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Abstract

We report planar heterojunction solar cell obtained by chemical vapor deposition (CVD) and hydrothermal technique. Copper phthalocyanine
(CuPc) and titanium oxide (TiO,) were used as donor and acceptor materials respectively. The nanomorphologies like nanocorals, nanorods and
nanoflowers were synthesized by the hydrothermal route and CuPc was deposited by CVD. The optical and compositional properties of TiO,/
CuPc films were investigated by using UV-vis spectroscopy and X-ray photoelectron spectroscopy (XPS). Finally TiO,/CuPc devices were tested
for their J-V properties. This approach would be quite useful for the fabrication of hybrid solar cells. The TiO,/CuPc device shows maximum
photoconversion efficiency (7%) 0.41% for TiO, nanoflower like morphology.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Recently, polymer solar cell (PSCs) based on conducting
polymers (CPs) and fullerene (Cgp) have been widely investigated
due to their advantages of low-cost, light weight, easy fabrication,
and possibility to fabricate flexible devices which is not feasible
with inorganic materials. PSCs are mainly classified into two
categories: (i) Planar heterojunction and (ii) Bulk Heterojunction.

The planar heterojunction organic polymer bilayer solar cell
was invented by Tang in the mid-1980s and achieved power
conversion efficiency (PCE) of about 1% [1]. In PSC usually
light is absorbed in the donor materials like Poly(3-hexylthiophene-
2,5-diyl) (P3HT), Poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-
phenylenevinylene MDMO:PPV), Poly[[9-(1-octylnonyl)-9H-car-
bazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-
2,5-thiophenediyl] (PCDTBT) or small molecule such as copper
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phthalocyanine (CuPc), zinc phthalocyanine (ZnPc), aluminum
phthalocyanine (AlPc). In bilayer devices, the photogenerated
singlet exciton could diffuse within donor towards the planar
interface to the second material, the acceptor, which is usually
chosen to be strongly electronegative (fullerene or Phenyl-Cg;-
butyric acid methyl ester (PCqBM)) materials. The acceptor
material provides the energy needed for the singlet exciton to be
separated, as the electron can go to a state of much lower energy
within the acceptor. This charge transfer dissociates the exciton, the
electron moves to the acceptor material, whereas the hole remains
on the donor. A prominent example for an electron acceptor
material is the buckminsterfullerene (Cgp) and its derivatives like
PCBM.

The planar heterojunction polymer solar cell consists of a
thin active layer sandwiched between two electrodes. Typically
a transparent indium tin oxide (ITO) coated glass substrate and
relatively low work function metal cathode aluminum (Al)
were used as two electrodes. The active layer is made up of
two light-absorbing semiconducting polymers, one with an
electron-donating character (donor: D) and the other with an
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electron-accepting character (acceptor: A). These semiconduc-
tors could either be deposited as two distinct layers where the
donor—acceptor interface resides only between the two layers
(bilayer), or be blended as an almost homogeneous mix where
interfacial interaction between donor and acceptor exists
throughout the blended bulk layer (bulk heterojunction
(BHJ)). Operation processes of an organic photovoltaic device
on the molecular level consist of three consecutive funda-
mental steps: (1) absorption of light, (2) creation of separate
charges at the donor—acceptor interface, and (3) selective
transport of charges through the bulk of the device to the
appropriate collecting electrodes [1-2].

These photovoltaic devices predominantly use the fullerene
derivatives like [Cgo]PCBM and [C,]PCBM as the electron
accepting component and P3HT, MDMO:PPV, PCDTBT,
MEH-PPV (poly-[1-methoxy-4-(2-ethylhexyl)-2,5-phenylene-
vinylene]) and some low band gap polymers are most
extensively used as a electron donor. However, there are some
drawbacks of PCBM for application in PSCs, including weak
absorption in the visible region and the possibility of phase
separation from the polymer donor. On the other hand, due to
its high cost P3HT and other electron donor materials will
increase the cost of the device. Therefore, non-fullerene based
hybrid devices [3—4] and all PSCs in which a metal pthalo-
cyanines (MPcs) as a donor have attracted interest recently
[5-11].

Recently, organo-metallics, in particular small molecular
polymers like metal-substituted phthalocyanines (MPcs) are
planar conjugated aromatic macrocycles forming molecular
crystals with conductivities ranging from 1072 up to 10™* Sm?
and it shows a rich absorption spectrum in the ultraviolet and
visible ranges. These MPcs like CuPc, ZnPc and AlPc are most
studied and well-suited as a donor material. Since, they show a
rich absorption spectrum in the ultraviolet and visible ranges.
CuPc having highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) 5.2 and 3.3 eV
respectively and is widely used in PSC application [12—18] as
donor material.

On the other hand, non-fullerene acceptors for organic
photovoltaics become opened a new way to low develop
photovoltaic technology. Number of non-fullerene acceptors
like (i) Rylene diimide-based acceptors materials e.g. trans-
perylene tetracarboxylic derivative [19], Oligothiophene-S,
S-dioxide based acceptors e.g. thiophenyl-S,S-dioxide-based
oligomer [20], Cyano-PPV and other cyano-based acceptors e.
g. cyano-poly(phenylene vinylene) [21], Pigments and dyes e.
g. tricyclic sodium 2-(6-oxido-3-oxo-3H-xanthen-9-yl)benzo-
ate component [22], 2-Vinyl-4,5-dicyanoimidazole (Vinazene)
based acceptors [23], Diketopyrrolopyrrole based acceptors e.
g. dodecylsubstituted Diketopyrrolopyrrole [24] and other
polymers like Poly[(1,4-divinylenephenylene)(2,4,6-triisopro-
pylphenylborane)] [25]. P. Sonar et al. [26] was best reviewed
the progress in the synthesis, characterization and implementa-
tion of the various classes of non-fullerene based n-type
organic acceptors for photovoltaic applications.

Very few reports are available based on inorganic materials
like n-type titanium oxide (TiO,) as an acceptor for planar

heterojunction solar cell applications [27-31]. TiO, is a
versatile material and has been investigated considerably due
to its unique photoelectrochemical properties and optoelectro-
nic such as high refractive index (2.488 anatase, 2.609 rutile),
high dielectric constant (e,=86, ¢.=170), excellent optical
transmittance in the visible and near-IR region. The nanopar-
ticulate TiO, has been widely used as a promising electron-
transport material in dye-sensitized solar cells (DSSCs) [32]
and quantum dot sensitized solar cells (QDSSCs) [33] applica-
tion. Therefore, in the present investigation TiO, and CuPc
have been selected as acceptor and donor materials respec-
tively for the hybrid polymer solar cells (HPSC). The different
nanostructures of TiO, like nanocoral, nanorods and nano-
flowers were deposited by hydrothermal technique and CuPc
layer was deposited by vacuum evaporation. Finally the
current voltage (J-V) properties of the TiO,/CuPc based device
were recorded using Al contact as counter electrode.

2. Experimental
2.1. Chemicals and materials:

The conducting Fluorine doped tin oxide (FTO) coated glass
substrates were purchased from Kintech Co. Hong Kong
(FTO, sheet resistance 15 Q cm™2, transmittance 90%). Prior
to the deposition, FTO substrates were successively cleaned in
ultrasonic, detergent, acetone, ethanol and 2-isopropanol and
dried in oven at 70 °C.

2.2. Methods

The different morphology like nanocoral (TNC), nanorod
(TNR) and nanoflowers (TNF) of TiO, were synthesized by
hydrothermal process as per our previous report [34-39].
Briefly TNC samples were deposited using TiCl, precursor
at 120 °C while TNR and TNF samples were deposited using
titanium tetra isopropoxide (TTIP) precursor at 180 °C.
Deposited TiO, samples were dried at 60 °C in oven and used
for further CuPc deposition. The CuPc evaporation process is
performed within a vacuum chamber under 10™> mbar with
deposition rate of 0.3-0.5 A/s. The electric current was
adjusted slowly from 0.0 up to 2.2 A (10 V) to allow heating
the molybdenum (Mo) boat, then the CuPc starts evaporating
and films of ~20nm thickness were deposited at room
temperature [40]. Al-contact was taken by evaporation of
Al-Metal foil as the cathode. The active area of the device
was 0.5 cm x 0.5 cm.

2.3. Characterizations

The optical absorption spectra were recorded by using UV—
vis spectrophotometer (Shimadzu, model UV-1800, Japan) in
the wavelength range of 300-1100 nm with 0.01 nm resolu-
tion. The elemental composition of the TiO,/CuPc sample was
analyzed using an x-ray photoelectron spectrometer (XPS)
(Thermo K-Alpha) with multi-channel detector, which can
suffer high photonic energies from 0.1 to 3 keV.
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2.4. J-V measurements

The current density—voltage (J/-V) performance of the
devices were tested by using 2420 source meter under
illuminated with AMI.5 from solar simulator 100 mW/cm?
(Photo Emission Tech. INC Camarillo, CA 9312, USA Solar
Simulator, Model # CTS80AAA, Serial # 1038). The illumina-
tion intensity was calibrated with a standard silicon photo-
voltaic traced to the National Renewable Energy Laboratory
(NREL). The following cell configurations were used to record
J-V plots:

Glass/FTO/TNC/CuPc/Al  (Device — 1) (1)
Glass/ FTO/TNC/CuPc/Al (Device — 2) (2)
Glass/ FTO/TNC/CuPc/Al (Device — 3) (3)

All the measurements were carried out at room temperature.

3. Results and discussion

3.1. Schematic energy level diagram of TiO»/CuPc planar
heterojunction

The schematic diagram with energy levels of TiO,/CuPc
planar heterojunction hybrid polymer solar cell is shown
in Fig. 1. The device mechanism is described as below. The
excitons are generated in the charge generation material
(CuPc) upon exposure to light and dissociated into free holes
and electrons at the interface between the electron donor (CuPc)
and electron acceptor (TiO;). Then the free holes and electrons
migrate through their respective transportation channels to the
corresponding electrodes. The TiO, nanostructures can enor-
mously increase the contact areas between CuPc and TiO,,
which offers many more sites for the excitons.

As can be found from the energy levels shown in Fig. 1, the
HOMO of CuPc and TiO, (conduction band) are 5.2 eV and
7.4 eV, respectively. The barrier energy between them forbids
holes running into TiO, effectively. The energy difference

7.3eV
++

Fig. 1. Schematic gnergy level diagram of the TiO,/CuPc device. Energy level
values are given in eV with respect to the vacuum level.

between the LUMO of CuPc (3.5eV) and LUMO TiO,
(4.2 eV) does the same thing on electrons. The slight differ-
ence in energy bands of CuPc and TiO, with their respective
contact electrodes (Al for CuPc, and FTO for TiO,) is
favorable for photogenerated charge carriers transferring from
CuPc and TiO, to Al and FTO electrodes, respectively.

3.2. UV—-vis spectroscopy

Fig. 2 shows the UV-vis absorption spectra of TNC/CuPc,
TNR/CuPc and TNF/CuP thin film samples. All the samples
show, the Davydov splitting (AQ) due to first and second
n—n* transition at 770 and 552 nm respectively [41,42]. Also
same films are showing sharp peak at 380 nm is due to TiO,
band edge absorption. The TNF/CuPc sample shows more
absorption compared to both, this is due to effective light
scattering in the nanoflower morphology of the TiO,.

3.3. X-ray photoelectron spectroscopy (XPS) of TNF/CuPc

Fig. 3(a) shows the XPS survey scanning spectrum recorded
at the raw surface of the TNF/CuPc device. There were eight
relatively strong peaks in the XPS whole scanning spectrum.
The peaks located at about 937, 402 and 290 eV correspond to
the electron states of Cu(2p), N 1s and C 1s in the CuPc
molecule, respectively. The Ti(2p) and O 1s peak is approxi-
mately located at 459 eV and 534 eV respectively [34]. Fig. 3
(b) shows the core level spectra of Cu(2p), with two peaks at
935.55 (Cu(2psp))and 955.46 eV (Cu(2pyp)), indicating a
19.91 eV split of Cu(I), which is consistent with the standard
separation of 19.91 eV. Theoretically, as the interface of CuPc
and TNF films is approached, the intensity of Cu 2p peak
should reduce because of the decrement of copper atomic
concentration, but in fact, the Cu(2p) peak almost stays the

T T T T T T T T T
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= TNR/CuPc T
B —— TNF/CuPc
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s |
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Fig. 2. Optical absorption spectra of TNC/CuPC, TNR/CuPc and TNF/CuPc
samples.
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Fig. 3. The XPS spectra of TNF/CuPc sample (a) representative XPS survey spectrum of TNF/CuPc sample (b) core-levels of Cu(2ps,) and Cu(2p,,), (c) curve fit
of Nls peak, (d) Curve fit of Cls peak, (e) core-level lines of Ti (2ps;») and Ti (2p;,) and (f) core-level lines of Ols (SAT—satellite peak).

same. This may originate from the copper atoms detached
themselves from the chemical bonds in CuPc molecules
diffused into the interface of TNF/CuPc (Fig. 3(b)). For the
C(1s) and N(1s) spectra, the peak area reduces and the peak
positions shift towards higher binding energy. The alteration of
peak positions of C(1s) and N(1s) may be due to the effect of

oxygen originated from the TiO, nanoflower film and absorbed
O, and H,O [43.,44].

As the interface of TNF/CuPc interface come in to picture,
the concentration of oxygen mainly originating from the TiO,
film increases, and the interaction of oxygen with carbon and
nitrogen atoms strengthens, which causes the C 1s and N 1s



S.S. Mali et al. / Ceramics International 40 (2014) 643—649 647

peaks shift towards higher binding energy (Fig. 3(c and d)).
Moreover, from Fig. 3(b) it is clearly seen that the satellite
peak at 289.1 eV is intense, which further indicates that more
oxygen is present close to the TiO, interface. The TNF/CuPc
device exhibits Ti2p photoelectron peaks with a slight asym-
metry at the lower binding energy side of the peaks. Further,
the spectrum of the film does not show a strong satellite at
14 eV from Ti(2p3,») peak which is characteristic of TiO,.
The position of the Ti(2p3.,) peak at 459.1 eV and the shoulder
at 458.0 eV indicate the presence of Ti** and Ti*" oxidation
states. The core-levels of O 1s spectrum shift towards higher
binding energy, which similar to that of C 1s and N 1s spectra,
but the peak area of O 1s spectrum is increases (Fig. 3(f)). The
Ols spectrum shows a main peak at 530.6 eV and a shoulder at
~532.1 eV. The peak at 530.6 eV is assigned to oxygen bound
to tetravalent Ti ions. The observed peak position, the doublet

1.60

—@— TNC/CuPc
—@—TNR/CuPc
—@—TNF/CuPc

0.40 4

Current Density (mA/cm?)
o h
3

0.00

0.0
Voltage (V)

Fig. 4. J-V characteristics of TiO2/CuPc; TNC/CuPc, TNR/CuPc and
TNF/CuPc devices.

separation between the 2p;, and 2ps,, peaks of ~5.67 eV and
the strong satellite at ~14 eV from the main peak are the
characteristic of TiO,. The shape and binding energy of the
Ols peak are similar to that of as deposited layers and could
also be denconvoluted in the same two components.

3.4. J-V measurements of TiO»/CuPc devices

Fig. 4 shows the J-V plots of both the TiO,/CuPc devices.
The average photovoltaic data were summarized in Table 1.
The TNC/CuPc sample shows Jsc=0.834 mA/cm?, Voc=0.419
V with conversion efficiency 0.18%. The TNR/CuPc device
shows 0.20% solar energy conversion efficiency. The highest
conversion efficiency of TNF/CuPc device shows 0.41%. The
Table 1 indicates that the TNF/CuPc device exhibits higher
conversion efficiency than TNC/CuPc and TNR/CuPc devices.
This enhancement is due to the large contact area between TNF
and CuPc facilitated the photoinduced charge transfer from CuPc
to TiO,, which together with 1.182 mA/cm? current density. The
directional alignment of TiO, nanowires was favorable to the
following charge separation and transport processes. Photorecep-
tors from donor—acceptor with high photosensitivities owing
to the photoinduced charge transfer between the donor and the
acceptor. The photographs of fabricated TiO*CuPc devices are
shown in Fig. 5.

The one-dimensional (1D) and well-ordered structure of
TiO, nanoflowers arrays can act as an efficient transport
channel. With the help of the TiO, nanoflowers, the collection
efficiency of electrons is greatly enhanced, leading to an
evident increase of photocurrent. However, the large donor/
acceptor contact area improves the probability to form traps or
recombination centers at the interface. When the devices are
illuminated, traps will be gradually filled before the photo-
current reaches a steady state. Thus the carriers collected by

Fig. 5. Photographs of fabricated TiO,/CuPc devices.

Table 1
Solar cell parameters of TiO,/CuPc devices.

Sample Jsc (mA/cm?) Voc (V) Jmax (mA/cm?) Vmax (V) Rs (Q) Rsh (kQ) Ideality factor (ng) FF (n) %
Device-1 0.834 0.419 0.623 0.407 134 1.035 2.12 0.49 0.18
Device-2 0.865 0.432 0.711 0.434 167 1.457 2.36 0.53 0.20
Device-3 1.182 0.591 0.910 0.493 123 1.224 2.35 0.58 0.41
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electrodes will increase step by step. As the devices are
switched to dark, not only the non-equilibrium electrons in
conduction band of TiO, but also the electrons released from
traps are recombined with holes. For those deep level traps, the
thermal excitation of trapped electrons to conduction band is
difficult so that they can be treated as recombination centers.
Then the photocurrent will reduce slowly depending upon
these releasing courses. A similar process happens in the p-type
semiconductor of CuPc.

4. Conclusions

In conclusion, hybrid polymer solar cells (HPSC) based on
TiO,/CuPc planar heterojunction were successfully fabricated
and tested. Our results revealed that the planar heterojunction
device based on TNF/CuPc sample shows PCE (7)=0.41%
(Jsc=1.182 mA/cm?, Voc=0.591 V). This value is higher
44% and 63% higher than that of TNC/CuPc and TNR/CuPc
based devices respectively. This enhancement is due to the
large contact area between TNF and CuPc facilitated the
photoinduced charge transfer from CuPc to TiO,, which
together with the directional alignment of TiO, nanowires
was favorable to the following charge separation and transport
processes. Photoreceptors from donor—acceptor nanocompo-
sites with high photosensitivities owing to the photoinduced
charge transfer between the donor and the acceptor.
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