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Abstract—We present a simple method to modify the
surface morphology of spin coated nickel
phthalocyaninetertrasulfonic acid tetrasodium salt (TsNiPc)
thin films by means of their immersion in different organic
solvents followed by letting them dry under ambient
conditions. Photovoltaic devices, based on treated TsNiPc
films as donor and perylene-3,4,9,10-tetracarboxylic-
3,4,9,10-dianhydride (PTCDA) layers as acceptor, were
fabricated and tested. The electrical response of the treated
devices under illumination showed significant enhancement
and increased short-circuit current density (ls;) compared to
the untreated devices. We attributed this electrical
improvement to the increased charge carrier transport
within the devices’ active area, produced by the modified
surface morphology of the donor layer that was caused by
the solvent treatment. This morphological variation was
found to increase the interfacial area between the donor-
acceptor components, thereby promoting a higher yield of
photo-generated charge carriers.

Index Terms—soluble phthalocyanine, TsNiPc, PTCDA,
surface morphology, solvent treatment.

I.  INTRODUCTION

Organic photovoltaic devices have recently received
considerable attention for their cost effectiveness, light
weight, and low energy requirements during their
fabrication process [1]-[3]. Nevertheless, compared to
inorganic solar cells, the power conversion efficiency of
these devices is still low for some unsolved nanoscale
morphological-related reasons. One of the basic problems
arising during the fabrication of organic solar cells (OSCs)
is the poor capability of excitons (bounded electron-hole
pairs) to dissociate into free charge carriers and then
transport towards their respective electrodes [4], [5].
Consequently, improvements at the interface of donor-
acceptor to overcome the short exciton diffusion length
and to increase the photogenerated charge carriers [6], [7].
It is known that improving the donor-acceptor interface
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via the formation of nanostructures will lead to a larger
interface area for efficient exciton dissociation, thus
ensuring a better charge carrier transport as discussed in
some literatures [8]-[11]. Moreover, it also provides
percolation path for the dissociated charge carrier to
migrate to its respective electrode [12].

Previous works on bulk heterojunction photovoltaic
device prove that the efficiency of the device is
improving since this device is designed to create a three-
dimensional (3-D) inter-penetrating network between the
donor and acceptor in order to increase the interface area
and prevent recombination of the free charge carrier [13].
In the case of bilayer photovoltaic device, some
researchers produce the nanostructure using surface
modification process which include the slow solvent
vapor treatment and solvent ratio and the donor layer to
achieve the same objectives as the bulk haterojunction
device [14], [15].

In this work, phthalocyanine is used as the donor layer
of the device since phthalocyanine exhibits outstanding
optoelectronic, chemical, and thermal properties [16].
The use of phthalocyanine derivatives, possessing
different central metal atoms (e.g. nickel, palladium, and
platinum) in the process of fabricating organic solar cells,
has shown pronounced effects on the open-circuit voltage,
short-circuit current density, and power conversion
efficiency of the devices [17]. Phthalocyanine with nickel

as the central atom, substituted by
tetrasulfonatedtetrasodium salt to produce nickel
phthalocyaninetertrasulfonic  acid  tetrasodium  salt

(TsNiPc) was selected as donor and perylene-3, 4, 9, 10-
tetracarboxylic-3,4,9,10-dianhydride (PTCDA) as
acceptor. The role of PTCDA as an n-type organic
semiconductor was to assist TsNiPc films in generating
free charge carriers This was done because of the high
hole mobility and weak charge carrier generation
possessed by the single layered TsNipc films [17].
Moreover, the solubility of TsNiPc has allowed us to
deposit its films using a simple spin coating technique
rather than the conventional thermal evaporation process.
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Hence, the current paper is devoted to report a simple
solvent treating method to modify the surface
morphology of the TsNipc films, thereby enhancing the
electrical performance of the fabricated organic solar cell
devices based on TsNiPc/PTCDA heterostructure.

Il. EXPERIMENTAL DETAILS
The organic semiconductors, TsNiPc and PTCDA,

were purchased from Sigma-Aldrich and used as received.

Fig. 1 shows the chemical structure of these materials.
Commercially available indium tin oxide (ITO) coated
glass substrates with a sheet resistance of 7 Q/square
were cut and cleaned with subsequent detergent solutions
of acetone, isopropyl alcohol and deionized water.

(a) (b)

Figure 1. The chemical structure of (a) TsNiPcand(b) PTCDA

The TsNiPc solution was prepared by dissolving the
powder in de-ionized water to produce a concentration of
35 mg/ml. Using this solution and the spin coating
technique, films of TsNiPc with a thickness of about
100nm were coated onto the patterned ITO substrates.
For the sake of modifying the surface morphology, the
TsNiPc films were immersed in toluene or chloroform for
20 minutes, and subsequently dried under ambient
conditions. A 60nm thin film of PTCDA was thermally
deposited onto the treated TsNiPc films to form
heterojunction active layer structures. Finally, aluminum
electrode was vacuum-deposited onto these active layers
to form a set of organic photovoltaic devices composed of
ITO/treated TSNiPc/PTCDA/AL.
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Figure 2. The schematic diagram of the organic solar cells composed
of (a)untreated TsNiPc/PTCDA, and (b) treated TsNiPc/PTCDA bilayer
heterojunction structures

The schematic diagram of the devices is shown in Fig.
2. In order to elucidate the modified morphology of the
TsNiPc films that resulted from the treatment with
different solvents, a Leica S440 Digital Scanning
Electron Microscope (SEM) and Atomic Force
Microscope (AFM) was used. A Jasco V-570 UV-Vis-
NIR spectrophotometer in the wavelength range from 200
to 800nm was utilized to record the absorption spectra of
the active layers deposited on the glass substrates.
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Furthermore, a KLA Tensor P-6 surface profilometer
instrument was used to measure the thickness of the films.
The thickness of the TsNiPc thin films was determined at
about 100nm, while that of the treated TsNiPc/PTCDA
active layers was about 130 to 140 nm. Finally, for the
purpose of analyzing the electrical response, the current-
voltage characteristics of the devices were measured
under ambient conditions using a Keithley 2400
sourcemeter under AM 1.5G standard conditions with a
white light irradiation at 100mW/cm2 from an Oriel solar
stimulator.

I1l.  RESULTS AND DISCUSSION

Fig. 3 shows the SEM images captured for both the
untreated TsNiPc films and those treated with toluene and
chloroform, respectively. A modified surface morphology
of the treated films is a clear result of the treatments.
Both the toluene and chloroform treated films showed the
formation of a fiber-like structure with random
orientation. However, the fiber shapes did not form
during immersion in the poor solvents, but started to
aggregate in the course of the solvent evaporation [18].
Since the boiling point of toluene is higher than that of
chloroform, films treated with toluene took longer time to
aggregate and to form such shapes. Thus, and because the
TsNiPc was more soluble in chloroform than in toluene,
clearer aggregations were produced when the films were
treated with chloroform.

Figure 3. SEM images of TsNiPc films; (a)as-cast, treated with (b)
toluene, and (c) treated with chloroform.

Based on Fig. 4a, 4b and 4c the roughness of the film
varies from 41.426 nm, 15.902 nm and 8.593 nm
respectively. As can be clearly seen from Fig. 4, the
granular structure size and interval region between them
for the untreated film is slightly larger than that the
treated films indicating that etching effect occurs on the
films. This explains why the treated film has smaller rms
roughness value compared to the untreated film. The film
treated with chloroform has rougher surface which
provides larger interface between donor-acceptor of the
photovoltaic device since the size of the granules is larger
as compared to film treated with toluene. Although in this
research the surface roughness did not affect the
absorption coefficient as shown in
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Figure 4. AFM images of NiTsPc films in 3-D (on the left) and in 2-D
(on the right) for the (a) untreated, treated with (b) chloroform, and
treated with (c) toluene.

Fig. 5, when fabricated into heterojunction
photovoltaic device the surface roughness gives
significant changes to the electrical properties of the
device as shown in Fig. 6. Fig. 5-(a) shows the absorption
coefficient spectra of the TsNiPc and PTCDA thin films.
It can be noticed that the PTCDA film absorbs light in the
visible region (400 — 600 nm), while the TsNiPc film is
absorbent in two regions of 300 - 400 nm and 550 - 750
nm, respectively. The peak that occurred at a wavelength
of 630 nm was due to the dimer absorption of the TsNiPc
molecule [19], while the absorption peaks in the high
wavelength regions were usually a result of the electronic
transitions between the molecular bonding and anti-
bonding orbitals, -7 [20].

Fig. 5-(b) shows the absorption coefficient of untreated
and treated TsNiPc/PTCDA heterostructures. No
pronounced difference in the peak absorption coefficients
was observed. However, a relative red shift in the
chloroform treated TsNiPc/PTCDA film can be seen,
which suggests a higher photogenerated charge transfer
between the donor-acceptor components compared to
those of the acetone treated and untreated ones.

We attribute this phenomenon to the effects of solvent
treatment on the morphology of the TsNiPc. As expected,
in the case of the chloroform treatment, the surface
modification was preferentially matched with the PTCDA
acceptor to facilitate a higher donor-acceptor interface

area, thereby enhancing the photo-induced charge transfer.

The shape consistency between the absorption spectra of
TsNiPc/PTCDA structures with those of PTCDA
indicates the predominance of PTCDA photoabsorption
upon blending or bringing TsNiPc into contact with
PTCDA.

©2013 Engineering and Technology Publishing
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Figure 5. The absorption coefficient spectra of TsNiPc, and PTCDA
films (a). As well as, untreated and treated TsNiPc/PTCDA
heterostructures (b).

Fig. 6 shows the electrical photovoltaic performance of
the solar cells incorporated with untreated and treated
TsNiPc active layers. In comparison to the untreated
devices, it was observed that the values of the short
circuit current density (Js.) for the toluene and chloroform
treated devices were increased by factors of four and ten,
respectively. This is where a non-considerable change in
the open circuit voltage (V) was detected (see Fig. 6). It
is accepted that the Js. depends on the absorption
properties of the films and their charge carrier transport.
On the other hand, the open-circuit voltage, V,. can be
approximated by the difference in the electrodes’ work
function or by the difference in the Highest Occupied
Molecular Orbital (HOMO) of the donor and the Lowest
Unoccupied Molecular Orbital (LUMO) of the acceptor
[21].
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Figure 6. The current density — voltage (J-V) characteristics of
ITO/TsNiPc/PTCDA/AI and ITO/treated TsSNiPc/PTCDA/AI devices
under light illumination
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Consequently, from the J-V results shown in Fig. 6, it
is clear that the solvent treatment does not affect the
HOMO and LUMO molecular energy levels of the
materials. Since the same electrodes were used in the
fabrication of both devices, similar V,. resulted for the
untreated and treated solar cells. Referring to Fig. 5-(b),
as was previously discussed, a successive red shift in the
absorption spectra of the treated TsNiPc/PTCDA was
prominent compared to those of the untreated structures.

The dependency of J,. on the photoinduced charge
carriers’ transport between the donors and acceptors
suggests that in the current work, the exciton dissociation
at the interfaces between TsNiPc/PTCDA would have
been enhanced. Therefore, we may conclude that for the
chloroform treated solar cells, a larger interface area
between the TsNiPc donor and the PTCDA acceptor was
produced, leading to a larger J. (11 |4A) compared to that
of the toluene treated ones (6 |A).

This can be explained with the higher solvent effect of
chloroform to aggregate the soluble TsNiPc moieties to
form larger fiber-like shaped structures and to produce a
greater amount of humps and valleys along the surface
area of the treated films (see Fig. 2 and Fig. 3).
Ultimately, as a result of this morphological modification,
a more suitablematching towards achieving a higher
interfacial area is generated.

IV. CONCLUSIONS

In this work, a simple method was demonstrated for
the modification of the the surface morphology of spin
coated TsNiPc thin films, with the aim of enhancing the
electrical properties of TsNiPc/PTCDA based organic
solar cells. This was realized by means of immersing the
TsNiPc films in poor solvents such as toluene and
chloroform, and then allowing them to dry under ambient
conditions. The electrical response of the treated devices
under illumination showed significant enhancement and
increased short-circuit current density (Js.). The toluene
and chloroform treatments increased the Jg. values of the
devices by about four and ten times, respectively,
compared with the untreated devices. We attribute this
electrical improvement to the increased charge carrier
transport within the devices’ active area due to the
modified surface morphology of the donor layer that was
caused by the solvent treatment. This morphological
variation was seen increase the interfacial area between
the donor-acceptor components, thereby promoting a
higher yield of photo-generated charge carriers.

ACKNOWLEDGMENT

The authors would like to acknowledge the financial
support of the Ministry of Higher Education, Malaysia
under FRGS of Grant No FP007/2011A.

REFERENCES

[1]1 B. Kippelen and J. L. Bredas, “Organic photovoltaics,”
Energy & Environmental Science, vol. 2, pp. 251-261,
20009.

©2013 Engineering and Technology Publishing

[2

(31

(4]

(5]

(6]

[71

(8l

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

W. B. Byun, S. K. Lee, J. C. Lee, S. J. Moon, and W. S.
Shin, “Bladed organic photovoltaic cells,” Current Applied
Physics, vol. 11, pp. S179-S184, 2011.

S. C. Gong, S. K. Jang, S. O. Ryu, H. Jeon, H. H. Park, and
H. J. Chang, “Post annealing effect of flexible polymer
solar cells to improve their electrical properties,” Current
Applied Physics, vol. 10, pp. e192-e196, 2010.

M. Morsli, L. Cattin, J. Bernéle, P. Kumar, and S. Chand,
“J-V characteristics of dark and illuminated classical and
inverted organic solar cells based on the CuPc/C60
heterojunction,” Journal of Physics D: Applied Physics,
vol. 43, pp. 335103, 2010.

G. Chidichimo and L. Filippelli, “Organic solar cells:
Problems and perspectives,” International Journal of
Photoenergy, vol. 2010, 2010.

R. Liu, Y. Lei, P. Chen, Q. Song, and Z. Xiong,
“Degradation of organic solar cells studied by
displacement current,” Journal of Physics D: Applied
Physics, vol. 42, pp. 145112, 2009.

S. E. Gledhill, B. Scott, and B. A. Gregg, “Organic and
nano-structured composite photovoltaics: An overview,”
Journal of Materials Research, vol. 20, pp. 3167-3179,
2005.

T. Kudo, M. Kimura, K. Hanabusa, and H. Shirai,
“Fabrication of pn Junction Diodes from Phthalocyanine
and Electropolymerized Perylene Derivatives,” Journal of
Porphyrins and Phthalocyanines, vol. 2, pp. 231-235, 1998.
F. Kaneko and M. Takeuchi, “Morphological
characteristics of perylene-doped phthalocyanine thin films
and their photovoltaic effect,” Applied Surface Science, vol.
142, pp. 598-602, 1999.

T. Kudo, M. Kimura, K. Hanabusa, and H. Shirai,
“Preparation of electro-codeposited film consisting of
phthalocyanine and perylene derivatives,” Journal of
Porphyrins and Phthalocyanines, vol. 3, pp. 310-315, 1999.
S. Karak, S. Ray, and A. Dhar, “Improvement of efficiency
in solar cells based on vertically grown copper
phthalocyanine nanorods,” Journal of Physics D: Applied
Physics, vol. 43, pp. 245101, 2010.

G. Dennler and N. S. Sariciftci, “Flexible conjugated
polymer-based plastic solar cells: From basics to
applications,” in Proc. the IEEE, vol. 93, pp. 1429-1439,
2005.

D. W. Zhao, S. T. Tan, L. Ke, P. Liu, A. K. K. Kyaw, X.
W. Sun, G. Q. Lo, and D. L. Kwong, “Optimization of an
inverted organic solar cell,” Solar Energy Materials and
Solar Cells, vol. 94, pp. 985-991, 2010.

M. N. Yusli, T. Way Yun, and K. Sulaiman, “Solvent
effect on the thin film formation of polymeric solar cells,”
Materials Letters, vol. 63, pp. 2691-2694, 20009.

C. Kwong, A. Djurisi¢, P. Chui, K. Cheng, and W. Chan,
“Influence of solvent on film morphology and device
performance of poly (3-hexylthiophene): TiO< sub>
2</sub> nanocomposite solar cells,” Chemical Physics
Letters, vol. 384, pp. 372-375, 2004.

H. Xi, Z. Wei, Z. Duan, W. Xu, and D. Zhu, “Facile
method for fabrication of nanostructured CuPc thin films to
enhance photocurrent generation,” The Journal of Physical
Chemistry C, vol. 112, pp. 19934-19938, 2008.

G. P. Kushto, A. Mikinen, and P. A. Lane, “Organic
photovoltaic cells using group 10 metallophthalocyanine
electron donors,” Selected Topics in Quantum Electronics,
IEEE Journal, vol. 16, pp. 1552-1559, 2010.

J. L. Yang, S. Schumann, and T. S. Jones, “Tuning the
morphology and molecular orientation of copper
hexadecafluorophthalocyanine thin films by solvent



International Journal of Materials Science and Engineering Vol. 1, No. 2 December 2013

annealing,” Thin Solid Films, vol. 519, pp. 3709-3715,
2011.

S. Kment, P. Kluson, M. Drobek, R. Kuzel, I. Gregora, M.
Kohout, and Z. Hubicka, “Preparation of thin
phthalocyanine layers and their structural and absorption
properties,” Thin Solid Films, vol. 517, pp. 5274-5279,
2009.

F. F. Muhammad, A. I. Abdul Hapip, and K. Sulaiman,
“Study of optoelectronic energy bands and molecular
energy levels of tris (8-hydroxyquinolinate) gallium and
aluminum  organometallic  materials  from  their
spectroscopic and electrochemical analysis,” Journal of
Organometallic Chemistry, vol. 695, pp. 2526-2531, 2010.
F. F. Muhammad and K. Sulaiman, “Photovoltaic
performance of organic solar cells based on DH6T/PCBM
thin film active layers,” Thin Solid Films, vol. 519, pp.
5230-5233, 2011.

[19]

[20]

[21]

MuhamadSaipulFakir iscurrently a post-graduate student
(PhD) in Department of Physics, Faculty of Science,
University of Malaya. He completed both his B.Sc. and
M.Sc. in the same institution. His title for M.Sc. studies is
Preparation and Characterization of Nickel (ii)
PhthalocyanineTetrasulfonic AcidTetrasodium Salt for

©2013 Engineering and Technology Publishing

Organic Solar Cells. His current interests are the well-ordered
nanostructure, interface morphology and charge carrier transport
properties in organic photovoltaic cells.

FahmiFarig Muhammadis now working as a Senior
I Lecturer at the Department of Physics, University of Koya,
. | Kurdistan. Fahmi received his B.Sc.and M.Sc. degrees in
Z Physics and Solar Electricity Systems from the University
if J of Sulaimani (Kurdistan) and University of Mosul (Iraq) in

SIS 2004 and 2007, respectively. He has completed his PhD at
Low Dimensional Materials Research Centre (LDMRC), Department of
Physics, University of Malaya in 2012. His title for PhD studies
was Tris (8-hydroxyquinolinate) Metals for Solution Processed Organic
Solar Cells. His current research interests are Organic Solar Cells and
Organic Nanostructure Materials. Now he is also working as a Research
Collaborator (RC) with our research group.

KhaulahSulaimanis a senior lecturer in Department of

Physics, Faculty of Science, University of Malaya, Kuala
Lumpur, Malaysia. Her current research interests are

1 organic semiconductor device physics, solution process-

+J able organic semiconductor thin films, organic/metal
interface and organic solar cells.

Yaf4





