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Abstract. Using a drop casting method, stronger absorbent and photosensitive composite thin films
based on a copper-phthalocyanine (CuPc) oligomer and a poly (N-epoxypropylcarbazole) (PEPC)
copolymer were developed. Morphology, structural behavior and optical properties of CuPc:PEPC
composite thin films have been studied using scanning electron microscopy (SEM), X-ray diffraction
(XRD) and UV-VIS spectroscopy. The SEM images of pure CuPc organic thin films show the formation
of some elongated shapes, while the morphology of CuPc:PEPC composite thin films is mainly
controlled by the content of CuPc. XRD analysis of the CuPc:PEPC composite thin films reveal good
crystallinity and the beta-copper phthalocyanine phase. Study of optical properties of CuPc:PEPC
composite thin films after annealing in hydrogen atmosphere show decrease of the average optical
transmittance. In addition, the broadening of the absorption bands increases the light harvesting
capacity of the composite material for photovoltaic applications.

Keywords: CuPc:PEPC composite thin films, morphology, X-ray analysis, absorption,
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1.Introduction

In the last years, extensive R&D efforts have been directed towards various organic semiconductors
and their composites to identify materials for organic photovoltaic (OPV) devices. The bulk
heterojunction (BHJ) solar cell has become one of the most successful device structures developed in
comparison with bilayer constructions. During the last two decades, the performance of the OPV devices
have been increased [1-5], particularly through the development of solution-processed BHJ OPV devices
[6-8]. In BHJ device structure, the donor is an electron rich conjugated polymer, and the acceptor is a
soluble molecular acceptor. The donor and the acceptor are blended to form an unbroken interpenetrating
layer, which increases the donor—acceptor (D-A) interfacial area available for the exciton dissociation.
Various combinations of donor and acceptor building blocks have been used to generate D-A copolymers
with some of them giving excellent performance in BHJ solar cells with fullerene electron acceptors.
Donor: acceptor bulk-heterojunction blends have yielded solar cell single-junction efficiencies above
7% for numerous different polymer: fullerene combinations [9-11] and currently reaching above 10%
[12]. But fullerene-based acceptors have some significant limitations: low absorption in the (500-800)
nm region of the incident solar spectrum [13,14], which limits their ability to harvest photocurrent;
limited tunability in terms of spectral absorption; high synthesis costs, especially for their performance
in photovoltaic applications [15]. Therefore, one of the challenges in the field of organic photovoltaics
is the development of alternatives to the family of fullerene derivatives that are commonly used as
acceptor material, but generally do not have a high absorption coefficient. In this paper we propose to
replace fullerene-based acceptors with poly(N-epoxypropylcarbazole) (PEPC).
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The electrically conductive poly(N-epoxypropylcarbazole) (PEPC) exhibits superb chemical
stability in air, water and organic solvents and the PEPC dissolved in trifluoroacetic acid (TFA) has high
absorption coefficient 5:10% cm™ in 400-650 nm wavelength region [16]. The molecular weights of PEPC
is between 1500 g/mol and 2000 g/mol [17]. Among the metal substituted phthalocyanine, copper
phthalocyanine have a number of wide-ranging applications as diverse dyes [18], light emitting diodes
[19], solar cells [20], etc. Last years a number of capacitive and resistive humidity sensors were
investigated on the base of porphyrin, copper phthalocyanine and poly(N-epoxypropylcarbazole) [21-
23]. Thin films of the PEPC/CuPc nanocomposite deposited by vacuum evaporation by O. Bordian et.
al. [24] were used for the development of optical media for holographic storage, electrophotography,
photosensors, etc. Metal phthalocyanines are usually highly insoluble and need to be processed by
vacuum deposition in the device. According to the [25, 26] CuPc dissolves with high concentrations
only in TFA, where it becomes protonated and new bands appear in the absorption spectrum. In this
paper we will present some fundamental characterizations like morphology, composition, structural and
optical properties of solution-processed CuPc:PEPC composite thin films because polymers containing
the carbazole group as for instance poly(N-vinyl) carbazole possess chemical stability, flexibility,
thermoplasticity and forms with low molecular organic materials charge transfer complexes that have
high photosensitivity or sufficiently high electric conductivity.

2.Materials and method
2.1. Materials and preparation methods

Commercially available copper phthalocyanine powder was purchased from Sigma Aldrich and was
used without further purification. CuPc is little soluble in conventional solvents and ionic liquids. In this
paper we dissolved CuPc in 2,4,7-trinitrofluorenone (TNF) and chlorobenzene mixed solvent. CuPc is
quite stable (four weeks) in the solution. PEPC however was synthesized in the laboratory using
potassium hydroxide (0.0176 g, 0.3 mmol), 18-crown-6 (0.1170 g, 0.4 mmol) and 8 mL methanol.

The mixture was heated in vacuum until the volume of the distillate became half of the volume of
the original solution. Then a new portion of toluene was added and distilled again. This procedure was
repeated four times. The solution was then cooled down to room temperature and filtered. lonic
polymerization is carried out under nitrogen atmosphere. Therefore, polymerization was carried out in a
flask equipped with nitrogen purge, in which 8 mL of the above-mentioned mixture and 0.8741 g of
PEPC were added.

The solution was heated at 120°C for 3 h. The resulting polymers were isolated by precipitation in
hexane and dried in vacuum at ambient temperature. The molecular weight of prepared PEPC was 1200
g/mol. PEPC was dissolved in toluene. For the preparation of CuPc:PEPC photosensitive composite thin
films the weight ratios such as 1:1 and 2:1 were taken. As a substrate, the glass was used for the
preparation of thin films. All the glass substrates were cut into the dimensions of 2 cm x 2 cm. Thin
films of PEPC, CuPc and PEPC:CuPC organic composite were prepared by the simplest way of
deposition from solution - drop casting method. Drop casting was used to bring more material onto the
substrate. The CuPc, PEPC and CuPc:PEPC thin films were drop-casted onto the glass substrate at room
temperature. The prepared films are not homogenous in comparison with spin casting and dip coating
methods. However, the film is thicker, because the thickness of the film is not limited by centrifugal or
gravitational force. After the preparation, the films were dried for 30 min in air at room temperature,
followed by heating for 30 min at 60°C under a hydrogen atmosphere to remove any remaining water
and impurities.

2.2. Analytical methods

The surface morphology of the CuPc, PEPC, CuPc:PEPC composite thin films was investigated
using a FEI Nova NanoSEM 650 Schottky field emission scanning electron microscope (SEM) equipped
with an energy dispersive X-ray (EDAX) analyzer operated at 15kV acceleration voltage. XRD
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measurements were done using X-ray Brucker D8 Discover diffractometer with Cu/40 kV/40 mA
radiation source (A = 1.54056 A) from 5° to 60° 26. For the registration of reflectance and transmittance
JASCO V-670 UV-VIS spectrophotometer was used. Fourier Transform Infrared (FTIR) transmission
spectra were recorded using a Brucker ALPHA Platinum-ATR spectrophotometer to study chemical
composition and bond-dynamics. The spectra were recorded from 4000 to 400 cm™ at a resolution of 4
cm™! averaging 24 scans for each measurement. Measurement of the current-voltage curves was
performed at room temperature using a 4200-SCS Keithley meter controlled by LabView (National
Instruments) with solar simulator calibrated to 100 mW - cm.

3.Results and discussions
3.1.Morphological and Composition of CuPc:PEPC Composite Thin Films

Figures 1(a) and 2(b) show SEM micrographs of the thin films of the CuPc and PEPC. The SEM
image of CuPc film deposited from TNF and chlorobenzene mixed solution at room temperature in
Figure 1(a) shows the formation of some elongated shapes. The SEM image of PEPC film in Figure 1(b)
reveals a smoother surface with poor crystallinity.

Figure 1. SEM images of CuPc (a) and PEPC thin films (b)

SEM image of 1CuPc:1PEPC composite thin film after annealing in Hz atmosphere 60°C during 30
min in Figure 2(a) shows the suppression of elongated shapes and formation of agglomerates of irregular
shapes, while SEM image of the 2CuPc:1PEPC composite thin film in Figure 2(b) shows greater
uniformity and larger agglomerates without no particular crystal orientations.

Figure 2. SEM images of 1CuPc:1PEPC (a) and (b) 2CuPc:1PEPC composite thin films

Energy dispersive X-ray analysis (EDAX) was performed for samples of 1CuPc:1PEPC and
2CuPc:1PEPC thin film composites. Figures 3(a) and 3(b) showed the energy dispersive spectra of
1CuPc:1PEPC and 2CuPc:1PEPC thin films, respectively. EDAX spectra of CuPc:PEPC thin films show
presence of carbon (C), nitrogen (N) and copper (Cu). The elemental composition analyses of the
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2CuPc:1PEPC thin film composite indicates the changes in elemental composition of the composite and
an increase in Cu with increasing content of CuPc. Other peaks in the energy spectrum are due to glass
substrate and ITO coating. The EDAX quantitative results of the above thin films are given in inset
tables of the spectra. Hydrogen is not detected in both spectra due to its low atomic weight. Nitrogen in
the EDAX spectrum of 2CuPc:1PEPC thin film (Figure 3(b)) is not detected, probably, due to the
detection limits of about 1 wt% and may remain undetected because of overlapping peaks.

3.2. Structural Properties of CuPc:PEPC Composite Thin Films

X-ray diffractograms of CuPc powder and PEPC thin films are presented in Figure 4 and Figure 5.
Copper phthalocyanine in powder form exhibits a crystalline nature. Indexing of CuPc powder is carried
out by comparing the diffractogram with the Joint Committee on Powder Diffraction Studies (JCPDS,
File No. 11-893) data. It is confirmed that the source material is CuPc and its structure is monoclinic
with different lattice parameters: a = 10.1379 A; b = 12.5510 A; ¢ = 8.7537 A [27]. The diffraction
patterns of the PEPC films with different thicknesses shows higher amorphous character with broader
peak. X-ray diffraction pattern of CuPc:PEPC composite thin films before and after annealing in H»
atmosphere at 60°C during 30 min are shown in Figure 6.
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Figure 3. EDAX spectra of drop casted 1CuPc:1PEPC (a) and
2CuPc:1PEPC (b) composite thin films
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As one can see, from Figure 6 the number of diffraction peaks in comparison with CuPc powder
reduces, and annealing in Hz atmosphere at 60°C increases its intensity. In addition, a shift in the CuPc
peaks was identified with increasing of CuPc composition. The sharp diffraction peaks indicate the good
crystallinity of the prepared films. XRD study of the CuPc:PEPC composite thin films reveals only the
beta-copper phthalocyanine phase. The crystal structure of the B-form is monoclinic. The B-form is the
thermodynamically stable one [17]. Using the peak positions from the XRD pattern in Rigaku software
program, the crystal structure and lattice parameters were determined and given in Table 1.

Table 1 shows that the grain sizes are reduced after annealing in the case of 1CuPc:1PEPC thin film,
while in the case of 2CuPc:1PEPC the grain size increases that represents better crystallite structures of
the films. This could be attributed to the density increasing with increasing CuPc concentration. The
higher values of estimated strain in our case indicate polycrystalline nature of the films.

Table 1. Structural parameters of CuPc:PEPC composite thin films

Sample 2-theta Height D (ang.) a b (ang) c Strain,
(degree) (cps) (ang) (ang) (%)
1CuPc:1PEPC untreated 7.054 327363 2141 4.6897
9.207 231752 1668 14.6266 17.2931 0.142
1CuPc:1PEPC treated 7.053 470395 1885 14.6408 4.6943 17,3098 0.16
9.223 328818 1546 )
2CuPc:1PEPC untreated 7.126 381393 1817
9.201 324609 1693 145322 | 4.6595 | 17.1814 0.096
2CuPc:1PEPC treated 7.131 362034 2036 0.090
9.202 79663 1686 145291 | 4.6585 | 17.1778
2-theta- Bragg’s angle; D- crystallite size; a,b, ¢ — lattice parameters.
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The polycrystalline films show a larger value of strain indicating more strain on the lattice. The
results showed that the crystallite size estimated from Scherer’s formula, Williamson-Hall plots and
size-strain plot are very well inter-correlated.

Annealing in Hz environment of the 1CuPc:1PEPC composite thin film decreases crystalline sizes
from 214 nm to 188 nm, while in the case of 2CuPc:1PEPC composite the crystalline size increases from
182 nm to 204 nm. We suppose that decreasing of crystallite size for 2CuPc:1PEPC is caused by the
increased concentration of Cu in blend and thermally annealing. Annealing in H> atmosphere at 60°C
lead to the intra-grain recrystallization and sintering of the primary crystallites, resulting in the
contraction of grains.

3.3. Optical Properties and Spectral Distribution of Photoconductivity of CuPc:PEPC Composite
Thin Films

The UV-Vis spectra of the optical transmission of the CuPc:PEPC composite thin films are shown
in Figure 7. It could be noted that at longer wavelengths (A > 850 nm) all films become transparent. As
an effect of annealing, the average optical transmittance of the samples decreases. Figure 8 depicts UV-
Vis absorption spectra of CuPc, PEPC films and CuPc:PEPC composite thin films with different
concentration of CuPc annealed at 60°C in H2 atmosphere.
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Figure 7. Transmittance of CuPc:PEPC
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CuPc thin film show two typical absorption bands, namely the Q band in the visible region (600-800
nm) and the B band or Soret band in the violet or near-ultraviolet region (300-480 nm) with two and one
maxima, respectively. The Q band can be attributed to the allowed highest occupied molecular orbital
(HOMO)-lowest unoccupied molecular orbital (LUMO) (n-n*) transitions [18]. The presence of this
absorption band may be interpreted as an overlap of @ orbitals through the ligand, where the electrons
are able to transfer energy throughout the structure [19]. The Soret band is due to electronic transitions
between molecules of an intermediate ionic degree that characterize the synthesized molecular materials
or by the ultraviolet absorption band edge of the phthalocyanine moiety [28]. The absorbance spectrum
of PEPC shows a wide absorption band in the 280-650 nm region (Figure 8) with intensive maxima
positioned at 345 nm and a shoulder in the visible region. The extension of the PEPC absorption in the
visible region of the spectra is determined by the introduction of 2,4,7-trinitrofluorenone (TNF) into
PEPC [17]. To determine the best absorber, different ratios by weight of the two materials were studied.
The area under the graph of absorbance represents the total absorbance or amplitude for the given curve.
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Figure 8. Absorbance of CuPc:PEPC composite thin films.
Insert represents the absorbance spectrum of PEPC

In the Figure 8 absorption spectra of CuPc, PEPC films and CuPc:PEPC composite thin films
annealed at 60°C in H2 atmosphere, with weight ratios 1:1 and 2:1 are shown. From this investigation,
we were able to conclude that, within the investigated range of the blend ratios, the 2:1 ratio is optimum
blend ratio. The absorption spectra of CuPc:PEPC composite thin films show two absorption bands, one
more intensive and another less intensive than those of pure CuPc. The both, UV and IR bands are wider
in comparison with of those of pure CuPc film. In addition, the Soret band has two peaks situated at 297
nm and 345 nm that can be attributed to PEPC [17]. A comparison of the evolution of the vibrational
modes appearing in conducting polymers and in some simpler related molecules acting as references
usually facilitates the interpretation of the experimental absorption spectra. Therefore, Fourier transform
infrared spectroscopy (FTIR) was employed to investigate possible changes in the intra-molecular
bonds. FTIR showed that the main spectral features distinguishing the CuPc: PEPC dissolved in
clorobenzen and CuPc:PEPC dissolved in mixed clorobenzen and TNF solvents are the bands situated
at 874.1 cm™, 1284.7 cm™ and 1782.1 cm™ (Figure 9). These bands are attributed to the CuPc and
oxidation product of copper phthalocyanine. The observable spectral features in FTIR spectra of
CuPc:PEPC composite allow us to conclude, that partial transfer of electron donor from PEPC into
CuPc and electron acceptor from CuPc into PEPC broadens the absorbance bands. PEPC and CuPc
create charge-transfer complexes. Due to the formation of the PEPC-CuPc complex, the resistivity of
the composite also decreases and allows measuring the spectral distribution of photoconductivity.
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Figure 10. The spectral distribution of
photoconductivity-absorption of CuPc thin
film and 2CuPc:1PEPC composite thin film

Figure 10 shows the spectral distribution of photoconductivity-absorption of CuPc thin film and
2CuPc:1PEPC composite thin films. It is obvious from this figure that CuPc film and 2CuPc:1PEPC
composite thin film are photosensitive in the range of 420-850 nm with the maximum in near IR-region
close to the region with maximal solar photons flux (700-800 nm). An increase in photoconductivity is
more pronounced for 2CuPc:1PEPC composite film. Besides this, a shift in the IR and UV regions is
observed. It is assumed that the photoconductivity is associated with polarization due to partial transfer
of photo-generated acceptors (CuPc) and donors (PEPC) that significantly depend on the nature of low
molecular impurities (CuPc) and also, on their doping concentration in the polymer. Due to the formation
of the PEPC-CuPc complexes the resistivity of the composite decreases, that allows the photo-
conductivity to increase.
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3.4. Photovoltaic devices based on CuPc:PEPC composite thin films

For the fabrication of the photovoltaic devices were used PEPC prepared by Moldova State
University and CuPc purchased from Sigma-Aldrich. PEPC is an electron donor, but CuPc act as an
electron acceptor. The bulk heterojunction solar cells reported here were prepared by drop casting of
CuPc:PEPC composite thin films on the ITO glass substrates purchased from Solaronix Swiss. To finish
the device, 200 nm of Al was deposited by thermal evaporation. The schematic diagram of the
ITO/CuPc:PEPC/AI photovoltaic device is illustrated in Figure 11(a). The J-V characteristics under
illumination of AM1.5 (100 mW-cm™2) are shown in Figure 11(b). As one can see from figure the open
circuit voltage (Voc) and the short circuit current density (Jsc) depend on the composition of the
CuPc:PEPC blend. When CuPc predominate in the blend, the VVoc is higher. The annealing of the device
at the temperature higher than 200°C deteriorates the device (curve 4). The FF defined as the ratio of the
maximum power from the solar cell to the product of Voc and Jsc has small values of about 0.3 ... 0.33.
The low values of FF are due to the series/shunt resistances. The smaller value than 1% of power
conversion efficiency is caused by not only small values of FF and Jsc but may be also due to inefficient
exciton dissociation and non-radiative recombination losses.
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Figure 11. The schematic diagram (a) and the J-U characteristics under
illumination of AM1.5 solar simulation (100 mW cm2) of the
ITO/CuPc:PEPC /Al photovoltaic devices (b)

4.Conclusions

The CuPc:PEPC composite thin films were prepared by drop casting method. The key results are
outlined as follows:

-the diffraction patterns of the CuPc:PEPC composite thin films reveal good crystallinity and the
beta-copper phthalocyanine phase;

- XRD analysis of PEPC films shows higher amorphous character with broader peak;

-study of the EDAX of CuPc:PEPC thin film composites indicates an increase in Cu by three times
with increasing content of CuPc in the blend.

-the CuPc:PEPC composite thin films was found to improve the absorption characteristics of CuPc,
especially after annealing in hydrogen atmosphere. The investigation of the optical properties of
CuPc:PEPC composite thin films indicate that the absorption spectrum in the deep ultraviolet and visible
region consists of two broader B and Q bands respectively, both with two peaks which can be attributed
to the formation of charge-transfer complexes

-the composite thin films are photoconductive in the range 420-850 nm with one maximum in the
(400-550) nm region and other two maxima in near IR-region close to the region with maximal solar
photons flux (700-800).

The power conversion efficiency of ITO/CuPc:PEPC/AI photovoltaic device is very modest but can
be improved by using (hole transport layer) HTL and electron transport layer (ETL) buffer layers.
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