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Abstract—A solution processed ZnPc:PTDCI bulk
heterojunction solar cells doped with iodine were fabricated
and characterized. Photovoltaic properties of the solar cells
were investigated by optical absorption, current density-
voltage characteristic and external quantum efficiency. The
absorption of ZnPc:1,:PTDCI was observed in the (300-800)
nm region. Solar cells with a power conversion efficiency of
about 2.4% has been obtained using simply drop casting
and spin-coating methods without special treatment. The
peak of the external quantum efficiency characteristics of
the ITO/PEDOT:PSS/ZnPc:1,:PTCDI/Al solar cells is 10%.

Keywords—zinc phthalocyanine; iodine; N,N'-Bis(3-
pentyl)perylene-3,4,9,10-bis(dicarboximide); solar cell
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Organic solar cells based on bulk heterojunctions
(BHJ) from solution are attracting more and more
attention due to the potential for mass production on a
flexible and lightweight substrate. In the recent years,
significant improvements have been made in BHJ solar
cells by combining the molecular design of active
materials and interface layers, morphology control,
manufacturing techniques. The power conversion
efficiencies over 9% have been achieved.

Zinc(IT) phthalocyanine (ZnPc) have been frequently
used as a photo-active layer in photovoltaic applications.
Most of these applications are related to structure of dye-
sensitized solar cells (DSSC) [1-4]. These compounds
have also been used as a donor in bilayer photovoltaic
devices [5]. Many researchers have been attended to
conductive polymer based organic solar cells due to their
easily and cheaply production [6]. Researchers have
concentrated their work on hybrid-structured (organic-
inorganic, organic-MPcs, organic-inorganic nanoparticles
or quantum dots) solar cells as a solution to enhance the
power conversion efficiency of organic solar cells [7,8].
ZnPc is generally used in DSSC based solar cells owing to
higher power conversion efficiency due to their high
optical absorption in the visible region [9]. Moreover,
perovskite solar cells (PSCs) devices produced using
phthalocyanine compounds have achieved excellent power
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conversion efficiencies. Higher PCEs values were
obtained for unsymmetrically ZnPc compounds
containing different substituents such as carboxyl and
three tert-butyl groups [10,11] and symmetrically ZnPc
compounds bearing four tertbutyl [12] or tetra-
methoxyltriphenylamine groups [13,14]. The perovskite
solar cells containing ZnPc with one carboxyl and three
tert-butyl groups show (16 + 1) mA/cm? photocurrent and
(0.95 + 0.07) V open circuit voltage resulting in (13.0 +
0.7)% PCE at 1 sun [15]. On the other hand, the dimeric
Pcs are also used for this purpose with 14.4% PCEs values
[16]. The solar cells based on a blend of ZnPc and
Buckminster fullerene C60 reached value of PCE as high
as 1.9% for single p-i-n structures [17].

The disadvantage of solar cells based on bulk
heterojunction based on phthalocyanines-fullerenes is that
fullerenes are essential as an electron-acceptor material,
but they absorb poorly visible light, reducing the volume
of the fraction occupied by the donor material with high
absorption power. Moreover, fullerenes have a low
tunneling capacity, leading to restrictions placed on the
development of conjugate systems for many attractive
electronic structures to create higher short circuit current
density. In this paper we will replace these fullerenes
with perylene dimiides (PTCDIs) derivatives that would
contribute to better electronic tunneling of carries [18].
These substances also ensure good mobility of the
carriers, are processable in solutions and have a good
light absorption in the visible spectrum, a high
fluorescence quantum yield, and high electron affinity.
For these reasons they are very promising candidates for
application in organic solar cells [19]. Due to these
properties, the representatives of the given family of
organic substances are potential competitors of fullerenes
in the production of photovoltaic devices. PTCDIs
are one class of the most explored organic fluorescent
materials due to their high luminescence efficiency,
optoelectronic properties, and ready to form well-tailored
supramolecular structure.

In this study we use a PTCDI derivative that acts as
an electron acceptor organic material, while ZnPc
corresponds to a donor to form bulk heterojunctions from
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chemical solution. From the available literature and to the
knowledge of the authors the investigations have not been
carried out on the solution processable zinc
phthalocyanine-PTCDI bulk heterojunction thin films
solar cells. In this paper, we are reporting the structural,
optical properties of ZnPc-PTCDI blend and photovoltaic
parameters of the Organic Solar Cells (OPV) based on
ZnPc-PTCDI thin films bulk heterojunctions.

II.  SYNTHESIS OF ZNPc:PTCDI THIN FILMS AND

DEVICES

Commercially available zinc phthalocyanine and
N,N’-Bis(3-pentyl)perylene-3,4,9,10-bis(dicarboximide)
(PTCDI) powders (98% purity) were purchased from
Sigma Aldrich and were used without further
purification. The formic acid (FA) (99% purity) also,
purchased from Sigma Aldrich were selected as the
solvent for ZnPc and PTCDI. The ZnPc powder was
added to the solvent of 98% concentrations of formic acid
(FA). In the ZnPc/FA solution the aggregation of
undissolved ZnPc was observed. The solution was
prepared by dissolving the ZnPc at a concentration of 1
mg/ml into FA solvent. The same procedure for
solubilization of the N, N'-bis (3-pentyl) perylen-
3,4,9,10-bis (dicarboximide) was used: 1.0 mg/ml in FA.
To improve the conductivity of ZnPc and PTCDI thin
films, they were doped with iodine. Both ZnPc and
PTCDI solutions were sonicated for 1 hour and then were
mixed in the different weight ratios. The structure of the
films was analyzed by X-ray Bruker D8 advanced
diffractometer (using CuK, radiation with A=1.5406 A).
The crystallite size (D) was calculated from the XRD
patterns according to the well-known Scherer equation
[201]:
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where f is the full-width at half-maximum (FWHM)
peak for a Bragg angle 6, and A is the wavelength of the
X-ray radiation. The structure was also investigated with
Raman spectroscopy at an excitation light wavelength of
532 nm. The optical absorption spectroscopy of the
ZnPc:I,:PTCDI blend films at different composition was
measured using a JASCO 7600 UV-Vis-NIR
spectrophotometer. For the device fabrication the
ZnPc:I,:PTCDI on ITO glass substrates (~8 Q/[]) were
synthetized. To increase the work function of the ITO
oxide and to improve the electrical connection between
ITO and organic active layer, a layer of PEDOT:PSS was
spin-coated. An Al electrode was thermally deposited
onto the ZnPc:1,:PTCDI layer using a vacuum deposition
system at a pressure of about 5 x 10 Pa. The current
density—voltage (J-V) characteristics were measured
under 100 mW cm 2 solar simulator using a Keithley
2400 Source-Meter-Unit. External quantum efficiency
(EQE) measurements were measured using 90 W Xenon
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lamp as light source connected via an optical fiber to an
ACTON Spectra Prol50 monochromator and an EG&G
7260 DSP Lock-in amplifier. The key device
photovoltaic parameters such as fill factor (FF) can be
estimated by [21]:

il

N PIT_-
FF = L
Jse¥Foc

Jse Vo

(2)

where P, is the maximum power generated, with the

current density and voltage marked as J;;, and V,,,, and Js¢

is the shortcircuit current density, Voc _open-circuit

voltage. The shunt Ry, and serie Ry rezistances are the
important factors that limit the FF of solar cells.

The power conversion efficiency (PCE) can be

calculated by [21]:
l,jl'lll
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where Py, is the incident light power on the device.

III. STRUCTURAL AND OPTICAL PROPERTIES OF

ZNPC:PTCDI THIN FILMS

The X-ray diffractograms of the undoped and ZnPc
thin films doped with iodine (I;) deposited from FA
solution and thermally annealed at different temperatures
are presented in Figure 1 .
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Figure 1. The XRD patterns of untreated and thermally annealed
ZnPc:], thin films at different temperatures: V1a- untreated, thermarly
annealed : V1b — 100 °C, V1c- 200 °C, V1d- 300 °C, Vle- 400 °C.

According to the data revealed in the Figure 1, it can
be stated that the transition from a-f phases to a single
stable  phase occurs in the temperature range of 200-
300°C. Zinc phthalocyanine powder (purchased from
Sigma Aldrich used without further purification) from
which all the thin films were synthesized, was present in
the B crystalline phase [22]. It seems that the protic
solvent FA has an essential impact on the ZnPc.
Likewise, doping with iodine influences the ZnPc
component. Also in this temperature range, as can be seen
from the diffractograms shown in Figure 2 (a) for the
ZnPc:1,:PTCDI thin layers V3a, V3b, V3¢, V3d and V3e,
resulting from the disappearance of intense maxima at
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26=5.26 degrees, that means complete elimination occurs
of the PTCDI component from the thin layers. On the
other hand, from the data presented in the XRD
diffractograms from figure 2 (b) for thin layers V4a, V4b,
Védc, V4d, V43, and from the comparative analysis of
diffractograms for V3d and V4d samples, we revealed
that iodine doping has a certain influence on the retention
in the layers of PTCDI component even at temperatures
above 300 °C. This suggests firstly the preservation of a
certain amount of iodine (more likely the ionic type) in
the analyzed systems, and secondly it indicates the
intensification of interactions at the boundaries of the
ZnPc and PTCDI phases.
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Figure 2 (a, b). The XRD patterns of untreated and thermally
annealed ZnPc:L,:PTCDI thin films at different temperatures, V3a, V4a -
untreated, thermally treated V3b, V4b — 100 °C, V3c, V4c —200 °C, V3d,

V4d- 300 °C, V3e, V4 e- 400 °C.

It follows that the stabilization of the B-phase of zinc
phthalocyanine thin films during annealing and the
simultaneous preservation of certain iodine species
and the PTCDI perylene acceptor component due to
the intensification of ZnPc and PTCDI interactions,
should contribute to the facilitation of electrical
charge transfer at the interface of these components in
the volume of heterojunctions obtained on the basis of
thin layers of the given type. To confirm the presence
of iodine species in the doped thin layers, Raman

analysis was performed. In Fig. 3 it has been found
that all Raman signals for ZnPc after iodine doping
decrease. The presence of Znl,(HCOO),PcH,
molecular complex in Fig. 3 is revealed by the signal
located at 164 cm™. Such a band has been observed in
several publications [22-24]. In addition, iodine
doping contributes to the broadening of the signal
corresponding to the tensile vibrations of the
isoindole units at 1335 cm™ and to the disappearance
of the signal corresponding to the tensile vibrations of
the pyrrole unit at 1580 cm’.
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Figure 3. Raman spectra of undoped Vla, V3a ZnPc and ZnPc:PTCDI
thin films and doped with iodine -V2a, V4a, respectively.

For the ZnPc thin layer doped with iodine and
thermally annealed at 100°C for 30 minutes, the signal
attenuation was recorded at 164 cm™ (Figure 4), and for
those anealed at higher temperatures, the disappearance of
this signal was found. These findings suggest the removal
of molecular iodine from the thin films, and the gradual
desorption of iodide ions from the ZnIx(HCOO)yPcH2
complex during annealing.
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Figure 4. Raman spectra for untreated V2a and thermally annealed V2b,
V2c, V2d and V2e ZnPc thin films obtained from doped 4ZnPc:11,/FA
saturated solution.
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The absorption spectra were measured for saturated
solutions where molar concentration of ZnPc was 4.32
mol - m”. The absorption spectra are presented in Fig. 5.
The absorption spectrum of ZnPc thin film obtained by
thermal evaporation in vacuum, the two solvatochromic
bands Q and B presents [25].

The Q band occurs due to the transition from the
ground state a;, (r) HOMO to e, (n *) LUMO. The Q
band splits into three distinct peaks. The splitting of the Q
band is probably due to the vibration coupling in the
excited state. [26]. The bands situated at 1.92 eV and 1.73
eV involve the transitions ay, to e, and 2a,, to 7e, in ZnPc
macrocycle, and the one at 1.65 eV can be attributed to the
excitonic transition or vibrational region. The appearance
of the solvatochromic B Soret band with the two peaks
located at 3.39 eV and 3.72 eV can be attributed to the
n-nt* transition [25]. The absorbance spectrum for the
saturated ZnPc/FA solution shows the same absorption Q
and B bands, but they are wider and shifted to longer
wavelengths, compared to those of the ZnPc layer
obtained by vacuum thermal evaporation [27]. Probably,
the shift of the solvatochromic bands are due to the
interactions of zinc phthalocyanine with the FA solvent,
resulting in the formation of supramolecular
Zn(HCOOH)xPc complexes.
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Figure 5. The absorption spectra for undoped and doped ZnPc thin
films prepared from ZnPc/FA solutions and ZnPc thin film obtained by
thermal vacuum evaporation.
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Figure 6. The absorption spectra for undoped ZnPc and ZnPc:PTCDI thin
films and doped with iodine in formic acid.
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The absorbance spectra of undoped ZnPc,
ZnPc:PTCDI (ratio proportion (2:1)) and doped with
iodine in formic acid are illustrated in Figure 6. It is
observed that the absorption spectrum of ZnPc:1,:PTCDI
is more structured than that of the undoped mixture. At the
same time, we find that iodine doping contributes to the
increase of the absorbance intensity and the spectrum
shows more intense peaks in both Q and B solvatochromic
bands. According to the reference [23], at a sufficiently
high ratio of I: Zn in aqueous solutions it is possible to
form complexes with changing Zn>* coordination from the
octahedral configuration to the tetrahedral configuration.
The presence of these well-pronounced peaks
demonstrates the formation of the supramolecular
complex due to the self-assembly of ZnPc:I, and PTCDI
in saturated solutions.

IV.  SOLAR CELLS CHARACTERIZATION

The ITO glass substrates with ~8 €/Square resistivity
were sonicated in acetone, in ethanol and dried under
hydrogen flow. Then a 120 nm thick buffer layer of
PEDOT: PSS was spin-coated onto a ITO substrate at
2500 rpm and subsequently annealed in vacuum at 150°C
for 30 min. The absorber layer of the bulk heterojunction
solar cell is made of ZnPc:I, donor and PTCDI acceptor
molecules.
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Figure 7. The schematic configuration of solution processable
glass/ITO/ PEDOT:PSS/ZnPc:1,:PTCDI/Al solar cell.
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Figure 8. The current density—voltage (J-V) characteristics of
ITO/PEDOT:PSS/ZnPc:1,:PTCDI/Al solar cells.
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A solution of ZnPc:I,:PTCDI in 98% of FA was made
and was dropped on the glass/ITO/PEDOT:PSS substrate.
The solution-processable bulk heterojunctions solar cells
consists of  glass/ITO/PEDOT:PSS/ZnPc:1,:PTCDI
structure. Finally, aluminum (Al) electrodes were higher
vacuum thermally evaporated. The incident light enters in
the device through transparent ITO side and is absorbed
in ZnPc:I,:PTCDI. The absorbed photons result in the
creation of bound electron-holes pairs in the absorbing
layer, called excitons. Some of these excitons diffuse to
the ZnPc:I,:PTCDI/Al interface where dissociate to
electrons and holes. The schematic configuration of
solution processable glass/ITO/ PEDOT: PSS/ZnPc: I,:
:PTCDI/Al solar cell is shown in Figure 7.

The photovoltaic parameters are presented in Table 1.

TABLE L. The photovoltaic parameters: current-density (Js), open
circuit voltage (Uoc), fill factor (FF) and efficiency (1), series (R;) and
shunt (Rg), resistances of ITO/PEDOT:PSS/ZnPc: I,: PTCDI/Al solar

cells
drops Jsc, ) Ucp, FF, n, Rs, s Rsn, )
mA/cm \ % % Ohm-cm Ohm-cm
10 3.9 0.53 37.16 | 0.77 113.17 529.02
20 4.7 0.51 50.97 1.23 21.00 307.87
30 7.6 0.61 51.25 | 2.39 19.81 458.79
40 7.3 0.60 | 40.91 1.81 35.13 405.74
60 4.6 0.62 | 2485 | 0.71 109.35 161.11

According to the Table 1 the photovoltaic parameters
of ITO /PEDOT:PSS/ZnPc:I,:PTCDI/Al depend on the
layer thickness (solution volume). It is observed that
initially, with the increase of the layer thickness (number
of drops), the open circuit voltage decreases, and then it
starts to increase. The density of the short-circuit current
increases with the increase of the thickness (number of
drops) and at the highest thickness it decreases and
reaches the value of 4.6 mA /cm®. This current-density
corresponds to the highest value of the open circuit
voltage of 0.62 V. It is well known that the behavior of
the p—n junction is simulated by a diode, and the current
losses (such as bulk resistances of materials and
electrodes, or current leakage) can be modeled by series
resistance (Rg) and shunt resistance (Rg,), respectively. It
is widespread proved that the equivalent circuit model is
applicable to organic solar cells. Therefore the shape of
the J-V curves can be limited by the three elements in the
equivalent circuit model. These are FF , R;and Rg,. The
FF is the parameter that determine the PCE of organic
solar cells. R induces a voltage drop on itself, so it can
divide the applied voltage from the diode. Therefore the
larger the R is, the less voltage drop on the diode, which
results in a slower increase of J with V. Ry, has the effect
of dividing current from diode, which makes it exhibit the
opposite trend to that of R;, When a reverse bias is
applied, J should be small for the blocking effect of diode
under reverse bias. However if Ry, is small, then the
current under reverse bias will flow into Ry, and J will
increase linearly with the increasing reverse voltage. This
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will also lower FF. In the fabricated solar cells, reduction
of R; is effective means to improve the performance of
the device. Also, the thickness of the blend layer, the
interface between the active layer and electrodes, and the
illumination intensity are three variables that can
influence Ry, and ultimately impact on FF. The
dominating contribution to the Ry is caused by the large
resistivity of the ZnPc:I,: :PTCDI organic thin films. The
best efficiency of conversion of solar energy into
electricity for ITO/ PEDOT:PSS/ZnPc:1,: :PTCDI/Al
solar cell reaches the value of about 2.4%.

The external quantum efficiency (EQE) for the ITO/
PEDOT:PSS/ZnPc:1,:PTCDI/AIl structure is illustrated in
Figure 9. The study of the distribution of external
quantum efficiency showed that the photosensitivity
range is between 300 nm and 800 nm wavelengths.
Photosensitivity of the ITO/ PEDOT:PSS/ZnPc:1;:
:PTCDI/AI structure is higher from 500 nm to 800 nm,
and as the thickness of the ZnPc:I,:PTCDI Ilayer
increases, the external quantum efficiency decreases.
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Figure 9. The external quantum efficiency characteristics of the ITO/
PEDOT:PSS/ZnPc:1,:PTCDI/ALl solar cells.

The charge transfer (CT) is affected by recombination
during the move of electrons and holes to the electrodes,
especially if are transported by the same material.

CONCLUSION

The solution-processable bulk heterojunctions solar
cells with ITO/PEDOT:PSS/ZnPc:1,:PTCDI structures
using low cost drop casting and spin coating methods
were fabricated. The optimized solar cell composition in
this investigation is the 2:1:1 of the ZnPc:I,:PTCDI
mixture at which the Js¢, Voc, FF, and i) are 7.6 mA/cmz,
0.61 V, 0.51, and 2.39 %, respectively. The R has a
pronounced effect on the shape of J-V curve around Vg,
large Ry divide the voltage from the diode, leading to a
slower rise of J with increasing positive V and FF
decreases.
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