have problems in this
respect. In particular, the PEDOT : PSS/QD layer interface
and the QD layer/n-Si interface were exposed to air during
fabrication, and this possibly caused contamination and/or
chemical degradation.

It has been shown that QDSLs improved the characteris-
tics of our solar cells. Our QDSL solar cells had three major
problems that should be solved in order to further improve
their properties. The most effective and immediate way
would be to use a solar grade or better Si substrate. Another
problem to be solved is control over the thickness of the
QDSL layer. First, thickness should be reduced to a few
microns or less. It is expected that many carrier recombina-
tion events occur since the QDSL layer was too thick to
extract carriers before recombination. Also, the nonunifor-
mity of the QDSL film should be improved. By reducing
the area of the interface, deterioration in the cell fabrication
process will be suppressed during atmospheric exposure. In
order to improve the flatness of the film, it is necessary to
homogenize the QD solution and to control the affinity
between the solution and the substrate. The third point to
be improved is the quality of the QDSL itself. By exchanging
the QD ligand for a shorter one, the carrier transport prop-
erty will be further improved [11, 12] and the number of
intermediate bands will increase [21]. One would expect that
carrier transport would be improved further by matching the
crystal orientation of individual QDs. The aligned direction
of the wave functions in a QD results in strong coupling
between QDs. It has been reported that interactions between
QD facets occur during sedimentation in a solvent, thus
forming a so-called perfect superlattice from the colloidal
QDs [21, 22].

4. Conclusions

We have reported an improved organic solar cell on a Si
substrate by using a PbS QDSL prepared by sedimentation.

The short-circuit current density in the solar cell with a QD
layer was higher than that without a QD layer. When the
QD layer was prepared via slow sedimentation, the short-
circuit current density nearly doubled compared to the case
of rapid sedimentation. SEM images indicate that a wide
QDSL formed when QDs were deposited for a period of time
longer than three days. The simulated current-voltage char-
acteristics helped illustrate measures that could further
improve the properties of the QDSL solar cells.
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Due to their electrical and mechanical properties, carbon nanofibers are of large interest for diverse applications, from batteries to
solar cells to filters. They can be produced by electrospinning polyacrylonitrile (PAN), stabilizing the gained nanofiber mats, and
afterwards, carbonizing them in inert gas. The electrospun base material and the stabilization process are crucial for the results
of the carbonization process, defining the whole fiber morphology. While blending PAN with gelatin to gain highly porous
nanofibers has been reported a few times in the literature, no attempts have been made yet to stabilize and carbonize these
fibers. This paper reports on the first tests of stabilizing PAN/gelatin nanofibers, depicting the impact of different stabilization
temperatures and heating rates on the chemical properties as well as the morphologies of the resulting nanofiber mats. Similar
to stabilization of pure PAN, a stabilization temperature of 280°C seems suitable, while the heating rate does not significantly
influence the chemical properties. Compared to stabilization of pure PAN nanofiber mats, approximately doubled heating rates
can be used for PAN/gelatin blends without creating undesired conglutinations, making this base material more suitable for
industrial processes.

1. Introduction

Functional nanofibers are used in a broad variety of
applications, from nanofibrous membranes for filters [1] to
substrates in tissue engineering [2, 3] to electrocatalysis [4],
capacitors [5], and other applications based on the conduc-
tivity of the nanofibers [6]. Especially for batteries and other
energy applications, often carbon nanofibers are used [7–11].

Such carbon nanofibers are often prepared via the elec-
trospinning route, followed by stabilization and afterwards
carbonization. Both steps influence the morphologies, the
mechanical and electrical properties of the final carbon
nanofibers significantly. While carbon nanofibers can be
produced from a broad variety of materials [12–14], one
of the most common materials for this purpose is polyacry-
lonitrile (PAN). PAN changes fiber diameters and mat

morphologies significantly for varying spinning and solution
parameters [15, 16], while the fibers themselves keep their
flat, even surfaces.

In most applications, however, it is advantageous to
further increase the surface: volume ratio of the nanofibers.
This can be done by blending PAN with other polymers or
inorganic material, a method which may also alter other
physical properties, such as the conductivity. Increased crys-
tallinity and conductivity were found, e.g., when PAN/pitch
nanofibers were carbonized [17]. Blending PAN with cellu-
lose acetate resulted in increased adsorption properties of
the carbonized nanofibers [18]. Combined with diverse
water-soluble polymers, only gelatin showed a significant
influence on the PAN fiber diameters [19]. PAN/gelatin
blends have also shown to create highly porous fibers by elec-
trospinning [20]. Nevertheless, to the best of our knowledge,
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no investigations on the stabilization of such electrospun
PAN/gelatin nanofiber mats were performed yet.

In this paper, we report on the influence of the
stabilization temperatures and heating rates on the chemical
properties and morphologies of the resulting nanofiber mats.

2. Materials and Methods

Electrospinning was performed with a “Nanospider Lab”
(Elmarco, Czech Republic), a needleless electrospinning
machine based on the wire technology, using a polypropyl-
ene fiber mat as the substrate. The spinning parameters were
high voltage 70 kV, nozzle diameter 1.5mm, carriage speed
100mm/s, ground-substrate distance 240mm, electrode-
substrate distance 50mm, temperature in chamber 22°C,
and relative humidity in chamber 33%.

The spinning solution contained 16% PAN in DMSO
(min 99.9%, purchased from S3 Chemicals, Germany) and
9% gelatin (Abtei, Germany).

Samples of 50mm× 50mm of the electrospun nanofiber
mats were stabilized in a muffle furnace B150 (Nabertherm),
approaching stabilization temperatures between 240°C and
300°C at heating rates between 0.5°C/min and 4°C/min, and
then 1h of isothermal treatment at the final temperature.
For each combination of heating rate and temperature,
samples were stabilized with their borders fixed by placing
a metal frame with sufficient weight on them as well as freely,
without any fixation. Carbonization was performed in a
furnace CTF 12/TZF 12 (Carbolite Gero Ltd., Hope, UK),
approaching a temperature of 800°C with a heating rate of
10°C/min in a nitrogen flow of 150mL/min (STP), followed
by isothermal treatment for 1 h.

Masses of the samples were taken before and after
stabilization using an analytical balance (VWR). Samples
dimensions were analyzed by the program ImageJ 1.51j8.

For Fourier-transform infrared (FTIR) spectroscopy, an
Excalibur 3100 (Varian, Inc.) was used. Color measurements
were performed with a sph900 spectrometer (ColorLite).

Scanning electron microscopy (SEM) images were taken by
a Zeiss 1450VPSE with a resolution of 5 nm or a JSM-840
microscope, respectively, using a nominal magnification of
5000x. Optical images of the nanofiber mats were taken using
a confocal laser scanning microscope (CLSM) VK-100 with a
nominal magnification of 2000x.

3. Results and Discussion

Figure 1 depicts the relative mass changes for different
stabilization temperatures (Figure 1(a)) and different heating
rates (Figure 1(b)), respectively. The trend of smaller normal-
ized masses, i.e., larger losses, for higher stabilization
temperatures is clearly visible. Compared to a previous study
on pure PAN nanofiber mats, the normalized masses here are
generally smaller, and the mass loss is strongly increased for
higher temperatures. This indicates clearly the influence of
the gelatin in the fibers—since gelatin denaturalizes around
40–90°C, depending on the water content [21], and it can
be expected to be released from the nanofibers as long as it
is not completely embedded in the fiber.

Opposite to mass measurements on stabilized PAN
nanofibers, showing an approximately constant value of
~85% of the original mass, here, a clear heating rate depen-
dence is visible for the lower heating rates. This suggests
that here the duration of the heating time plays an impor-
tant role, i.e., the lower the heating rate, the higher the
polymer decomposition obtained due to pyrolysis and
recombination reactions.

Besides the masses, the areas of the stabilized samples
in fixed and unfixed states were measured. The results
are depicted in Figure 2, depending on the temperature
(Figure 2(a)) and the heating rate (Figure 2(b)), respectively.
The ratio of the areas of the unfixed and the fixed samples
decreases with increasing temperature as well as with
increasing heating rate, showing that high temperatures
and large heating rates cause more stress in the unfixed sam-
ples and let them crumple stronger than under less extreme
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Figure 1: Normalized masses after stabilization at different temperatures (a) and using different heating rates (b).
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conditions. This finding underlines the importance of fixing
the samples during stabilization.

FTIR measurements were performed on the PAN/gelatin
nanofiber mat before stabilization. Figure 3 shows the
result together with pure PAN and pure gelatin nanofiber
mats. Comparing the spectra shows that the PAN/gelatin
line is composed of the typical PAN peaks in the range
between 950 cm−1 and 1700 cm−1, at 2240 cm−1 and
2938 cm−1 [22, 23] as well as gelatin peaks. The latter can
be differentiated into the region around 2700–3600 cm−1

which is attributed to the amides A and B, the region around
900–1900 cm−1 showing the amides I, II, and III, and finally
the region below 900 cm−1 depicting amide IV [24]. It should
be mentioned that several peaks are hard to distinguish
between pure PAN and pure gelatin. The most prominent

peaks which are not existent in pure PAN are the peak
around 3400 cm−1, corresponding with amide A, and the
peak near 700 cm−1, corresponding to amide IV. In the
original state after electrospinning, there are also clear differ-
ences between PAN and gelatin around 1640 cm−1 (amide I)
and 1540 cm−1 (amide II); however, it is well known that in
this region, significant changes will occur during the
stabilization process, making these peaks possibly less suit-
able for the examination whether gelatin stays in the fabric
during stabilization.

A comparison of the FTIR measurements on PAN/gela-
tin samples, heated at 1°C/min to different stabilization
temperatures, is given in Figure 4. At first glance, the results
look very similar to those gained by stabilizing pure PAN
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Figure 2: Normalized areas after stabilization at different temperatures (a) and using different heating rates (b).
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nanofiber mats [23, 24]. Following the most prominent peaks
of the original PAN/gelatin peaks shows that during stabili-
zation (amides A, I, and II, as marked in Figure 4), there is
no evidence for residual gelatin in the stabilized fiber mat.
The same results are visible for the not fixed samples.

Optical examination of the samples after taking them
out of the muffle oven revealed dark, nearly black areas
on the back in the areas which had touched the under-
ground during stabilization. Since the gelatin is no longer
visible in the FTIR measurements taken on the upper sur-
face of the samples, it can be assumed that gelatin—which
decomposes above approx. 100°C but needs more than
approx. 500°C for complete combustion—has precipitated
here after melting. Figure 5 thus depicts FTIR scans of
these dark areas.

While for a stabilization temperature of 240°C, the peaks
for amides A and I are still clearly visible, they are superposed
by the growing PAN stabilization peaks for higher tempera-
tures. Thus, the FTIR results can in this case not clearly state
which material causes the black areas on the back.

Figure 6 shows the heating rate dependence of PAN/
gelatin nanofiber mats, stabilized at 280°C. While stabilizing
pure PAN revealed significant differences in the FTIR mea-
surements for different heating rates [25], here, all curves
are very similar. A closer look, however, shows that for higher
heating rates, the peaks for the amides A, I, and II stay visible,
although strongly superposed by the large peaks of the
stabilized PAN in these areas. This indicates that faster
heating allows the gelatin to stay in the nanofiber mat to a
certain amount. Similar results were found on the dark back
of these samples (not shown here).

Optical investigations were performed, using a CLSM.
Figure 7 depicts a comparison of an original PAN/gelatin
nanofiber mat (Figure 7(a)) and a sample stabilized in fixed
position at 280°C, approached at 1°C/min (Figure 7(b)).

Firstly, both images show the typical relatively thick and
straight fibers which are typical for gelatin or PAN/gelatin
[19]. After stabilization, the usual brown color of the
stabilized PAN is visible. Here, however, some silvery fibers
can be recognized, clearly indicating gelatin. It should be
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Figure 7: CLSM images of an untreated PAN/gelatin nanofiber mat
(a) and a sample stabilized at 280°C, approached at 1°C/min (b). The
scale bars indicate 20μm.
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Table 1: CLSM images of PAN/gelatin nanofiber mat, stabilized in fixed (left panels) and unfixed state (right panels) at different
temperatures, approached with 1°C/min. For a better overview, the scale bars here indicate 50 μm.

Fixed Unfixed

240°C

260°C

280°C

300°C
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mentioned that—opposite to stabilization of pure
PAN—the stabilization process here seems to straighten
the fibers. Another important remark is that no undesired
conglutinations are visible in the stabilized sample, as
opposed to the stabilization process of pure PAN under
identical conditions.

Table 1 compares the samples stabilized at different tem-
peratures, approached with 1°C/min, in fixed and unfixed
state. Firstly, most images show some areas in which silvery
regions or fibers are visible which can clearly be attributed
to gelatin since stabilized PAN shows a strong color change.
Second, the typical crumpling of pure PAN fibers during
stabilization is invisible for the fixed samples and severely
reduced for the unfixed samples. This finding is independent

from the stabilization temperature, thus possibly allowing
using higher stabilization temperatures without a problem-
atic influence on the nanofiber dimensions.

This observation shows clearly that blending PAN with
gelatin can help to gain straight, long carbon nanofibers, as
desired for most technical applications.

Table 2 depicts the dependence of the nanofiber mat
morphology after stabilization at 280°C, approached with
different heating rates. For the higher heating rates, the more
chaotic fiber distribution for the unfixed samples is visible;
however, still, no undesired conglutinations seem to
appear. The assumption due to Figure 6 that faster heating
leads to more remaining gelatin cannot be verified or
falsified from these images, especially since gelatin inside

Table 2: CLSM images of PAN/gelatin nanofiber mat, stabilized in fixed (left panels) and unfixed state (right panels) at 280°C, approached
with different heating rates. The scale bars indicate 50 μm.

Fixed Unfixed

1°C/min

2°C/min

4°C/min
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PAN fibers or blended fibers cannot be distinguished from
pure PAN fibers.

All samples were also investigated from the back, where
residual gelatin was expected due to the dark color and the
slight differences in the FTIR spectra. Some results of fixed
samples are depicted in Figure 8.

Firstly, a significant color change from 240°C to 260°C can
be recognized. This fits well to the starting point of the main
thermal degradation zone of gelatin reported in the literature
[26, 27]. Thermal degradation between 250°C and 600°C
includes breakage of protein chains and rupture of peptide
bonds, involving the evolution of volatile compounds and
formation of new C-C and C-N bonds in the solid matrix.

Independent from this finding, in all cases (including the
images not shown here), a mixture of broad gelatin bands
and fine gelatin membranes connecting PAN fibers can be
identified. No clear influence of the heating rate or the
temperature (as long as it is higher than 240°C) is visible.

These images show that a stabilization process using
hanging samples, without contact to the underground, may
be favorable to reduce these large gelatin agglomerations.
On the other hand, it should be mentioned that the next step,
carbonization of the samples, is usually performed at temper-
atures higher than 600°C so that gelatin will most probably
completely be degraded after the carbonization process.
Nevertheless, the influence of such gelatin agglomerations
on the morphology of carbonized nanofiber mats should be
investigated in the future.

Next, the morphology of the fibers themselves was inves-
tigated using SEM. The results for different temperatures are

depicted in Table 3, while Table 4 shows the influence of
different heating rates.

In all cases, the unfixed samples show stronger meander-
ing of the fibers, an effect which is supported by high temper-
atures and high heating rates. Stabilization of fixed nanofiber
mats results in most cases in straight, even fibers. Similar to
the CLSM images, some gelatin fibers are still visible between
the thinner PAN fibers. For the highest temperature and the
highest heating rates, the fixed PAN fibers seem to be more
irregular; thus, the SEM images suggest stabilization at
280°C (which is sufficient for stabilization, based on the FTIR
results) and 1°C/min which is twice as high as the best
stabilization temperature for pure PAN nanofiber mats of
0.5°C/min. It must be mentioned that the original aim of this
study, creation and stabilization of PAN/gelatin nanofibers
with porous surfaces, was not reached here, while the
investigation gives a new approach to create smoother, more
even fibers which can be stabilized with a higher heating rate
than pure PAN nanofibers.

Finally, spectroscopic examinations of the stabilized
nanofiber mats were performed. The color differences for
the brighter front and the darker back compared to the
original white nanofiber mat are depicted in Figure 9.

The difference between the dark and the “normal”
areas is also visible in these measurements for all temper-
atures and heating rates. Interestingly, the maximum
color difference is achieved at 280°C and decreases again
at 300°C. This may be attributed to structural effects due
to the degradation of gelatin. This explanation corre-
sponds to the slightly increasing color differences with

T = 240°C, 1°C/min

(a)

T = 260°C, 1°C/min

(b)

T = 280°C, 0.5°C/min

(c)

T = 280°C, 4°C/min

(d)

Figure 8: CLSM images of the back of different samples (see insets), stabilized under fixed conditions. The scale bars indicate 50μm.
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Table 3: SEM images of PAN/gelatin nanofiber mat, stabilized in fixed (left panels) and unfixed state (right panels) at different temperatures,
approached with 1°C/min. All images were taken using a nominal magnification of 5000x.

Fixed Unfixed

240°C

260°C

280°C

300°C
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Table 4: SEM images of PAN/gelatin nanofiber mat, stabilized in fixed (left panels) and unfixed state (right panels) at 280°C, approached with
different heating rates. All images were taken using a nominal magnification of 5000x.

Fixed Unfixed

0.5°C/min

1°C/min

2°C/min

4°C/min

9Journal of Nanomaterials



increased heating rates, for which larger amounts of
residual gelatin were found in the FTIR measurements
(Figure 6).

It should be mentioned that for the smallest heating rate
of 0.5°C/min as well as for the lowest temperature of 240°C
(i.e., below the start of the gelatin degradation), there are no
differences between fixed and unfixed samples visible. This

may indicate that under these stabilization conditions, the
fixation of the samples is not necessary to gain straight fibers
without undesired meandering.

Finally, some of the optimally stabilized samples (all
fixed during stabilization) were carbonized at a tempera-
ture of 800°C. Figure 10 depicts the SEM images taken
after carbonization.
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Figure 9: Color differences dE of samples stabilized at different end temperatures (a) and different heating rates (b) and isothermal treatment
at the maximum temperature for 1 h.
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Figure 10: SEM images of some samples carbonized at 800°C.
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Comparing these images, it is clearly visible that thicker
fibers are achieved by smaller stabilization temperatures
(260°C) and lower heating rates (0.5°C/min). This corre-
sponds to the results of the stabilization process, as depicted
in Tables 3 and 4, and suggests future tests combining
relatively low stabilization temperatures and heating rates
to support this property. This result clearly shows that by
carefully choosing the stabilization conditions, the intended
increase of the fiber diameter can survive the stabilization
process, while the blending material responsible for this
diameter increase melts at much lower temperatures.

On the other hand, these properties must be balanced
against the carbonization yields. Here, we found the values
given in Table 5.

According to these numbers, a stabilization temperature
of 280°C in combination with a stabilization heating rate of
1°C/min should be preferred. The temperature of 260°C
results in a small carbonization yield, while the highest
temperature of 300°C leads to a reduced stabilization yield.
Comparing both alternatives resulting in relatively thick
fibers, a small heating rate of 0.5°C/min in combination with
the typical stabilization temperature of 280°C is preferable
since the overall yield is nearly twice as high as in the case
of the lower stabilization temperature.

Figure 11 shows the results of FTIR measurements on the
samples depicted in Figure 10. After stabilization, the peaks
visible after stabilization are nearly vanished. Only very few
functional groups are left after this process, corresponding
to the high absorbance of carbon, as it is well known from
the carbonization process of PAN and other carbon precur-
sors [28, 29]. It should be mentioned that the small peaks
visible here are neither identical with those stemming from
PAN nor stabilized PAN nor gelatin, showing that the
samples are carbonized to a high degree.

4. Conclusion

In this study, we have investigated electrospun PAN/gelatin
nanofiber mats in terms of stabilization parameters and their
influences on the resulting stabilized nanofibers. In all cases,
the amount of gelatin was significantly reduced, especially
above the onset of gelatin degradation at 250°C, as revealed
by FTIR, CLSM, and SEM measurements. While adding
gelatin did not result in creating porous PAN nanofibers after

stabilization, we showed that using PAN/gelatin blends as
precursors for carbon nanofibers offer a new possibility to
create long, straight fibers without many undesired congluti-
nations. Future tests will concentrate on investigating the
influence of the PAN : gelatin ratio on stabilization and
subsequent carbonization processes.
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Two donor–acceptor copolymers based on a benzotrithiophene acceptor unit and an electron-donor segment of 4,8-
didodecyloxybenzo[1,2-b;4,5-b′]dithiophene were investigated in the view of photovoltaic application. We provided the
complete synthesis procedure supported with NMR spectra of the monomers obtained. The resulting copolymers, labeled P1
and P2 in this work, exhibit strong absorption in the visible region with a similar band gap of about 2.2 eV. In spite of the
chemical similarity of both copolymers, the photovoltaic and carrier transport properties of the P1- and P2-based devices
demonstrated a noticeable difference. Applying an optimization procedure, a power conversion efficiency of 4.6% has been
achieved for the P2/PC71BM solar cells.

1. Introduction

Over the past years, since Tang et al. reported on a break-
through in the polymer solar cells, a lot of efforts have been
put into the development of organic photovoltaics [1–10].
Although electronic characteristics of the organic materials
are still below those of usual inorganic semiconductors, such
drawbacks might be compensated by fabrication on flexible
substrates via inexpensive solution-phase techniques com-
mon in plastic manufacturing, e.g., applying roll-to-roll
printing technology. The effective strategy to improve the per-
formance of organic solar cells is the development of novel
materials with promising photovoltaic properties. The power
conversion efficiency (PCE) in the range of about 8–12% has
been achieved for a number of bulk heterojunction solar cells
based on novel absorbers with enhanced intrinsic properties
[11–16]. One of the promising building blocks for the
donor–acceptor copolymers is the benzotrithiophene (BTT)
structure, which demonstrates encouraging characteristics

for organic electronics technology [17–22]. A large BTT
structure is planar and leads to an effective intermolecular
packaging in the solid state. Thereby, BTT-based copoly-
mers have a highly ordered crystal structure and usually
exhibit a high mobility of charge carriers in organic
field-effect transistors [20, 21].

In spite of BTT blocks having an evident perspective for
efficient photovoltaic devices, the synthesis and investigation
of the BTT-containing copolymers are rather limited in
comparison with the extensively studied benzodithiophene
derivatives. In a recent report, we demonstrated that a BTT
fragment, which is usually serving as a donor unit for the syn-
thesis of conjugated copolymers, might perform the function
of the electron acceptor moiety owing to the carbonyl group
attached [23]. In that work, we described the general path-
ways of the synthesis procedure and performed a few initial
tests towards the application potential of two corresponding
donor–acceptor copolymers (labeled P1 and P2 in the follow-
ing, respectively) in the field of organic photovoltaics.
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Polymer–fullerene solar cells with P1 and P2 yielded up to
1.7% and 2.5% power conversion efficiency (PCE), respec-
tively [23]. These experimental findings motivated us to focus
current research on the opto-electrical properties of both P1
and P2materials and theirmixtureswith fullerene derivatives.

2. Experimental

2.1. Experiments and Characterization Methods. 1H and 13C
NMR spectra of the initial reagents and copolymers have
been recorded on a spectrometer (Bruker Avance-400) oper-
ating at 400.13 and 100.62MHz, respectively. The optical
properties of the copolymers have been investigated with a
Varian Cary 50 Scan spectrophotometer. The films were pre-
pared by spin-casting of either P1 or P2 copolymers dissolved
in anhydrous 1,2-dichlorobenzene (DCB) with a concentra-
tion of 6mg/ml on quartz substrates. A xenon lamp has been
used as an excitation source. The electrochemical properties
have been examined by cyclic voltammetry (CV). Cyclic volt-
ammograms were recorded on a CH Instruments (CHI660C)
electrochemical work station with a three-electrode cell at a
scan rate of 100mV·s−1 (glassy carbon electrode, Pt wire,
and saturated calomel electrode). Bu4NPF6 (0.1 mol·l−1)
was used as an electrolyte, and anhydrous acetonitrile (drying
with CaH2) was used as the solvent. Copolymers dissolved in
DCB were drop-casted on the working electrode and dried
under vacuum (~10−2 torr) for 30 minutes. Transmission
electron microscopy (TEM) of the active layers was
performed on JEOL JEM-1011 operated at an acceleration
voltage of 100 kV. Polymer–fullerene films for TEM were
prepared in identical conditions to those prepared for device
fabrication. The samples were immersed in water, and the
active layer floating on the water surface was transferred to
a TEM grid.

2.2. Fabrication and Characterization of Thin Film
Transistors and Organic Solar Cells. The thin film transistors
(TFTs) were prepared in order to examine the transport
properties of both P1 and P2 copolymers. TFTs were fabri-
cated on heavily n-doped silicon wafers with 230 nm
thermally grown SiO2 dielectric layers and equipped with
16 transistors per substrate. Source and drain contacts are
interdigitated structures (10 nm ITO, 60 nm Au) with
channel lengths L = 2 5, 5, 10, and 20 μm and channel width
W = 1 cm. All of the transistors were in the bottom-contact
configuration with gold electrodes. The substrates were pur-
chased from Fraunhofer IPMS (Dresden). The gate dielectric
capacitance was calculated to be 17 nF/cm2. The wafers were
cleaned in acetone and isopropyl alcohol in an ultrasonic
bath for 10 min and then subjected to O2 plasma for 5 min.
We applied octadecyltrichlorosilane (OTS, purchased from
Sigma-Aldrich) as a self-assembled monolayer in order to
modify the SiO2 dielectric surface and facilitate charge trans-
port properties of the materials investigated [24, 25]. The
cleaned substrates were treated with a solution of OTS in tol-
uene (10 mM) for 20 min at 60°C. Afterwards, thin films
(75 nm) of an organic semiconductor were spin-coated onto
precleaned substrates and annealed for 15 min at 140°C. All
steps of the TFT fabrication were processed in an N2 filled

glovebox. The electrical characterization of the TFTs was
carried out at room temperature in the dark. The setup con-
sists of two Keithley 2400 source measure units, 4-point
probe station, and a PC running LabTracer program for
automated measurements.

The photovoltaic characteristics of the devices have been
investigated by fabricating conventional bulk heterojunction
solar cells. Therefore, we blended the copolymer synthesized
with either [6,6]-phenyl–C61–butyric acid methyl ester
(PC61BM) or [6,6]-Phenyl C71 butyric acid methyl ester
(PC71BM) in different weight ratios by dissolving the copol-
ymers and fullerene derivatives in DCB solution at 50°C
and stirring overnight. To avoid local short circuits, the
ITO-covered glass substrates have been structured via
removing the ITO on half of the substrate using HCl and
zinc powder. The structuring was followed by mechanical
cleaning as well as cleaning with acetone and isopropyl
alcohol in an ultrasonic bath. This procedure was finished
by O2 plasma etching. As an electron barrier for the anode,
a layer of poly(3,4-ethylenedioxythiophene) : poly(styrene
sulfonate) (PEDOT : PSS, Clevios PVPAI 4083) was spin-
coated on the cleaned substrate and dried at 180°C under
nitrogen atmosphere for 10 min. The active layer was spin-
coated on top of the PEDOT : PSS layer, and then all samples
were annealed for 15 min at140°C under an inert atmo-
sphere. The devices were finished by sequential thermal
evaporation of 15 nm LiF and 100 nm Al on top as the cath-
ode. Current-voltage measurements were recorded with a
Keithley 4200 source measure unit. The laboratory solar cells
were illuminated with a simulated AM 1.5G spectrum by a
Photo Emission Tech. solar simulator. The intensity of the
solar simulator of 1000 W/m2 was calibrated using a mono-
crystalline Si reference solar cell (Fraunhofer ISE, Freiburg).
Spectral mismatch was not taken into account. All current-
voltage measurements have been carried out at room temper-
ature. The external quantum efficiency (EQE) measurements
were performed under short-circuit conditions with a lock-in
amplifier (SR830, Stanford Research System) at a chopping
frequency of 280 Hz during illumination with a monochro-
matic light from a xenon lamp.

3. Results and Discussion

3.1. Structural, Optical, and Electrochemical Properties of the
Copolymers P1 and P2. The copolymers P1 and P2 have been
synthesized by a Stille reaction as described previously [23].
The details related to the synthesis as well as the chemical
analysis of the materials can also be found in the Supporting
Information to this article. The chemical structure of the
copolymers investigated is shown in Figure 1.

Both organic materials synthesized exhibit strong absorp-
tion in the visible range up to 600 nm. The copolymer P1 dem-
onstrates well-pronounced maxima at 400, 485, and 516 nm.
The absorption peaks of P2 observed at 514 nm and 560 nm
reveal a bathochromic shift when compared to the copolymer
P1. The optical spectra of both copolymers have been ana-
lyzed with the goal to access optical bandgaps Eg

opt in accor-
dance with Tauc’s model [26]. Figures 2 and 3 demonstrate
the plot of (αhv)2 versus hv corresponding to the allowed
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direct optical transitions for both P1- and P2-based thin films.
The values of the energy gaps of Eg1

opt = 2 25 eV (for P1
copolymer) and Eg2

opt = 2 12 eV (for P2 copolymer) were
derived by extrapolating the linear segments to the hv axis.

The electrochemical properties of the copolymers have
been examined by CV measurements. Figure 4 shows exem-
plarily cyclic voltammograms of thin films spin-casted from
DCB solutions. Both copolymers revealed reversible redox
properties due to the high electroactivity. We attribute the
cathodic reduction peak to the formation of thiophene
radical anions, while the anodic oxidation peak likely cor-
responds to the radical cations of the thiophene moiety.
The position of the energy levels was calculated from the
oxidation potential Eox and the reduction potential Ered

in accordance with the equations:

EHomo = −e Eox + 4 8 eV,

ELumo = −e Ered + 4 8 eV
1

Taking here the onset potentials, the ionization potential
(EHomo) and electron affinity (ELumo) values of P1 were found
to be −5.2 eV and −3.0 eV, respectively. The corresponding
values for P2 were −5.1 eV and −2.8 eV, respectively. The
bandgapsobtained (Eg

ech) fromCVmeasurements are in close
agreement with the optical bandgaps estimated. The electro-
chemical parameters and the bandgaps derived from Tauc
plots are summarized in Table 1.

3.2. Charge Transport Properties. The potential of two
donor–acceptor copolymers as hole transporting materials
has been evaluated in TFT structures. Analyzing transistor
characteristics, we extracted parameters such as the field-
effect mobility (μfe) and threshold voltage (V tr), which in
turn have a strong influence on the solar cell performance.
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Table 1: Electrochemical parameters and optical bandgaps of P1
and P2.

Polymer EHomo (eV) ELumo (eV) Eech
g (eV) Eopt

g (eV)

Р1 −5.2 −3.0 2.2 2.25

Р2 −5.1 −2.8 2.3 2.12
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The value of μfe can be extracted from either the saturation
or linear regime of the current-voltage characteristics. How-
ever, it was shown that field-effect mobility determined from
the linear regime characterizes more precisely the intrinsic
properties of a material and estimates the maximummobility
value in a real transistor [27]. Hence, in this work, μfe has
been derived from the liner regime in accordance with [28].

The typical transfer curves and output characteristics of
both P1 and P2 materials at room temperature are shown
in Figure 5. In the linear regime, μfe was evaluated from
the current-voltage characteristics of the FET using the fol-
lowing equation, when the source-drain current Isd is plotted
against the gate voltage Vgs at a low, constant source-drain
voltage V sd:

∂Isd
∂Vgs

= μfeWCi
V sd
L

, 2

where W is the width of the channel, Ci is the capacitance
per unit area of the oxide layer, and L is the length of the
channel. The average value of μfeP1 obtained for the device
based on P1 copolymer was 4.1× 10−6 cm2 V−1 s−1 with a
threshold voltage of −34 V. The transport characteristics of
the P2 samples revealed us a considerable enhancement of
the hole mobility. The current measured in P2-based FETs
was about a factor of 3 greater when compared with

P1-based transistors. The average value of μfeP2 was found
to be 2.5× 10−5 cm2V−1 s−1, while the threshold voltage
remained almost unchanged. We note here that, contrary to
expectations, structurally very similar organic materials dem-
onstrated significant difference in charge transport proper-
ties. It is reasonable to attribute the phenomenon observed
to variable positions of the sulfur atom in copolymers inves-
tigated, which plays a key role in the formation of intermo-
lecular interactions and, consequently, impact on the hole
transport properties [29, 30].

3.3. Photovoltaic Response of P1-Based Devices. The photo-
voltaic response of the copolymers was investigated by fabri-
cating conventional bulk heterojunction solar cells with
fullerene derivatives. In order to optimize the performance
of the solar cells prepared, the polymer–fullerene weight ratio
and the thickness of the active layer were stepwise varied. At
the initial stage of the solar cell investigation, we observed a
poor performance of the devices based on P1. Specifically,
we obtained extremely low fill factor (FF) of about 0.4 and
the maximum PCE of 1.6% even when the optimization pro-
cedure has been applied (Figure S4). We assume that limited
hole mobility of P1 (obtained in Section 3.2) results in an
inefficient charge carrier collection process and, hence,
significantly reduces both the FF and photocurrent of P1-
based solar cells [31–34]. Moreover, the low value of μfeP1
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can aggravate the problem of balanced charge mobility in the
bulk leading to the creation of a space charge region, which
may limit the photovoltaic performance as well. Owing to
these causes, the photovoltaic parameters presented in
Figure S4 are far behind in comparison with state-of-the-art
devices based on BTT materials [18, 35]. The current
density-voltage characteristics of the P1-based devices are
summarized in Table S1.

3.4. Performance of P2-Based Solar Cells. In contrast, the lab-
oratory devices mixed with P2 demonstrated reasonable
photoresponse, pointing to a promising potential for PV
application. Taking these results into account, we focused
our efforts on the P2-based solar cells.

According to a number of studies, the polymer : fullerene
ratio in the organic solar cells is generally spread in the range
of 1 : 3 [36]. Slight variations of the fullerene ratio with
respect to the conjugated polymer demonstrate noticeable
impact on the photovoltaic parameters. As shown in
Figure 6(a), the short-circuit current density (Jsc) increases
from 5.3mA/cm2 to 6.1mA/cm2 for a polymer : fullerene
ratio of 1 : 1 and 1 : 1.5, respectively. Subsequent growth of
the fullerene content in the organic mixture results in slight
reduction of the photovoltaic characteristics. The noticeable
influence of the higher PC61BM blending ratio on the density
of free charge carriers extracted at the electrodes is repre-
sented in Figure 6(b). The advanced devices demonstrate
broad photoresponse in the visible part of the spectrum with
external quantum efficiency (EQE) up to 52%. It is important
to note that we observed about 10% enhancement in EQE
within the wavelength range of 450–600nm for the sam-
ples with optimized fullerene content. The corresponding
photovoltaic performance values of the solar cells with dif-
ferent ratios are summarized in Table S2.

It is known that either polymer–fullerene or hybrid solar
cells work best across a narrow range of the active layer thick-
ness. However, due to different charge transport characteris-
tics of materials investigated, there is still a wide spread of
results discussed in the literature for the appropriate thick-
ness of the absorber, values ranging from 55nm to 200nm
[36–41]. Applying a favorable polymer : fullerene ratio of
1 : 1.5 and keeping all other conditions of the solar cell
preparation constant, the photovoltaic properties of samples
set with different active layer thickness were investigated.
As can be seen from Table S3, the variation of the active
layer did not result in evident improvement of Jsc and
open-circuit voltage (Voc), which were in the range of
5.8–6.1mA/cm2 and 0.82–0.85V, respectively. However,
the fill factor (FF) increases from 58% for a thickness of
130 nm to 65% for an 80nm thick active layer, leading to
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Figure 6: J-V and EQE characteristics of P2/PC61BM solar cells with different polymer–fullerene weight ratios. Thickness of the active layer is
110 nm.

Figure 7: TEM picture of P2/PC61BM active layers.
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a PCE enhancement from 2.7% up to 3.3% (Figure S5). For
devices with an absorber layer thinner than 80nm, we
observed a dramatic drop of the photocurrent that is
attributed, in the first place, to an insufficient light-harvesting
process. The results obtained are in good agreement with
theoretical modeling done for polymer–fullerene solar cells
and with our previous studies devoted to the inorganic-
organic solar cells [42, 43]. The active layer morphology of
P2/PC61BM was controlled by microscopic analysis.
According to the differences in the electron scattering
densities, the bright and dark regions observed in the TEM
picture correspond to polymer and fullerene rich domains,
respectively [44]. Figure 7 shows similar bicontinuous blends
consisting of P2 and PC61BM nanostructured clusters and
pointing to appreciable miscibility between the copolymer
and fullerene acceptor. However, it is important to note that
we observed a poor fibrillar structure associated with the P2
crystalline phase. This finding can cause suppressed charge
transport across the polymer matrix and limited photovoltaic
performance of P2/PC61BM solar cells.

Next, we also examined a combination of P2 with the
PC71BM acceptor. It is well established that PC71BM has sim-
ilar to PC61BM electronic properties but demonstrates a
stronger absorption in the visible region [44]. The current
density versus voltage characteristics (J-V) of the P2/PC61BM
and P2/PC71BM solar cells fabricated in accordance with
optimized parameters are shown in Figure 8(a). The applica-
tion of PC71BM did not significantly influence Voc and FF of
the P2/PC71BM devices when compared with P2/PC61BM
solar cells (Table 2). However, we observed considerable
improvement of the Jsc from 6.1mA/cm2 to 8.8mA/cm2,
which is confirmed by the EQE spectrum as well
(Figure 8(b)). The external quantum efficiency of the
P2/PC71BM devices exhibits superior photoresponse when
compared with P2/PC61BM samples, approaching a value
of the EQE of about 60% in the wavelength range from
420nm to 550nm. The integration of the EQE spectra for
the devices investigated with AM 1.5G solar spectrum

revealed us slightly smaller Jsc than the values gained from
J-V curves (see Table 2), but these differences are not sig-
nificant and theoretical values of Jsc are in good agreement
with the experimental data. Controlling the morphology of
the P2/PC71BM active layers, we observed pronounced
nanometer-scale phase separation. However, in comparison
with P2/PC61BM, P2/PC71BM-based films demonstrated
rather unique morphology, where bundles of P2 fibrils can
be distinguished. We speculate that advanced performance
of the P2/PC71BM solar cells originates not only from the
stronger absorption of PC71BM in the visible range but also
from enhancement of the charge-transfer pathways shown
in Figure 9. Omitting the introduction of processing additives
in the bulk heterojunction solution, the best samples based on
the P2/PC71BM active layers achieved PCE of 4.6%. The pho-
tovoltaic parameters obtained are comparable with the results
discussed in similar studies and related to BTT-containing
organic solar cells [35, 45]. We should note that photovoltaic
response achieved in this work is still behind the PCE of the
champion device based on BTT building blocks [46]. Addi-
tional strategies, like solvent additives and extra purification
of P2 copolymer, might bring further advance in the photo-
voltaic performance of the devices investigated.

4. Conclusion

We have designed and synthesized two BTT-based D-A
copolymers, labeled P1 and P2. The optical and electrochem-
ical properties of the copolymers demonstrated a strong
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Figure 8: J-V and EQE characteristics of P2/PC61BM (black curve) and P2/PC71BM (red curves) solar cells.

Table 2: Photovoltaic parameters of P2-based solar cells mixed with
different acceptors.

Acceptor Voc (V)
Jsc

(mA/cm2)
Jsc

a

(mA/cm2)
FF (%) PCE (%)

PC61BM 0.84 6.1 5.9 62.5 3.2

PC71BM 0.83 8.8 8.5 63.1 4.6
aCalculated from EQE.
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absorption in the UV-visible region with similar bandgap
values of about 2.2 eV. The potential of both copolymers as
hole transporting materials has been evaluated in TFT struc-
tures. The average values of the field-effect mobility obtained
for the device based on either P1 or P2 were
4.1× 10−6 cm2V−1c−1 and 2.5× 10−5 cm2V−1c−1, respectively.
Thus, although the structure of the polymers is rather similar,
a pronounced difference of the hole mobility was found. In
spite of the fact that we did not achieve a reasonable pho-
tovoltaic response for the laboratory devices with a bulk
heterojunction composed of the P1 copolymer and fuller-
ene derivatives, the solar cells based on P2 : fullerene
blends revealed us promising photovoltaic characteristics.
P2/PC71BM devices demonstrated performance parameters
of a short-circuit current density up to 8.8mA/cm2, an
open-circuit voltage of 0.83V, a fill factor of about 63%,
and up to 4.6% power conversion efficiency. The photovoltaic
parameters obtained are comparable with known BTT-based
organic solar cells so that the new BTT-based copolymer P2
appears as a perspective material for further investigation
and advancement in the field of organic electronics.
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The absorption data, the data related to transfer characteris-
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In this study, carbon-based nanofluids (CBNFs) with the minimized carbon materials (MCMs) were prepared using a graphite
powder-based heating and cooling processing method (GP-HCPM). In addition, sodium dodecyl benzenesulfonate (SDBS) was
added as a dispersant to enhance the stability of the CBNFs. Two methods, one involving fixed heating and cooling rates and the
other involving fixed heating and cooling temperatures, were used to measure and analyze the phase change characteristics of the
CBNFs and SDBS aqueous solution in order to evaluate the feasibility of employing CBNFs as phase change materials (PCMs)
for cold storage applications. Results revealed that SDBS reduced the thermal conductivity (k) and increased the viscosity (μ),
density (ρ), and specific heat (cp) of the samples; the CBNFs tended to increase the k, μ, and ρ values but reduce the cp values of
the samples, compared with water. Furthermore, the SDBS aqueous solution and CBNFs significantly reduced the contact angle
of droplets, compared with water. Phase change experiments conducted for all samples revealed that the CBNF sample S4
demonstrated the greatest reduction ratios in onset nucleation time, solidification time, and subcooling degree (38.98%, 11.05%,
and 35.41%, resp.); thus, S4 was determined to be the most suitable CBNF for use as a PCM in cold storage applications.

1. Introduction

Water is the most commonly used phase change material
(PCM) for cold storage in ice storage air-conditioning sys-
tems, because of its low cost and substantial latent heat of
freezing and melting. Ice storage air-conditioning systems
work according to peak and off-peak power demand; there-
fore, they can be useful for power scheduling and power sys-
tem optimization. Consequently, improving the performance
of PCMs is a critical factor when improving the operational
efficiency of ice storage air-conditioning systems [1, 2].
Before freezing, the water temperature must first reach a par-
ticular temperature below the freezing temperature. Once
this temperature is reached, the temperature is stabilized at
approximately 0°C and the water starts to freeze. This tem-
perature is the nucleation temperature (Tn) or the subcooling
temperature (Tsub). The subcooling degree (SD) is defined as

the difference between the freezing temperature and Tsub.
That is, a higher Tsub level means a lower SD. Water must
reach Tsub to undergo nucleation and become ice. Therefore,
chillers must operate below Tsub to induce freezing. Further-
more, Tsub affects the evaporation temperature setting of a
chiller; a higher evaporation temperature engenders higher
chiller efficiency. Therefore, reducing the SD, nucleation
time, and solidification time and elevating the latent heat of
freezing are vital to improving the efficiency of ice storage
air-conditioning systems.

Factors that affect the SD, nucleation time, and solidifi-
cation time of a PCM include the type of nucleation
(homogenous or heterogeneous), cooling rate, container sur-
face roughness, and solid-liquid interface [3–5]. In general,
heterogeneous nucleation occurs more easily than homoge-
nous nucleation and allows the freezing process to occur at
higher temperatures and with a shorter phase change time.
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To avoid the aforementioned factors negatively affecting the
nucleation rate and SD, researchers have proposed several
methods such as adding nucleating agents or undissolved
impurities [6–12], changing the size and shape of the PCMs
[13–15], inputting external energy (mechanical and ultra-
sonic vibration) [16, 17], increasing the thermal conductivity
of the PCMs [18–20], reducing the kinematic viscosity of the
PCM [20–23], encapsulating the PCMs [24], and using the
porous structure and network of the PCM to enhance their
energy storage performance [25, 26]. Such methods can
effectively suppress SD and improve the energy storage
performance of PCMs. The most prevalent method is using
nucleating agents to promote heterogeneous nucleation of
PCMs to suppress SD and accelerate nucleation for cold
storage. Nucleating agents are solid particles or crystals of
materials that initiate crystallization but do not dissolve at
the operational temperature. Although nucleating agents
can suppress the SD of a PCM, they do not undergo a phase
change during the phase change process. Therefore, nucleat-
ing agents do not contribute to the phase change heat of
freezing and may reduce the freezing temperature [21, 27].

In recent years, numerous studies of carbon-based nano-
materials (CBNMs) such as nanocarbons, carbon nanotubes
(CNTs), graphene (GN), and graphene oxide (GO) have been
conducted, which indicate these materials have high thermal
conductivity [28, 29], excellent heat transfer performance
[30, 31], and low SD and freezing duration in phase change
process [7–9, 11]. In addition, CBNMs have high stability
and are nonperishable in liquids. Therefore, the use of
CBNMs to make nanofluids and thermal applications is a
worthwhile research direction. Chandrasekaran et al. [7] pre-
pared nanofluid phase change material (NFPCM) by adding
0.1wt.% multiwall carbon nanotubes (MWCNT) in deion-
ized (DI) water along with pseudomonas and sodium
dodecyl benzene sulfonate (SDBS) as a nucleating agent and
surfactant for cold storage. The phase change experiments
were carried out by isothermal bath at bath temperatures
of−2°C and −6°Cwith theNFPCM. The results demonstrated
that the pseudomonas eliminated the SD of the NFPCM
completely and the MWCNT resulted with the reduction in
the freezing duration of 25% in the case of NFPCM compared
to that of water. The fraction of solidified mass revealed that
50% of phase change material (PCM) was frozen in 25% of
the total freezing time for both the water and NFPCM. Li
et al. [8] adopted the ultrahigh specific surface area of GN as
an additive in DI water to reduce the SD of freezing water.
SDBS was used to enhance the stability of the nanofluids.
The phase change experiments for temperature profile and
heat were conducted by isothermal bath (−25°C) and differen-
tial scanning calorimeter (DSC), respectively. The results
showed that only the addition of 0.020wt.% ofGNwas needed
to completely eliminate the SD. The GN nanofluids had less
SD and shorter total freezing time compared to SiO2 and
TiO2 nanofluids at the same concentration. The addition of
SDBS could improve suspension stability of nanofluids and
further reduce the SD, but it also slightly increases the total
freezing time. Liu et al. [9] prepared low concentration of
GO nanosheet aqueous nanofluids without any dispersants
as a PCM for cold storage. The SD of nanofluids with different

concentrations was tested experimentally in an isothermal
bath at −15°C. The results indicated that the SD could be
reduced by 69.1%, and the time to start nucleation was
reduced by 90.7%. Fan et al. [11] used DSC with various
cooling rates to measure and analyze nonisothermal crystalli-
zation of CNT and GN nanoplatelet (GNP) aqueous nano-
fluids with various concentrations. The results showed that
low concentration of CNTs or GNPs led to reduction of the
SD up to 5°C because of the nucleating effect. The GNPs with
large contact area conducted better than CNTs in facilitating
heterogeneous nucleation, which greatly suppress crystal
growth during the late phase of nonisothermal crystallization.
However, the relatively low concentrations of CNTs nano-
fluids could accelerate crystallization up to nearly 37% at
low cooling rate. From the above literatures, it can be known
that the addition of a large specific surface area such as
CNTs, GN, and GO in water has considerable benefits for
reducing SD and increasing the freezing rate. However, the
manufacturing costs of CNTs and GN are still quite high at
present; therefore, there are still some obstacles to actually
making large amounts of PCMs for cold storage.

In the present study, a graphite powder-based heating
and cooling processing method (GP-HCPM) was used to
produce carbon-based nanofluids (CBNFs) as PCMs. The
production of CBNFs by GP-HCPM had the advantages of
simple manufacturing equipment, mass and rapid produc-
tion, low cost, and no need to add toxic chemical agents.
Therefore, the GP-HCPM of the CBNMs and CBNFs has a
relatively high applicability and scalability. The related
fundamental characteristics of the CBNFs were measured
and analyzed. Finally, methods involving a fixed cooling rate
and fixed cooling temperature were used to conduct experi-
ments on phase change characteristics to evaluate the feasi-
bility of the CBNFs as PCMs for cold storage. Simultaneous
use of the above two methods to evaluate the phase change
characteristics will help people better understand the
availability of PCMs under different cooling modes.

2. Freezing Nucleation Theories and
Sample Preparation

2.1. Homogeneous and Heterogeneous Nucleation. Freezing
nucleation can be divided into homogeneous nucleation
and heterogeneous nucleation. The nuclei in homogeneous
nucleation are uniformly present in the main phase (e.g.,
water). The appearance of nuclei is closely related to free
energy variation. The total free energy variation of homoge-
neous nucleation occurs at the critical radius (r∗) is called
the critical free energy variation (ΔG∗

ho) [32–34]. When the
nuclei of heterogeneous nucleation are preferentially present
at the vessel surface, the undissolved particle interface, and
other nonmain phase positions, it is termed heterogeneous
nucleation. Most of the forms of freezing nucleation are het-
erogeneous nucleation. Water nucleated in a closed container
or an ice-making coil is an example of heterogeneous nucle-
ation [35]. As illustrated in Figure 1, nucleation occurs on a
substrate interface and the nuclei formed are similar and
hemispherical; the contact angle between the nuclei and the
substrate interface on which they rest is θ, and the change
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in critical free energy when the nuclei are formed can be
expressed as ΔG∗

he [32].

ΔG∗
he = ΔG∗

ho × S θ , 1

where

S θ =
2 + cos θ 1 − cos θ 2

4
2

When heterogeneous nucleation occurs on the substrate
interface, S θ is between 0 and 1. From (1) and (2), a lower
θ value of the nuclei signifies less critical free energy at het-
erogeneous nucleation. This geometrical effect reduces the
barrier, which increases the rate of nucleation as opposed to
having a surface with a higher θ value [35, 36]. Therefore,
the critical free energy required for heterogeneous nucleation
is smaller than that required for homogeneous nucleation.
Water ismore susceptible to nucleation and icing by heteroge-
neous nucleation than homogeneous nucleation at the same
cooling temperature.

2.2. CBNF Preparation. In this study, a GP-HCPM was used
for producing CBNF as a PCM. The GP-HCPM process for
CBNF preparation is briefly described as follows (Figure 2)
[37, 38]: 5 g of graphite powder (hexagonal graphite-2H;
mean size: 3.2μm) was heated in a stainless steel dipper at
600°C using an oxygen (O2)-acetylene (C2H2) flame, and
the red hot graphite powder was quickly transferred into cold
water (300ml, 3–5°C) in the sample collector for cooling to
produce the CBNF. In this method, graphite powder was
heated at a high temperature and then rapidly cooled in cold
water; a slight explosion was thus produced on the graphite
powder, which crushed the graphite powder to generate min-
imized carbon materials (MCMs) in the water. This process
can be attributed to the rapid expansion and contraction
resulting from the temperature difference between the graph-
ite and water. The CBNF was then alternately dispersed using
a stirrer hot plate (PC420D, Corning, USA), ultrasonic bath
(5510R-DTH, Branson, USA), homogenizer (YOM300D,
Yotec, Taiwan), and ultrasonic liquid processor (Q700,
Qsonica, USA) to enhance the stability (dispersion and
suspension performance) of the MCMs in the CBNF.
Figure 3 exhibits field emission scanning electron microscope
(FESEM) and transmission electron microscope (TEM)
images of the MCMs. The generated MCMs were mostly
irregular and flaky in appearance. The two-dimensional size
(length×width) of these MCMs was determined using the
FESEM and TEM images to be generally less than 1μm; how-
ever, the thickness was less than 100nm. Therefore, the

MCMs were considered nanomaterials. In addition, after
X-ray diffraction analysis, themain components of theMCMs
were determined to be hexagonal graphite-2H, amorphous
carbon, and a small amount of graphene oxide.

The original CBNF was diluted with water to obtain
1.2wt.% CBNF. 1.2wt.% CBNF was added with different
concentrations (0.06, 0.12, 0.24, 0.48, 0.96, and 1.92wt.%)
of SDBS (Sigma-Aldrich, USA) to form samples. Next, a
spectrometer (V670, JASCO, Japan) was used to measure
the differences in absorbance before and after the samples
were left standing for 7 days to determine the optimal con-
centration of added SDBS. The experimental results showed
that adding 0.48wt.% SDBS to the CBNF had the best stabil-
ity. A defoamer (DF, Antifoam B Silicone Emulsion, J. T.
Baker, USA) at concentration of 25% of the weight of the
added SDBS was used to suppress bubble formation. The
determination of the concentration of the added DF was
effective to suppress the foam of CBNF during stirring
(stirrer was set at 400 rpm). The suspended mean particle size
(dp) and zeta potential (ζ) of the CBNF were tested using a
nanoparticle analyzer (SZ-100, HORIBA, Japan). The dp
and ζ values of 1.2wt.% MCMs in the CBNF with 0.48wt.%
SDBS were 1536.1 nm and −63.3mV, respectively. The parti-
cle size distribution of the CBNF presented a bimodal distri-
bution with peak values of 212.8 and 6691.6 nm, with the two
peak distributions accounting for 80% and 20%, respectively.
However, because of the asymmetric morphology of sus-
pended particles in liquid, using dynamic light scattering
(DLS) to measure particle size usually results in overestima-
tion of the particle size. Test results of ζ indicate that the
CBNF had excellent stability [39, 40].

The 1.2wt.% CBNF with 0.48wt.% SDBS solution was
further diluted with water to obtain 0.3, 0.6, and 0.9wt.%
CBNFs. The MCMs : SDBS weight ratio was 5 : 2 (1.2 : 0.48)
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Figure 1: Schematic of heterogeneous nucleation.
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for all CBNFs, which demonstrated high stability and pre-
sented no observable solid-liquid separation even after
undergoing static standing for over 45 days. The final exper-
imental sample configuration is listed in Table 1. The final
samples used in this experiment are used to evaluate the
effect of SDBS and MCMs on the fundamental and phase
change characteristic of CBNFs.

3. Experimental Design and Procedures

3.1. Fundamental Characteristic Experiments. The thermal
conductivity (k), viscosity (μ), and density (ρ) of the samples
were measured using a thermal property analyzer (KD-2 Pro,
Decagon Devices, USA) with an accuracy of ±5.0%, a reso-
nant viscometer (VL700-T15, Hydramotion, UK) with an
accuracy of ±1.0%, and a liquid density meter (DA-130N,
KEM, Japan) with an accuracy of ±0.001 g/ml, respectively,
in an isothermal unit (HW401L, HILES, Taiwan; accuracy:
±0.5°C) at 25°C. The handheld measuring instruments were
prone to deviation due to human factors. Therefore, the
experiments were repeated 10 times, and the average of
the five closest values was used as the test value to reduce
experimental deviation.

The specific heat (cp) of the samples was measured using
a differential scanning calorimeter (DSC, Q20, TA, USA)
with a mechanical refrigeration system (RCS40, TA, USA)
in a high-purity nitrogen (5N) atmosphere. The temperature
and calorimetric accuracies of the DSC were ±0.1°C and
±1.0%, respectively. An electronic pipette (5–100μl; Xplorer,
Eppendorf, Germany) was used to draw a 12μl sample that
was dripped into the sample pan (Tzero Pan: T100915),
and then a precision electronic balance (0.1mg/42 g,
GR202, A&D, Japan) was used to weigh the sample. The cp
test method is a standard reference approach, and the
standard reference was pure water [41]. The experimental
temperature ranged from 10 to 60°C, and the heating rate
was set at 10°C/min. The maximum deviation of the DSC
measurement was mainly from weighing the sample. There-
fore, the experiment for determining cp was conducted five

times for each sample, and the average of the three closest
results was determined to obtain the cp value of each sample,
thereby reducing the effect of measurement deviations.

Each sample’s θ was estimated by measuring a droplet of
sample on the test substrate at room temperature and in
ambient atmosphere using a video tensiometer (FTA188,
First Ten Ångstroms, UK) with an experimental deviation
of less than 1°. Due to the addition of SDBS to the sample,
the θ value of the sample droplet was expected to be small.
Therefore, the study adopted a glass substrate with a flat pol-
yimide film tape attached on its surface to provide greater
hydrophobicity in order to improve the identifiability and
accuracy of the θ experiments. The experiment for deter-
mining θ was conducted five times for each sample, and
the average of the results was determined to obtain the θ
value of each sample.

3.2. Phase Change Experiments. The freezing and melting of
water in an ice storage air-conditioning system are often
referred to as charging and discharging processes. The phase
change experiment in this study was conducted using two
methods, one of which entailed fixed heating and cooling
rates (method 1) and the other entailed fixed heating and
cooling temperatures (method 2). Method 1 was conducted
using the DSC; the instrument type, sampling method, sam-
ple size, and sample pan type were the same as those used for
the cp measurement. The experimental temperature ranged
from −25 to 25°C, and the heating and cooling rate was set
at 10°C/min. Figure 4(a) illustrates the DSC endothermic
and exothermic curves for water. The melting (Tmp) and
solidification (Tsp) peak temperatures were the melting (Tm)
and solidification (Ts) temperatures for the discharging and
charging processes, respectively. The difference between Tmp
and Tsp was defined as the SD of the sample [18, 22]. Tms
was the starting temperature for melting. The area of dischar-
ging and charging peak was calculated by the test software
(Universal Analysis 2000, TA, USA) to obtain the phase
change heat of melting (ΔHm) and solidification (ΔHs). Each
sample was tested five times, and the average of the three

(a) (b)

Figure 3: (a) FESEM and (b) TEM images of MCMs.
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Table 1: Configuration of experimental samples.

Ingredient concentration (wt.%)
Sample name

Water S1BF S2BF S3BF S4BF S1 S2 S3 S4

SDBS 0 0.12 0.24 0.36 0.48 0.12 0.24 0.36 0.48

MCMs 0 0 0 0 0 0.3 0.6 0.9 1.2

1.1°C
302.3J/g

256.7 J/g

Discharging process (endothermic)
5.45°C

−7.45°C
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Figure 4: Charging and discharging curves of water obtained using (a) method 1 and (b) method 2.
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closest results (referred to as solidification heat) was deter-
mined to obtain the test result of the phase change experi-
ments for the DSC.

Method 2 was performed using two isothermal units set
at −12 and 25°C. In this method, 12ml of the sample was
loaded in a polypropylene (PP) test tube (capacity specifi-
cation: 15ml). A T-type thermocouple (accuracy: ±0.75%
or ±0.5°C) with a stainless steel protective tube (outer
diameter: 0.6mm) was installed in the center of the PP test
tube, and the contact location between the thermocouple
and the lid of the PP test tube was fixed using epoxy. A
0.8mm hole was made in the lid of the PP test tube to ensure
pressure stability inside and outside. First, the sample was
placed in an isothermal unit (P-20, YSC, Taiwan; accuracy:
±0.5°C) at 25°C to maintain the initial temperature of the
sample at 25± 0.5°C; subsequently, the sample was trans-
ferred to another isothermal unit (TC-650SD, Brookfield,
USA; accuracy: ±0.5°C) at −12°C for the charging process.
After the charging process was completed, the sample was
relocated to an isothermal unit at 25°C for the discharging
process. Once the sample reached 25± 0.5°C, the discharging
process was completed. Temperature data of the phase
change experiment for each sample were recorded using a
data recorder (TRM-20, TOHO, Japan; accuracy: ±0.1%) at
a sampling rate of 1.0 s. Figure 4(b) illustrates the charging
and discharging process curves for water determined using
method 2. As shown in Figure 4(b), the time from the origi-
nal temperature (25°C) to Tsub, the time from Tsub to the end
of freezing, and the time from the start to the end of melting
were referred to as the onset nucleation time (ONT), the
solidification time (ST), and the melting time (MT), respec-
tively. SD was defined as the difference between Ts and the
Tsub. This experiment was conducted six times for each sam-
ple, and the average of the results was determined to obtain
the phase change characteristics for each sample.

3.3. Data and Uncertainty Analysis. The experimental results
are presented as a change ratio (CR) to reveal the differences
between the experimental results of water (Dw) and those of
the other samples (Dts); CR can be expressed as

CR =
Dts −Dw

Dw
× 100% 3

Uncertainty analysis entailed calculating deviations in the
measurements. The uncertainty ranges determined for the
fundamental characteristics of the samples, such as k, μ, ρ,
cp, and θ, refer to deviations from the relevant measuring
instruments and temperature controller. According to stan-
dard uncertainty analysis [42], the maximum uncertainty
ranges for k, μ, ρ, cp, and θ were within ±5.39%, ±2.24%,
±2.00%, ±1.47%, and ±3.57%, respectively. The temperature
and calorimetric deviations of the phase change experiment
conducted using the DSC were ±0.1°C and ±1.0%, respec-
tively. Use of isothermal units for the phase change experi-
ments required consideration of deviations resulting from
the data recorder, thermocouple, and temperature controller;
therefore, the maximum deviation was ±2.14%.

The temperature and calorimetric accuracies of the DSC
were ±0.1°C and ±1.0%, respectively.

4. Results and Discussions

Table 2 presents experimentally derived k, μ, ρ, and cp values
of the samples. Regarding the measured k values of the
samples, the results revealed that adding SDBS to water
engendered a reduction in the k value of the water; moreover,
the reduction ratio of k was proportional to the SDBS con-
centration. However, adding MCMs of different concentra-
tions to each base fluid (SDBS aqueous solution) tended to
engender an increase in the k values of the samples. The
0.48wt.% SDBS aqueous solution with 1.2wt.% MCMs (S4)
increased k by 1.62%, compared with water. These experi-
mental results demonstrate that although adding SDBS can
improve the stability of a CBNF, it does not help to improve
the k value of the CBNF. However, the paramount perfor-
mance index for a CBNF in energy storage applications is
heat exchange. Therefore, considering the long-term useful
life and feasibility of a CBNF, adding a dispersant is impera-
tive. Moreover, k is only one of the factors influencing heat
transfer performance. In an actual heat exchange system,
increasing the k value of the working fluid has little effect
on heat transfer performance.

Regarding the measured μ values of the samples, the
results revealed that adding SDBS and MCMs to the base
fluid increased the μ value of the base fluid; additionally,

Table 2: Results from experiments conducted on fundamental characteristics of samples.

Number
Experimental results Change ratio (%)

k (W/m °C) μ (mPa s) ρ (kg/m3) cp (kJ/kg
°C) CRk CRμ CRρ CRcp

Water 0.606 0.88 997.16 4.183 — — — —

S1BF 0.594 0.90 997.58 4.194 −1.93 1.89 0.04 0.26

S2BF 0.584 0.92 998.38 4.207 −3.58 3.77 0.12 0.58

S3BF 0.581 0.93 999.04 4.224 −4.11 5.66 0.19 0.99

S4BF 0.579 0.95 999.08 4.242 −4.49 7.55 0.19 1.42

S1 0.596 0.93 999.46 4.181 −1.73 5.66 0.23 −0.06
S2 0.598 0.95 1001.50 4.178 −1.31 7.55 0.44 −0.12
S3 0.601 1.00 1003.90 4.164 −0.82 13.21 0.68 −0.44
S4 0.616 1.02 1005.10 4.145 1.62 15.09 0.80 −0.92
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the increase ratio of μ was proportional to the concentration
of SDBS and MCMs. A CBNF belongs to a solid-liquid mix-
ture. In general, a nanofluid has a higher μ value than that of
a base fluid, and the increase ratio of μ is related to the parti-
cle size of the additives, solid-liquid interface characteristics,
and stability. The 0.48wt.% SDBS aqueous solution with
1.2wt.% MCMs (S4) increased the μ value by 15.09%,
compared with water.

Regarding the measured ρ and cp values of the samples,
the results showed that adding SDBS and MCMs to the base
fluid increased the ρ value of the base fluid; moreover, the
increase ratio of ρ was proportional to the concentration of
SDBS and MCMs. However, adding SDBS to water slightly
increased the cp value of the water, whereas adding MCMs
slightly reduced the cp value of the base fluid. MCMs are
carbon-based materials and have higher ρ and lower cp
values than those of water. According to the concept under-
lying a solid-liquid mixture, adding MCMs to water increases
and reduces the ρ and cp values of the water, respectively.
Due to the low concentration of SDBS and MCMs in this
study, the effect on the ρ and cp values of the CBNF was
not significant (the variation was within the uncertainty of
the experiment). The 0.48wt.% SDBS aqueous solution with
1.2wt.% MCMs (S4) changed the ρ and cp values by 0.80%
and −0.92%, respectively, compared with water. The results
of the experiments on the fundamental sample characteristics
confirm that adding SDBS reduced the k value and increase
the μ, ρ, and cp values of the samples, whereas adding the
CBNFs tended to increase the k, μ, and ρ values and reduce
the cp value of the samples, compared with water.

Figure 5 illustrates the average and CR of θ for each sam-
ple droplet. As indicated in this figure, adding SDBS to water
significantly reduced the θ values of the sample droplets, and
adding MCMs to the SDBS aqueous solution further reduced
the θ values of the sample droplets. The θ values of S1BF,
S2BF, S3BF, S4BF, S1, S2, S3, and S4 were lower than

those of water by 45.46%, 45.30%, 44.59%, 43.95%, 61.43%,
64.41%, 69.42%, and 66.61%, respectively. In addition,
the influence of SDBS concentration on θ was less clear,
compared with that of CBNF concentration. According
to the aforementioned heterogeneous nucleation theory
((1) and (2)), the low θ values of the sample droplets contrib-
uted to the occurrence of freezing nucleation, facilitating
PCM freezing [32, 35, 36].

Figure 6 shows the Tsp and Tmp values obtained for each
sample in the experiment conducted using method 1. Adding
SDBS to water increased the T sp value of the water, and add-
ing MCMs to the SDBS aqueous solution further enhanced
the Tsp value of the water. Although the experimental data
presented a beating condition, the overall trend demon-
strated an increase in Tsp with increasing SDBS and MCM
concentrations. Tmp tended to gradually increase with SDBS
concentration, whereas Tmp tended to decrease gradually
with increased MCM concentration. However, the Tmp
values of the aqueous SDBS and CBNF were lower than that
of water throughout the experiments. A high Tsp helps to
increase the temperature difference between the coolant of
a chiller and the PCM at a fixed evaporation temperature to
shorten the freezing time or enhance heat transfer capacity.
A low Tmp provides a lower coolant temperature for the
discharging process, thus engendering a higher temperature
difference between the air-conditioning load and the coolant
to increase the heat transfer capacity of the heat exchanger
(fan coil units). Compared with water, the highest increase
in Tsp was observed for S3 (3.43

°C) and the highest reduction
in Tmp was observed for S2 (1.12°C). The presented experi-
mental results reveal that theT sp andTmp values of water were
not near 0°C mainly because of the cooling and heating rates
of the DSC. Cooling and heating rates affect the phase change
condition; low heating and cooling rates result in water Tsp
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and Tmp values closer to 0
°C. However, excessively low cool-

ing and heating rates result in longer measurement times that
in turn lead to more severe sample weight loss and pressure
changeswithin the sample pan,which can also causemeasure-
ment deviations. Therefore, in the present study, higher
heating and cooling rates were used to conduct the DSC
experiments to ensure relatively accurate measurements. A
comparison of the relative differences between the various
samples was made under the same experimental conditions.

Figure 7 displays the ΔHs and ΔHm values for each sam-
ple in the experiment conducted using method 1, indicating
similar trends of ΔHs and ΔHm. The ΔHs and ΔHm values
increased and then decreased as the SDBS concentration
increased; moreover, the values decreased as the MCM con-
centration increased. Overall, adding a small amount of
SDBS (within 0.24wt.%) to water slightly increased the ΔHs
and ΔHm values of the water. ΔHs less than ΔHm are mainly
affected by the perfect degree of freezing crystallization of the
samples, which is primarily influenced by the DSC cooling
rates. PCMs with higher phase change heat can increase
thermal storage density and thus reduce the volume of the
thermal storage tank required under the same thermal stor-
age capacity. However, in this study, the differences in phase
change heat among all samples were not significant; the CR
values of ΔHs and ΔHm relative to water were 0.39%–3.08%
and −0.03%–1.75%, respectively. Therefore, all study samples
would not be able to significantly contribute to increasing
thermal storage density and reducing the volume of the ther-
mal storage tank in an ice storage air-conditioning system.

Figure 8 illustrates the Ts and Tm values obtained for
each sample in the experiment conducted using method 2,
demonstrating similar variation trends for Ts and Tm. Add-
ing SDBS to water led to an increase in Ts and Tm, which
then decreased as the SDBS concentration increased;

furthermore, adding MCMs to the SDBS aqueous solution
induced a gradual increase in Ts and Tm as the MCM con-
centration increased. As mentioned (Tsp and Tmp), high Ts
and low Tm contribute to the operational performance of
ice storage air-conditioning systems. However, in this study,
the applied SDBS aqueous solution and CBNFs had no sig-
nificant effect on Ts and Tm, and the largest difference rel-
ative to water was only 0.75°C. Therefore, the SDBS
aqueous solution and CBNFs would not significantly con-
tribute to the operational performance of an ice storage
air-conditioning system.

Figure 9 demonstrates the ONT, ST, and MT values for
each sample in method 2. Adding SDBS and MCMs to water
shortened the observed ONT of the water, but the reduction
rate was not significantly related to the SDBS or MCM con-
centration. The highest reduction in ONT was observed for
S4 (38.98%), compared with water. The reduction in the
water ONT after SDBS and MCM addition was mainly due
to the decrease in SD that resulted in a shorter ice nucleation
time. However, adding SDBS and MCMs to water did not
necessarily shorten the water ST and MT, and the CR values
of ST and MT were −11.05% (S4)− 1.39% (S2BF) and
−10.05% (S1)− 5.39% (S3BF), compared with water. Shorter
ST andMT can improve the charging efficiency and respond
to the air-conditioning load capacity, respectively. The S4
and S1 samples had the highest ST and MT reduction ratios
(11.05% and 10.05%, resp.) when compared with water.

Figure 10 displays the SD for each sample in method 1
and method 2. The SD values obtained from the experiments
conducted using method 1 and method 2 differed consid-
erably, but the two methods exhibited similar trends. The
difference between the SD values can be primarily attrib-
uted to differences in the cooling rate. However, the SD
values obtained through method 1 and method 2 both indi-
cate that adding SDBS and MCMs to water reduced the SD
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value of the water. This phenomenon is a result of three
major factors:

(1) Adding SDBS and MCMs to water reduced the θ of
the water between the sample and the substrate
(increasing the wettability of the interface) and con-
tribute to freezing nucleation [6, 12, 35, 36].

(2) MCMs act as nucleating agents.

(3) SDBS provides better suspension and dispersion per-
formance for MCMs in water, which facilitates the
transmission of energy to enhance the freezing phase
change of CBNFs.

In both method 1 and method 2, S3 and S4 had the lowest
SD (−34.18% and −37.23%, resp.), compared with water.
According to the average of the two test methods, the SD
values of S1BF, S2BF, S3BF, S4BF, S1, S2, S3, and S4 were
lower than those of water by 24.50% (2.79°C), 28.47%
(3.24°C), 23.34% (2.66°C), 20.57% (2.34°C), 30.49%
(3.47°C), 24.10% (2.74°C), 27.76% (3.16°C), and 35.41%
(4.03°C), respectively. Based on the SD results obtained from
the experiments conducted using method 1 and method 2, S4
demonstrated optimal SD suppression. According to the θ
measurement results (Figure 6), the θ values of the CBNFs
(S1–S4) were lower than those of the SDBS aqueous solution
(S1BF–S4BF). However, not all CBNF samples had lower SD
values than those of the SDBS aqueous solution. Such a find-
ing can be attributed to the influence of particle size distribu-
tion and the stability of MCMs in CBNFs. The particle size
distribution of MCMs is relatively broad when determined
using both electron microscope images and DLS. Smaller
specific surface areas of larger or aggregated MCMs provide
a less heterogeneous nucleation interface area. In addition,
large MCMs or aggregated MCMs are less stable and provide
a relatively lower contribution to energy transfer. The inter-
face effects and combination between water, SDBS, and
MCMs are also crucial factors influencing the SD character-
istics of CBNFs. The aforementioned factors affected the SD
value of each sample to varying degrees. Overall, the effect
of SD on the CBNFs was greater than that on the SDBS
aqueous solution.

Based on the results, the ONT, ST,MT, and SD values of
all CBNFs were significantly different from those of water,
and ONT had a strong correlation with SD. In general, as a
chiller’s evaporation temperature increases by 1°C, its power
consumption decreases by 3%–5%. Therefore, a low SD value
helps improve the evaporation temperature of a chiller, thus
considerably improving the chiller’s operating efficiency.
From the presented results, this study determined S4 to be
the most suitable sample for use as a PCM in ice storage
air-conditioning systems.

Figure 11 depicts a photograph of the four different con-
centrations of CBNF samples after 20 phase change experi-
ments (method 2), revealing the stability of the CBNFs.
Sedimentation from solid-liquid separation could not be
observed even after the CBNFs underwent 20 repetitions of
the charging and discharging processes. Therefore, the
CBNFs in this study had considerable stability as a PCM
for cold storage application.

5. Conclusion

CBNFs were prepared using a GP-HCPM, and SDBS was
added as a dispersant to enhance the stability of the CBNFs.
The fundamental characteristics of the CBNFs, suspended
CBNMs, and SDBS aqueous solution were examined. Two
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methods, one involving a fixed heating and cooling rate and
the other involving a fixed heating and cooling temperature,
were used to evaluate the feasibility of the CBNFs as PCMs
for cold storage applications. The primary findings of this
study are outlined as follows:

(1) The SDBS aqueous solution reduced the k values and
increased the μ, ρ, and cp values of the samples, and
the CBNFs tended to increase the k, μ, and ρ values
of the samples but tended to reduce the cp values of
the samples, compared with water. In all the test
samples, the k, μ, and ρ of S4 had the maximum
increase ratio of 1.62, 15.09, 0.80%, and cp of S4 had
the maximum decrease ratio of 0.92% that compared
with water.

(2) The SDBS aqueous solution and CBNFs significantly
reduced θ. The θ of SDBS aqueous solution and
CBNFs had the maximum decrease ratio of 45.46%
(S1BF) and 69.42% (S3), compared with water.

(3) The CBNFs significantly reduced the ONT, ST, MT,
and SD values, compared with water.

(4) The highest reductions in ONT, ST, and SD were
observed for S4 (38.98%, 11.05%, and 35.41%, resp.),
compared with water.

(5) The CBNF sample S4 had the lowestONT, ST, and SD
of all the samples in the phase change experiments;
thus, S4 was determined to be themost suitable CBNF
for use as a PCM for cold storage applications.
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Inorganic-organic mesoscopic solar cells become a promising alternative for conventional solar cells. We describe a CH3NH3PbI3
perovskite-sensitized solid-state solar cells with the use of different polymer hole transport materials such as 2,2′,7,7′-tetrakis-(N,N-
di-p-methoxyphenyl-amine)-9,9′-spirobifluorene (spiro-OMeTAD), poly(3-hexylthiophene-2,5-diyl) (P3HT), and poly[[4,8-
bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]
(PTB7). The device with a spiro-OMeTAD-based hole transport layer showed the highest efficiency of 6.9%. Interestingly, the PTB7
polymer, which is considered an electron donor material, showed dominant hole transport behaviors in the perovskite solar cell. A
200 nm thin layer of PTB7 showed comparatively good efficiency (5.5%) value to the conventional spiro-OMeTAD-based device.

1. Introduction

The third-generation photovoltaic devices such as thin-film
solar cells, organic solar cells, and solid-state solar cells are
considered to be a promising energy conversion devices due
to their ease of fabrication and cost-effective materials.
Although highly efficient solar cells have already been com-
mercialized based on silicon and other semiconductor mate-
rials, the fabrication cost of those photovoltaic devices is still
expensive that prevents the technology from reaching wide-
spread consumers. Generally, the purification of silicon-
based materials involves high-temperature processing, and
the device fabrication of such highly efficient solar cells relies
on the vacuum deposition or/and thermal treatment
methods which potentially increase the manufacturing cost
and decrease the productivity. Third-generation solar cells
such as dye-sensitized solar cells [1–5], quantum dot solar
cells [6–9], and organic solar cells [10–13] are developed with
various structures and diverse material applications. How-
ever, the theoretical maximum efficiency performances were
far above with those of solar cells due to the energy losses or
low dielectric [14]. Recently, a new class of light-absorbing
material based on perovskite-structured organolead trihalide
(CH3NH3PbI3) compound has been synthesized for the

development of high-efficiency solid-state solar cells [15]. A
device using a thin layer of organolead trihalide perovskite
as the light absorber and thin TiO2- or Al2O3-based nano-
porous scaffold layers could be fabricated using a simple
solution process [15–17]. The active research on perovskite
solar cell is blooming nowadays. For example, the role of
mixed halide (CH3NH3PbI3-xClx) perovskite with alumina
scaffold layer enhances a faster electron transport [17];
Eperon et al. have reported on the PCE of 11.4% using the
morphology-controlled perovskite photoactive layer [18];
Carnie et al. simplified a fabrication process of photoactive
layer and achieved a power conversion efficiency (PCE) of
7.16% [19]; Heo et al. reported a PCE of 12% by replacing
the spiro-OMeTAD hole transport materials with polytriary-
lamine (PTAA) polymer [20]; and other researchers repre-
sent a two-step deposition of perovskite materials for
uniformly coated layer [21, 22]. One of the essential qualifi-
cations for the high efficiency of solar cells is a proper balance
of series and shunt resistance. However, because of the high
conductivity of perovskite materials, it demands a thick layer
of HTM to evade the imbalance or pinhole effect [23, 24].
Due to these drawbacks, a thick layer of HTM was necessary,
even though they have less conductivity with high series
resistance. Herein, we investigated the roles of different
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HTMs on the performance of solid-state perovskite solar
cells. The fluorine-doped tin oxide (FTO) glass was used
as the substrate; a synthesized CH3NH3PbI3 perovskite
as a light absorber (electron donor); the polymers such
as 2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9′-
spirobifluorene (spiro-OMeTAD), poly(3-hexylthiophene-
2,5-diyl) (P3HT), and poly[[4,8-bis[(2-ethylhexyl)oxy]-
benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7) as
hole transport materials; and a sputtered gold grid as the
counter electrode.

2. Materials and Methods

2.1. Perovskite Materials. The methylammonium perovskite
material (CH3NH3PbI3) was synthesized according to the
previously reported method [15]. A hydroiodic acid (30mL,
57wt.% in water, Aldrich) was mixed with methylamine
(27.8mL, 0.273mol, 40% in methanol; TCI) at 0°C in ice bath
with continuous stirring for 2 h. After stirring, the resulting
solution was evaporated in a vacuum oven, and the methyl
ammonium iodide (CH3NH3I) compound was formed. The
synthesized product was washed with diethyl ether for three
times and then dried under vacuum without further purifica-
tion; a formation of white coloured powder is an indication of
purified methyl ammonium iodide precursor. To prepare the
final product of (CH3NH3)PbI3, the 1 : 1 molar ratio of
methylammonium iodide and lead (II) iodide was dissolved
in anhydrous γ-butyrolactone (GBL) and then continuously
stirred at 60°C temperature overnight.

2.2. Solar Cell Fabrication. Fluorine-doped tin oxide (FTO)
glasses (Pilkington, TEC-8, 8Ω/sq) were washed with a
detergent solution and then cleaned in an ultrasonic bath
for 5min using an ethanol–acetone solution (v/v = 1/1) and
2-propanol, in turn, and then further cleaned with the

oxygen plasma treatment for the duration of 15min. A
600Å thin layer of dense TiO2 blocking layer was depos-
ited on the FTO glass using the RF sputtering method.
A commercial TiO2 paste (CCIC 18NT) diluted with
terpineol was used as a precursor, and the mesoporous
TiO2 layer was deposited on the blocking layer using the
spin-coating (4500 rpm, 40 sec) technique. The coated layer
was annealed in air atmosphere at 500°C for 1 h and then
cooled to room temperature. The perovskite liquid is sub-
sequently coating on the TiO2 layer using spin coater at
2500 rpm for 40 seconds followed by annealing at 100°C
for 20min. For the deposition of the hole transport layer,
different hole transport materials (HTM) are coated onto a
perovskite film using the spin coater with a speed of
2500 rpm for 40 sec. To fabricate the counter electrode,
70 nm Au electrode was deposited onto the hole transport
layer using the thermal evaporation method.

2.3. Composition of HTM. The spiro-OMeTAD-based
HTM was prepared by mixing 170mM concentration of 2,2
′,7,7′-tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9′-spiro-
bifluorene (spiro-OMeTAD, Merk), 198mM concentration
of 4-tert-butylpyridine (TBP, 96%, Aldrich), and 64mM con-
centration of bis(trifluoromethane) sulfonimide lithium salt
(LiTFSI, 99.95%, Aldrich) together using a cocktail solvent
of chlorobenzene and acetonitrile (1/0.1 = v/v). The P3HT-
based HTM solution was prepared by dissolving P3HT
(Aldrich) in a chlorobenzene solvent with the concentration
of 13mg/mL. Likewise, PTB7 was also dissolved in chloro-
benzene with the concentration of 12mg/mL.

2.4. Characterization. The active area of the cell was mea-
sured by an optical microscope (Olympus), and the thick-
ness of the mesoporous TiO2 layer was analysed by a
surface profilometer (P-6, KLA-Tencor). The photovoltaic
properties of the cells were measured using a Keithley
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Figure 1: (a) X-ray diffraction of CH3NH3PbI3 perovskite materials prepared as powder form and inset shows tetragonal structure of
materials. (b) UV-visible spectra prepared from γ-butyrolactone (GBL) and dimethylformamide (DMF). ∗ indicates the XRD peaks of
CH3NH3PbI3 perovskite materials.
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2400 digital source meter under the irradiation of a solar
simulator (AM 1.5G, 100mW/cm2, Sol3A, class AAA,
Oriel) as a light source. Irradiation of 1 sun was calibrated
by using a certified standard reference cell (PV Measurement
Inc.). The photovoltaic performance has been characterized
by the measurement of Voc, Jsc, fill factor, and overall effi-
ciency values obtained from the J-V curve. The incident pho-
ton to current conversion efficiency (IPCE) spectra was
measured using a PV measurement (PV Measurement Inc.,
QEX7 series), and cross-sectional morphology of the solid
state solar cell was analysed by a field-emission scanning
electron microscopy (FE-SEM, Nano230, FEI Co.).

3. Result and Discussion

Here, we fabricated a new bilayer heterojunction with
organic-inorganic materials onto the nanoporous or

mesoporous TiO2 film. The surface-decorated metal-halide
perovskite materials with the formula of (CnH2n+1NH3) MX
(M=Pb;X= I, Br, Cl) were infiltrated within a TiO2 matrix,
which has a key function of light absorption process. The var-
ious organic materials have p-type hole transport properties
and are thus referred to as HTMs.

Figure 1(a) shows the powder X-ray diffraction (XRD)
peaks of the crystalline perovskite materials. There are six
sharp reflection peaks such as (110), (112), (220), (310),
(224), and (314) that were observed which confirm the
tetragonal perovskite structure (include here any JCPDS
number available). The inset of Figure 1(a) shows a tetragonal
crystal structure of (CnH2n+1NH3) MX perovskite material.
The perovskite material was dissolved into γ-butyrolactone
(GBL) or dimethylformamide (DMF) and then coated on
the glass plate using spin-coating method. The UV-vis
spectrum of the thin perovskite material is measured for
the range of 350–900nm wavelength. From the UV-vis
spectra, the synthesized perovskite material absorbs wide
range of solar spectrum from the visible to near-infrared
region as shown in Figure 1(b). To maximize the energy
harvested by the solar cells, light-absorbing materials with
wide spectral response ranges could expand the absor-
bance throughout the visible spectrum. From the observed
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Figure 2: Molecular structure of hole conductor materials of (a) spiro-OMeTAD, (b) P3HT, and (c) PTB7. (d) Energy diagram of materials
which was used in this study.

Table 1: The levels of HOMO, LUMO, and hole mobility of THM
materials.

HOMO LUMO Hole mobility

Spiro-OMeTAD ~10−5 cm2/V·sec
P3HT −5.1 −3.2 ~10−1 cm2/V·sec
PTB7 −5.15 −3.31 ~10−3 cm2/V·sec
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UV spectra, the abovementioned criteria could be satisfied
by the synthesized CH3NH3PbI3 perovskite material.

Because of the high conductivity of perovskite materials,
the thick layer of HTM should be coated onto the perovskite
material in order to prevent the pinhole effect. However, a
thick layer of HTM cause a high series resistance and
decrease the efficiency of the device. Figure 2(a) shows
the molecular orbital match of three different types of
tested hole transport materials (spiro-OMeTAD, P3HT,
and PTB7) with the other components of the device.
Table 1 shows the HOMO and LUMO energy level as well
as hole mobility value of three different HTM materials.
The energy diagrams of each component are shown in
Figure 2(b) with the HTM materials. From the previous
report, spiro-OMeTAD was widely used as a hole conduc-
tor in CH3NH3PbI3-based perovskite solar cells, and P3HT
and PTB7 were generally used as an electron donor and/or
hole transport material in organic solar cells. Notably,
even though the P3HT and PTB are usually used as elec-
tron donor in organic electronic devices, here we used
those materials as hole transport materials.

Figure 3(a) illustrates the energy levels of the system
components and model of the charge separation processes;
Figure 3(b) shows the schematic configuration of the device
with the stacking of different components. In Figure 3(a),

the tested HTM materials are energetically matched with
perovskite sensitizer, and the energy level of the perovskite
sensitizer is well positioned for the injection of electron into
TiO2 matrix and the injection of holes into the HTM Layer.
A cross-sectional SEM image of the fabricated device is
shown in Figure 3(c). In order to protect the electron recom-
bination, a thin TiO2 layer, called the “compact layer,” was
deposited onto the transparent conducting oxide (TCO).
Mesoporous TiO2 with metal-halide-based perovskite sensi-
tizer as an active layer, HTM, and Au electrode was deposited
in sequence. From the cross-sectional analysis, the thickness
of spiro-OMeTAD, P3HT, and PTB7 layer was observed as
420 nm. The role of each HTM on the performance of the
device is characterized separately. For that, solar cells con-
taining different HTMs are used separately with the
CH3NH3PbI3-coated TiO2 layer, and the individual device
performance is measured under 1-sun illumination.

The photovoltaic parameters of all the three devices are
extracted from the J-V curves (Figure 4) and are listed in
Table 2. For comparison, without HTM (black, circle) sample
was prepared. A metal-halide perovskite-sensitized cell with-
out HTM shows a Jsc of 4.5mAcm−2, Voc of 0.38V, and FF of
44.7 with efficient (η) of 0.8%. The device made of spiro-
OMeTAD- (red, circle) based HTM layer shows the best effi-
ciency of 6.9% with a Jsc of 13.9 mAcm−2, Voc of 0.82V, and
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FF of 60.2. Although P3HT is usually used as a hole conduc-
tor in organic solar cells, the device made with P3HT does
not show a high efficiency in perovskite-based solar cells. In
general, PTB7 is used as an electron donor for organic solar
cells, but in perovskite solar cells, it plays a role of hole con-
ductor at this study. The device made of PTB7 hole transport
layer exhibits a Jsc of 12.6mAcm−2, Voc of 0.72V, FF of 60.4,
and η of 5.5% by demonstrating a good charge-separation
kinetics, and the efficiency value is comparable to the con-
ventional spiro-OMeTAD-based device. Moreover, the
thickness of the PTB7 hole transport layer is thinner (around
200nm) than that of the spiro-OMeTAD layer (423 nm). In
general, a thicker layer causes the higher series resistance of
the device; however, the spiro-OMeTAD with a thinner layer
of around 200nm causes higher pinhole effects that may lead
to the poor cell performance. In this work, we have demon-
strated that PTB7 with a relatively thin hole transport layer
showed the comparable efficiency value with the spiro-
OMeTAD-based conventional cells. Obviously, P3HT and
PTB7 show light absorption in UV range and also play a role
of electron donor in organic solar cells; their role of hole
transport behaviour in perovskite solar cell was confirmed
using IPCE spectra.

Figure 5 shows the IPCE spectra of a device made of
spiro-OMeTAD-based hole transport layer (black square)
and PTB7 layer (red circle). The IPCE spectra of the cells

indicate that the devices show spectral responses from the
near-infrared to visible regions, with the maximum photore-
sponse at ~450nm and broader peaks extending to the infra-
red region. This IPCE spectra matched well with the UV-vis
absorbance of the synthesized perovskite film as shown in
Figure 1(b). However, polymer-based HTM cells do not show
any other peculiar photoresponse for polymers, which con-
firms that here, the P3HT and PTB7 polymers play a role
of only a hole conductor not as an electron donor.

4. Conclusions

In conclusion, we have demonstrated the solid-state solar
cells with the CH3NH3PbI3 organic perovskite material as
the light absorber and three different organic hole transport
materials. Among the three HTMs (spiro-OMeTAD, P3HT,
and PTB7), spiro-OMeTAD cells show the best efficiency
with 6.9% under AM 1.5G. However, PTB7, which is a com-
mon electron donor material in organic solar cells, shows the
hole transport behaviour in perovskite-based solid-state solar
cells, and also a relatively thinner layer of PTB7 shows a good
efficiency of 5.5%. Moreover, the energy level matching of
these organic HTMs is well matched with the other compo-
nents of the device. This interesting observation opens up
the door for the investigation of different cost-effective mate-
rials for the highly efficient organic-inorganic hybrid solar
cells in the near future.
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Table 2: Photovoltaic performance of the cells with various HTMs.

Jsc (mA/cm2) Voc (V) FF (%) Eff (%)

— 4.5 0.38 44.7 0.8

OMeTAD 13.9 0.82 60.2 6.9

P3HT 12.5 0.51 50.6 3.2

PTB7 12.6 0.72 60.4 5.5
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The annealing behavior of very thin SiO2/Gemultilayers deposited on Si substrate by e-gundeposition in high vacuumwas explored.
It is shown that, after annealing at moderate temperatures (800∘C) in inert atmosphere, Ge is completely outdiffused from the SiO2
matrix leaving small (about 3 nm) spherical voids embedded in the SiO2 matrix. These voids are very well correlated and formed
at distances governed by the preexisting multilayer structure (in vertical direction) and self-organization (in horizontal direction).
The formed films produce intensive photoluminescence (PL) with a peak at 500 nm. The explored dynamics of the PL decay show
the existence of a very rapid process similar to the one found at Ge/SiO2 defected interface layers.

1. Introduction

An enhancement of the absorption in the visible range is
crucial for increasing the conversion efficiency of solar cells.
Recently, several attempts have been made to use photonic
crystals for enhancing light absorption in thin layers [1–3].
But the specific design of possible new photovoltaic devices
is still an open discussion, and definite guidelines for reliable
light absorption enhancement have not been proposed.

Silicon dioxide, which is transparent at visible wave-
lengths, is fully compatible with Si technology, and due to
its low cost it is interesting as a potential photonic material.
Indeed a successful application of silica in photonics has been
demonstrated [4, 5]. Furthermore, it has been recently shown
that the use of silica based photonic crystals significantly
contributes to radiative cooling of solar absorbers and hence
increases their efficiency of solar energy conversion [6].
Among other applications, the fabrication of void arrays
in the bulk of dielectrics has drawn great attention for
its potential applications in three-dimensional (3D) optical
storage, photonic crystal, and integrated optics [7]. Since the

early observation of femtosecond-laser induced periodically
aligned nanovoids inside conventional borosilicate glass by
Kanehira et al. in 2005 [8], many groups have been devoted
to exploring the applications and formation mechanisms of
self-organized void arrays.

Many other different ways to produce porous SiO2 layers
have been explored. Recently it has been shown that Ge
implantation in fused silica followed by annealing creates
spherical voids in the matrix with dimensions of few to few
tenths of nanometers [9, 10]. In the following a new and
rather simple procedure for transparent silica photonic layer
production will be proposed, based on Ge outdiffusion and
void formation and self-organization in silica matrix.

2. Experimental

2.1. Sample Preparation. A multilayer film consisting of
alternating SiO2 andGe layers, each 2 nm thick, was prepared
by e-gun deposition of 20 bilayers, in vacuum better than
10−6 Torr. The solid sources for the SiO2 and Ge layer
deposition were grains (4N and 6N purity, resp., from
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Figure 1: Schematic representation of an as-deposited 2 nm SiO2/2 nm Gemultilayer with a 20 nm SiO2 capping layer at the top (a) and after
annealing at 800∘C, showing cavities (white) in SiO2 matrix (b).

Alfa Res.). Cleaned and freshly etched p-type (100)-oriented
Si monocrystals were used as substrates, held at 200∘C
during the deposition. The Si substrates were rotated on
a planetary holder during the deposition to ensure lateral
homogeneity of the films over the whole substrate surface.
After deposition, the samples were annealed at 800∘C for 1 h
in flowing N2 atmosphere. During this annealing Ge initially
clusters into nanoparticles [11] and afterwards outdiffuses
from the film (below the measurable level of Raman and
XRD spectroscopy). Finally layers of cavities were obtained
separated by the approx. 2 nm of SiO2 spacer layer is shown
schematically in Figure 1.

2.2. Characterization Procedure. Grazing incidence small-
angle X-ray scattering (GISAXS) experiments were per-
formed at Elettra-Sincrotrone, Trieste, Italy, on the SAXS
beamline [12], using synchrotron radiation with photon
energy of 8 keV. Several grazing angles of incidence 𝛼𝑖 were
selected in the range 0.23∘ < 𝛼𝑖 < 0.23∘ + 0.1∘, for which
the effective area of the beam footprint was smaller than the
sample surface area (approx. 10×10mm).The selected angles
above the critical angle 𝛼𝑐 allowed the X-rays to penetrate
through the capping layer and deep enough into the film.The
angular range of the detector was calibrated bymeasuring the
SAXS standard silver behenate. A narrow, partly transparent
Al strip was placed in front of the detector for local intensity
reduction in order to avoid saturation in the specular plane
direction where the usually much stronger surface scattering
is present.

Two-dimensional patterns of the scattering intensity were
recorded with a 2D image plate detector with 2000 × 2000
pixels, having a dynamical range of 106 and a pixel size of0.2 × 0.2mm, at the distance 𝐿 = 1800mm from the sample.
The optical path from the sample to the detector was kept
in vacuum in order to reduce the background due to air
scattering.

Raman spectra were acquired on a LabramHR Evolution
system equipped with a microscope and a 473 nm laser
excitation source.

The optical reflectivity in the UV-Vis range was measured
with a Perkin Elmer Lambda 45 spectrometer with a gold
mirror as reference.

Photoluminescence (PL) was measured at room temper-
ature using a continuous wave laser diode at 405 nm, and
the PL spectra were collected using a BWTek BCR 112E
spectrometer coupled with a Sony ILX511 CCD linear image
sensor.

The crystallinity and phase composition of the nanopar-
ticles were analysed with an aberration-corrected transmis-
sion electron microscope (TEM), operating at 300 keV and
capable of chemical analyses by employing energy dispersive
X-ray spectroscopy (EDS). Samples for the TEM study were
prepared as cross-sections of thin films. These were glued
face-to-face with an epoxy resin, formatted into 3mm disks
and mechanically thinned to approximately 100𝜇m. The
central part of the disks was additionally dimpled on a
rotation wheel down to 10 𝜇m and ion-milled with Ar+ ions
at 4 keV until perforation.

3. Results and Discussion

The results of the Raman spectroscopy, shown in Figure 2,
confirm the existence of Ge layers alternated with SiO2 layers
in the as-deposited sample. This sample, represented by the
black curve, shows the presence of amorphous Ge layers with
characteristic broad peaks close to 90, 190, 240, and 279 cm−1
corresponding to the Ge TA, LA, and LOmodes, respectively
[13]. The peak at 520 cm−1 is due to the Si TO mode derived
from the substrate. After annealing at 800∘C or higher Ge was
not anymore observed in the sample (within the sensitivity of
the employed Raman instrument). The only peak observed
for the annealed sample, at 521 cm−1, is due to the TO band
from the silicon substrate. The same behavior was verified
with X-ray diffraction (not shown here).

Since Ge was not anymore observable (by Raman and
XRD spectroscopy) upon annealing at high temperatures,
in order to explore the remaining structures in the sam-
ple, several techniques were considered. Scanning electron
microscopy has the intrinsic difficulty of surface charging
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Figure 2: Raman spectra of an as-deposited (black), and an
annealed at 800∘C (red) multilayer sample.

in dielectrics which is usually removed by covering the
sample surface with an Au layer. Since we expected to explore
structures (voids) with sizes of less than 5 nm a metal cover
couldmask the structures of interest, which indeed happened
in several our attempts. Therefore as measuring technique of
choice for such a task grazing incidence small-angle X-ray
scattering (GISAXS) was selected.

It is long known that with X-ray scattering complemen-
tary information (to microscopy results) can be obtained
in reciprocal space. However, for a long time, the weak
interaction of hard X-rays with matter hampered its straight-
forward use for surface and/or interface studies.Nevertheless,
pioneering works in the 80s [14], combining the use of
high brilliance synchrotron radiation with grazing incidence
geometry, enabled reaching sufficient surface sensitivity with
a reasonable signal to noise ratio. In comparison to conven-
tional microscopy, GISAXS [15] has several advantages:

(i) It is a nondestructive technique, provided that the
samples withstand hard X-ray exposure.

(ii) each measurement is averaging over the whole mea-
sured sample surface, providing therefore statistical
information over several square centimeters as com-
pared to nanoregions in microscopy;

(iii) Depth profiling of the samples can be easily per-
formed by varying the grazing incident angle of the
X-rays beam, which allows probing selectively the
surface, buried interfaces, and the bulk of a sample;

(iv) The GISAXS technique provides morphological
information from the nanometer to micrometer
length scales. Furthermore, it can be combined,
simultaneously and on the same samples, with the
grazing incidence wide angle X-ray scattering or
diffraction (GIWAXS) technique which is sensitive
to the atomic arrangement and strain state.

2D GISAXS patterns obtained from the sample annealed
at 800∘C are presented in Figure 3. Here (in Figure 3(a))
the X-ray scattering originating from nanoparticles or voids
embedded in the bulk is mixed with the one caused by
the surface morphology and the roughness of the interface
between layers, which are dominantly contributing to the
signal close to the specular plain. Therefore the scattering,
there, is generally most intense (this is the reason why a
narrowAl foil was placed in the beampath, to partly attenuate
the strong intensity signal in the specular plain).

The specific shape with two shoulders close to the
Yoneda plain (𝑞𝑧 close to 0.2 nm−1) visible in Figure 3(b)
suggests X-ray scattering from correlated objects in the
sample. Nevertheless, a scattering contribution from the very
surface cannot be excluded. To remove the contribution
from the roughness originating dominantly from the surface,
the intensity taken at the critical angle in Figure 3(a) was
subtracted numerically from the intensity obtained at a larger
angle of grazing incidence (i.e., 0.038∘ above the critical
angle) shown in Figure 3(b), displaying therefore only the
contribution derived from the deeper regions of the film
(Figure 3(c)) [16]. The differential result obtained in this way
confirms that the observed nanoparticles exist deeper inside
the films.

In the first approximation, it was assumed that the
spherical voids are grown evenly distributed throughout the
film. For such case a scattering model was developed, where
the particles radius𝑅 is allowed to vary according to a normal
size distribution. The spatial distribution of the particles is
described by the local monodisperse approximation (LMA).
Applying numerical fitting to the measured experimental
data of Figure 3(b), a wide size distribution for the voids
diameter (𝐷) was found, centered at 𝐷ℎ = 2.95 ± 0.35 nm
in horizontal direction and 𝐷V = 2.33 ± 0.31 nm in vertical
direction.Thus the fitting revealed that the voids are spherical
with only a very small eccentricity.

In Figure 4 the fitting results for the scattering pattern
of Figure 3(b) are summarized and presented as voids size
distribution in vertical and horizontal directions. When the
fitting was applied to the scattering data after subtracting
the surface scattering (Figure 3(c)), the distributions of the
size values get wider and slightly shifted in direction of
bigger particles as compared to the fitting results obtained
for Figure 3(b). This is explained by the influence of surface
features which are generally smaller than the voids formed
inside the film.

Due to the precise deposition of well-defined multilay-
ered SiO2/Ge layers, after annealing well-defined layers of
cavities were obtained at the positions where the Ge layers
used to be prior to annealing. This causes the appearance
of a Bragg sheet [17] in Figures 3(a) and 3(b) at about 𝑞𝑧 =1.3 nm−1 parallel to the 𝑞𝑦 axis due to the periodicity contrast
of the void layers.The period 𝑑 of the void layers is calculated
from the Bragg sheet position by the expression 𝑑 = 2𝜋/𝑞𝑧,
where 𝑞𝑧 is the distance to the maximum of the first Bragg
sheet. The measured period is 𝑑 = 4.8 nm, very close to the
original bilayer thickness.
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Figure 3: 2DGISAXS intensity pattern from the sample annealed at 800∘C obtained (a) at the critical angle of grazing incidence 𝛼𝑐.The white
line represents the Yoneda plain position where the linear intensity plot for the correlation analysis was taken. (b) 2D GISAXS pattern from
the sample obtained at 𝛼𝑐 + 0.038∘. (c) Numerical difference between the intensities from (b) and (a) (see the text for details).

A horizontal cut taken from the 2D scattering pattern
shown in Figure 3(b) at the position of the horizontal
white line is presented in Figure 5. The figure shows two
very pronounced correlation peaks placed at about 𝑞𝑦 =±1.3 nm−1, indicating a rather strong correlation of the
average voids interspacing in horizontal direction.Therefore,
it was shown that in addition to the vertical ordering defined
by the multilayer deposition, horizontal self-ordering has
been obtained also. Furthermore, from the fitting procedure
the void-to-void distance in horizontal direction is obtained

as 7.03 ± 1.85 nm and in vertical direction as 4.29 ± 1.84 nm.
The results for the diameters and distance between the voids
in horizontal and vertical directions are summarized in
Figure 4.

Looking carefully at the intensity distribution, one can
see that the correlation is present in all the directions as
shown in Figure 6. The figure is constructed of consecutive𝑞𝑦 = const. cut plots for the range above the Yoneda plain.
The correlation peak forms a ring around the direct beam as
indicated in Figure 6 with a transparent blue line. Since the
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Figure 4: Distribution of void diameters (full lines) and correlation
distances (dotted lines) for vertical (green lines) and horizontal (red
lines) direction.
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Figure 5: GISAXS intensity parallel to the sample surface taken at𝑞𝑧 = 0.2 nm−1 (see two-dimensional GISAXS pattern in Figure 3(b))
for the annealed film.

voids are concentrated within the previously Ge containing
layer, the correlation peak is strongest at the Yoneda plain,
where scattering is parallel to this plain. In the perpendicular
direction the correlation is enhanced into the Bragg peak
as the periodicity of void layer positions is preserved after
annealing.The slight variation in the voids position in vertical
direction within the layers results in a correlation peak
spreading from theYoneda plain up,with the intensity rapidly
decreasing due to the lower concentration of the offset voids.
Namely, the deposited layers are not perfectly flat, but some
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Figure 6: 3D plot of GISAXS intensities for the annealed sample.
The Bragg sheets are indicated, as well as the signal maxima, due to
the correlation (the transparent blue line).

surface roughness is present in the underlying layers and
this is propagated upwards, with the upper layers thickness
remaining more or less constant.

To support our findings we performed cross-section
TEM analysis of the annealed samples where voids have
been detected by GISAXS. Indeed as shown in Figure 7 the
presence of voids is clearly evidenced. Each void measures
approximately 5 nm in diameter. STEM-EDS mapping of
the Si, Ge, and O distribution was performed on the same
sample (selected area ROI, shown in Figure 7(a)). Although
undetectable by Raman and XRD, Ge is still present in the
layer and is homogeneously distributed throughout the layer
(however, small Ge-free areas show the presence of voids).

Figure 8 shows theUV-VIS reflectance of the as-deposited
SiO2/Ge multilayer superstructure which could be used
as antireflectance coating, since the reflectance is strongly
reduced with respect to the Si substrate in the whole
measured range. Quite similar is the behavior of the pure
SiO2 layer deposited on Si, in the spectral range 𝜆 >
500 nm. During annealing at 800∘C the investigated sample
substantially became a SiO2 layer with voids and a small
remaining part of Ge (as revealed by EDS microscopy) and
shows qualitatively a similar behavior as an amorphous SiO2
layer. The reflectance of a clean Si substrate is also added to
Figure 8 as a reference.

Silicon rich layers [18] and/or SiO2/Ge multilayers [19],
after annealing at appropriate temperatures, produce a signif-
icant PL signal which indicates that structural changes, that
is, nanoparticles or voids, developed in the films. In order to
check the effect of voids creation within a SiO2 matrix the PL
wasmeasured fromSiO2 layerswith voids and comparedwith
the PL fromas-deposited SiO2/Gemultilayers; see Figure 9. A
very intensive PL peak centered at about 500 nm can be seen.
Such signal, but with lower intensity, was already observed
in samples with Ge nanoparticles and attributed to defective
SiO𝑥 nanolayers close to the Ge/SiO2 interface [19].

The emission and relaxation dynamics of this peak was
explored and the results are given in the inset of Figure 9.The
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Figure 7: (a) Overview bright-field TEM micrograph of an annealed sample, showing the single-crystal Si substrate at the top, followed by
layered voids formed in the amorphous SiO2 thin-film layer.The thickness of the whole thin-film layer at this point is 60 nm.The rectangular
region of interest (ROI) was analysed in detail in (b), where STEM-EDS mappings of the fine structures were performed.
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decay curve has been fitted using two stretched exponential
functions according to the expression:

𝐼 (𝑡) = 𝐼0 exp−( 𝑡𝜏1,2)𝛽1,2, (1)

where 𝜏1,2 are the PL lifetimes and 0 ≤ 𝛽1,2 ≤ 1 are the
dispersion exponents. The corresponding PL lifetimes and
stretching constants are 𝑡1 = 139±15 ns with 𝛽1 = 0.33±0.01
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Figure 9: PL spectra of as-deposited (blue) and annealed (red, with
voids) silica layer on Si substrate. The inset shows the time-resolved
photoluminescence obtained from the annealed sample, recorded at
375 nm excitation wave length.

and 𝑡2 = 7.0 ± 0.7 ns with 𝛽2 = 0.30 ± 0.01. These results are
similar to previous findings in samples with Ge nanodots in
silica matrix [13], where it was concluded that the PL is due
to defected SiO𝑥 layers at the interface between Ge nanodots
and the silica matrix. Likewise, here the PL originates from
the border region around the voids.

To further confirm our statement that voids formed in
SiO2matrix after amajor Ge outdiffusion from themultilayer
sample, the GISAXS results were analysed in the light of the
Porod theory [20] and are presented in Figure 10. Assuming
that the thickness of the shell enveloping the voids has a
uniform thickness D, it is possible to estimate the parameter
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Figure 10: Plot of GISAXS intensity in the form ln[𝑞4𝐼(𝑞)] versus𝑞2 for the SiO2/Ge 2/2 nm sample, annealed at 800∘C and thus
containing voids embedded in the SiO2 matrix. For 𝑞2 > 6 nm−2 the
straight line (to the detector limit for the applied setup) shows the
fit from which the thickness of the border region around the voids
is calculated. The peak at 𝑞2 = 4.5 nm−2 represents the Bragg peak.

𝜎 of the layer, which describes the electron density gradient
through [21]

ln [𝑞4𝐼 (𝑞)] = ln𝐾 − 𝜎2𝑞2, (2)

where 𝑞 is the wave vector, 𝐼 is the GISAXS intensity, and 𝐾
is a constant.

The layer thickness 𝐷 is related to 𝜎 by𝐷 = (2𝜋)1/2𝜎 and
was calculated to be 1.5 nm. The parameter 𝐷 represents the
thickness of the defected SiO2 layers surrounding the voids
which are responsible for the PL activity.

4. Conclusions

The structure and behavior of SiO2/Ge multilayers deposited
by e-gun on Si substrate is explored after annealing at
800∘C in flowing N2 atmosphere. It is shown that such
treatment drives out (outdiffuses) almost the complete Ge
content, leaving behind voids in SiO2 matrix at the former
Ge layer positions. Such voids are spherical with about 3 nm
diameter. The average correlation distance is about 7 nm and
4 nm in horizontal and vertical directions, respectively. It is
shown that the defected SiO2 layer around the voids causes
very intensive photoluminescence with wavelengths close
to 500 nm. The time-resolved PL analysis suggests that the
mechanism of the observed void luminescence is similar to
the one from defect layers at a Ge/SiO2 interface.The analysis
of theGISAXS data in the light of the Porod theory shows that
the voids are enveloped with a shell of disordered silica about
2 nm in thickness.

With this it was shown that this approach yields a well
self-organized void formation within a SiO2 matrix at rela-
tively low temperatures. The optical properties of such self-
organized voids show interesting properties for application
in silica photonics.
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