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In this research, we report a bulk heterojunction (BHIJ) solar cell consisting of a ternary blend system. Poly(3-
hexylthiophene) P3HT is used as a donor and [6,6]-phenyl C61-butyric acid methylester (PCBM) plays the role of ac-
ceptor whereas vanadyl 2,9,16,23-tetraphenoxy-29H, 31H-phthalocyanine (VOPcPhO) is selected as an ambipolar trans-
port material. The materials are selected and assembled in such a fashion that the generated charge carriers could effi-
ciently be transported rightwards within the blend. The organic BHJ solar cells consist of ITO/PEDOT:PSS/ternary BHJ
blend/Al structure. The power conversion efficiencies of the ITO/ PEDOT:PSS/P3HT:PCBM/AI and ITO/PEDOT:PSS/
P3HT:PCBM:VOPcPhO/ALI solar cells are found to be 2.3% and 3.4%, respectively.
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1. Introduction

Organic materials have been investigated for the fabrica-
tion of solar cells in last few decades due to their flexibilities
and solution processable natures. However, the efficiency of
the organic solar cells is still low due to the limited absorption
of the solar spectrum and relatively poor charge mobility. The
bulk heterojuction (BHJ) of a p-type organic materials and a
fullerene derivative are a possible way to be developed into
efficient organic photovoltaic devices. The BHJ concept has
been well thought out as a leading design for organic solar
cells due to better efficiency, tunable properties and processing
costs. ' By this approach, the splitting of the photo-induced
excitons is significantly improved and the exciton diffusion
length issue has been resolved to some extent. However, in
BHJ solar cells the optimum value of the active layer is very
crucial. Although the thicker active layer can increase the op-
tical absorption, the efficiency starts to decline after its certain
critical value due to series resistance and charge recombina-
tion effects. This difficulty might be resolved by introducing
the third component, resulting in optical absorption enhance-
ment and charge transport improvement. [>-6)

A number of binary composite-based photovoltaic
schemes have been proposed so far. P3BHT and PCBM proved
to be the best performing combination that has been regarded
as being prominent for a decade.[”! P3HT exhibits a wide-
ranging absorption in the visible region of the solar band, yet,
there is a fraction of sunlight which must be involved to in-
crease the efficiency of the organic solar cells. In our previ-
ous study, we reported a collection of BHJ blend systems for
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the potential applications in organic photovoltaic devices. 5-11]
The efficiency of up to 9.32% has been stated for a bulk het-
erojunction solar cell of PCDTBT:PCBM,"?! which is very
close to 10%, the minimum value required for real-world
applications.!!?!

Ternary blend based BHJ offers a diverse platform to
improve the absorption. BHJ blend with the selectively lo-
calized organic dye component between BHJ boundaries has
shown improved light harvesting due to both constituents
i.e. dye and polymer donor material.['*! The organic dyes
from phthalocyanine group exhibits strong absorption in the
visible solar spectral regime.“S] For instance, vanadyl 2, 9,
16, 23-tetraphenoxy-29H, 31H-phthalocyanine (VOPcPhO)
shows the main absorption band in a range of 600 nm-800 nm,
where the P3HT captivates very little. Due to the interest-
ing properties of VOPcPhO, the BHJ of P3HT and PCBM are
doped by VOPcPhO, in this study, in order to prepare a ternary
blend system for BHJ solar cells. It is expected that this com-
bination will broaden the absorption range of P3HT:PCBM
blend and could increase the charge generation in the ternary-
blend-based solar cell.

2. Experiment

In our experiment, regioregular poly(3-hexylthiophene-
2,5-diyl) (P3HT), vanadyl 2,9,16,23-tetraphenoxy-29H, 31H-
phthalocyanine (VOPcPhO), and [6,6]-phenyl C61 bu-
tyric acid methyl ester (PCBM) were purchased from
solution of the

Sigma-Aldrich, whereas the aqueous

poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
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(PEDOT:PSS) PH 1000 was purchased from H. C. Starck.
Molecular structures of VOPcPhO, P3HT, and PCBM are
shown in Fig. 1(a). Chloroform was used as a solvent to pre-
pare the solutions of the P3HT, VOPcPhO, and PCBM. The
concentration of each solution was 2 wt%. In order to fabri-
cate the solar cells, first, the PEDOT:PSS was deposited on the
cleaned ITO substrates followed by depositing the composite
films. The thickness of the PEDOT:PSS layer was ~ 40 nm
while the thickness of the active layer was ~ 100 nm. Then the
samples were annealed at 120 °C for 30 min. The top Al elec-
trodes were deposited by thermal evaporation. A schematic
diagram and the energy level diagram of the ternary-blend-
based devices are shown in Fig. 1(b).

The absorption spectra were taken using Shimadzu UV-
3101PC spectrophotometer.
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spectroscopy was performed using RENISHAW Microscope
instrument. The /-V measurements were done under the
AM1.5G-filtered irradiation by using Keithley-2400 source
measuring unit (SMU). Atomic force microscopy (AFM)
has been used to evaluate the morphology composite films.
Figure 2 shows the AFM images of the P3BHT:PCBM and
P3HT:VOPcPhO:PCBM thin films. The morphology of the
P3HT:PCBM thin film exhibits a rather smooth and uniform
surface. However, blending the three compounds together in-
creases the surface roughness of the composite. The increase
in the roughness can be ascribed to an effective reduction in
the charge transport distance and enhancement in the current
density.['%] The rougher surface morphology suggests that the
interpenetrating molecular network is formed in the ternary
blend film. 7!

Fig. 1. (color online) (a) Molecular structures of VOPcPhO, P3HT, and PCBM, and (b) schematic diagram and an energy level diagram

of the P3BHT:VOPcPhO:PCBM-based solar cell.

P3TH:VOPcPhO:PCBM

P3TH:PCBM

Fig. 2. (color online) Atomic force microscopy images of P3HT:PCBM and
P3HT:VOPcPhO:PCBM composite thin films.

3. Results and discussion

Photoluminescence (PL) spectra of P3HT, PCBM,
VOPcPhO blend films are shown in Fig. 3. The spectra are

recorded in a range from 400 nm to 1000 nm by using an ex-
citation wavelength of 325 nm. This study is to observe the
quenching level to estimate the photo-induced charge transfer
efficiency in the blend film. In the composite of the P3HT,
PCBM, and VOPcPhO, a strong emission peak is found in a
range of 700 nm—750 nm, whereas a shoulder lies in a range of
500 nm—600 nm with a peak value at ~ 580 nm. This strong
peak may appear due to the first vibronic band, however the
shoulder arises due to the electronic transitions. The shoulder
peak in P3BHT:PCBM composite is quenched after it has been
doped with VOPcPhO. After the addition of the VOPcPhO,
the peak at 580 nm shows a red shift which suggests that the
photo-induced charge transfer in the blended film is enhanced.
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The peak at 750 nm in (P3HT:PCBM blend): VOPcPhO (1:1.5)
is due to VOPcPhO. The PL spectrum of the pure VOPcPhO
exhibits a broad emission in a range of 530 nm—-600 nm (green
region) with a peak value of 555 nm. It is found that once the
VOPcPhO is added in the matrix of P3HT:PCBM, the inten-
sity of the PL spectrum is considerably reduced and a red shift
is observed. This reduction of the intensity of the PL spectrum
is due to a photo-induced charge transfer in the ternary com-
posite because excitons produced have a restricted lifetime and
can decay or separate through the charge transference.
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Fig. 3. (color online) Photoluminescence (PL) spectra of the composite
films.
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Fig. 4. (color online) UV-Vis spectra for the VOPcPhO, P3HT, P3HT:PCBM,
VOPcPhO:P3HT, and VOPcPhO:P3HT:PCBM composite films.

The photo absorption spectra of the blend thin films are
shown in Fig. 4. In the P3HT spectrum, a peak and two shoul-
ders occur at 518 nm, 550 nm, and 600 nm, respectively, and
there is no absorption after 650 nm whereas the VOPcPhO ex-
hibits two bands.!"®! The Q-band (630 nm—750 nm) lies in the
visible region of the solar spectrum in addition to the Soret
bands in a range of 300 nm—500 nm. The VOPcPhO is suit-
able to the extension of the absorption spectrum to a longer
wavelength. Hence, it looks genuine to add VOPcPhO in the
matrix of P3HT and PCBM in order to extend the photo ab-
sorption of the active layer towards the higher wavelength re-
gion. It is expected that the broader absorption of the com-

posite could help to harvest a wider range of visible spec-
trum, hence, permitting high photo-current output. The exter-
nal quantum efficiency (EQE) for the P3HT:VOPcPhO blend
has been studied in Ref. [8§]. The P3HT:VOPcPhO composite
film can harvest the light over the whole visible range and EQE
in ITO/PEDOT:PSS/P3HT:VOPcPhO/Al structure is found to
be 20 %-25%.

In our previous studies, >'°! we found that the VOPcPhO
show the ambipolar charge transport. In order to discuss
the detailed charge transport behavior of the VOPcPhO, first
we describe the current—voltage (J-V) characteristics for the
P3HT:VOPcPhO solar cells. The device exhibits nonlinear,
asymmetric and rectification behavior. The reverse saturation
current, ideality factor and shunt and series resistances for the
P3HT:VOPCcPhO solar cell are indicated in the inset of Fig. 5.
To examine the mobility of the blend and conduction mecha-
nism possibility in the device, the J-V characteristics are plot-
ted in a logJ—logV scale as shown in Fig. 5. The power law
behavior of the current (/aV™) varying with value of expo-
nent (m) is observed. The values of “m” are 4 and 5 in re-
gions I and II, respectively, in which the current is named the
trapped-charge-limited current (TCLC). However, when the
concentration of injected carriers is greater than that of the
thermally caused free carriers, then the space-charge-limited
current (SCLC) conduction becomes dominant. In fact, when
the number of injected carriers increases rapidly, the traps are
filled and the current has an exponential dependence on the ap-
plied potential instead of the square law dependence (SCLC).
With further increase in applied potential the traps become
filled and the current follows the trap-filled conduction model
and tends into the square law dependence. With the rise in
applied voltage, the number of injected carriers increases and
gives rise to the space charge near the electrode, which is re-
sponsible for limiting the current and giving rise to SCLC con-
duction. The value is calculated in the trapped filled SCLC re-
gion by the formula given in Ref. [20]. The value of mobility
of the blend film is found to be 4 cm?/V-s=7x10~* cm?/Vs.
This value is consistent with the results described in the lit-
erature for P3HT (1 x 107* cm?/V-s—2 x 10~% cm?/V-s).[21]
and VOPcPhO (15.5x1073 c¢m?/V-s).[?2] The efficiency of
the VOPcPhO:P3HT-based solar cells is expected to be lower
(1.09% in Ref. [8]) due to the fact that the both VOPcPhO and
P3HT have low electron mobilities which may be enhanced by
introducing the electron acceptor component with this binary
donor blend. Therefore, a ternary blend with the inclusion of
an electron acceptor component will be investigated below.

In Fig. 6, we show the J-V characteristics for the
ITO/PEDOT:PSS/P3HT:PCBM:VOPcPhO/ALl solar cell under
dark and illumination conditions. The photovoltaic properties
such as open-circuit voltage (V,), short-circuit current den-
sity (Jsc), fill factor (FF), and power conversion efficiency
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(n), are given in Table 1. The Jy. of the P3BHT:PCBM cell
is 7.8 x 1073 A-cm™2. After being doped with VOPcPhO, it
attains a value of 13.5 x 1073 A-cm~2. Consequently, the effi-
ciency of the ITO/PEDOT:PSS/P3HT:PCBM/AL solar cells is
enhanced from 2.3% to 3.4%. The improvement in efficiency
can be credited to two features. Firstly, the wider absorption
range of solar spectrum could enhance charge generation. Sec-
ondly, the excitons produced under illumination disconnected
due to the ternary BHJ which might be limited in binary-blend-
based solar cells.
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Fig. 5. (color online) The J-V characteristics of ITO/PEDOT:

PSS/P3HT:VOPcPhO/Al device under dark condition, plotted on a dou-
ble log scale. The inset shows the dark J-V characteristics plotted on a
semi-log scale.
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Fig. 6. (color online) The current-voltage characteristics of the

ITO/PEDOT:PSS/P3HT:PCBM/AI and ITO/PEDOT:PSS/P3HT:PCBM:
VOPCcPhO/AL solar cells under 100-mW/cm? incident light intensity.

Table 1. The photovoltaic characteristics for the ITO/PEDOT:PSS/
P3HT:PCBM/Al and ITO/PEDOT:PSS/P3HT: PCBM:VOPcPhO/Al
photovoltaic devices.

Entity Vool V. Js/(Alem?)  FF /%

78x1073 051 23
13.5x1073 045 34

P3HT:PCBM 0.58
P3HT:PCBM:VOPcPhO 0.56

4. Conclusions

A dye material VOPcPhO is added into the blend
P3HT:PCBM as an ambipolar material. A significant increase
in the short-circuit current is observed due to the absorption
of light in the region where P3HT:PCMB blend cannot adsorb
light. Finally, we conclude that the ternary blend system could
be a promising fashion to be implemented in bulk heterojunc-
tion solar cells, together with electron acceptor component due
to better charge transfer potential.
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