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We assembled a ternary blend bulk heterojunction polymer solar cell (PSCs) containing P3HT (donor) and PC¢;BM (acceptor)
incorporated with a small molecule oligomer, dihexyl-quaterthiophene (DH4T) as a third component. By optimizing the con-
tents of DH4T, we increased the power conversion efficiency of ternary P3HT:DH4T:PC¢BM PSCs to 4.17% from 3.44% of
binary P3HT:PCq;BM PSCs under AM 1.5 G of 100 mW/cm? intensity. The major improvement is from the increase of the
short circuit current and fill factor that is due to the increased light absorption at short wavelength, the balanced charge carrier
transportation and the enhanced hole evacuation by a DH4T-enriched layer at the anode interface. In this work, we demon-
strated that the efficiency of the PSCs can be enhanced by using low-bandgap conjugated polymer and its oligomer as donors

and fullerene derivatives as acceptors.

ternary polymer solar cells, P3HT:PC¢BM, oligomer, mobility, balanced charge carrier transportation

1 Introduction

Polymer solar cells (PSCs) have attracted more and more
attention as a renewable energy source owing to their ad-
vantages of easy fabrication, low cost, light weight, and the
possibility to fabricate flexible devices [1]. The system of
P3HT: PC4BM PSCs was the mostly studied in the past ten
years due to ease to processing and acceptable reproducibil-
ity, achieving power conversion efficiency (PCE) of 3%—5%
[2,3]. The PCE of PSCs based on P3HT:PC4;BM is mainly
limited by the following factors: (1) a low short circuit cur-
rent density (Ji.) and a low fill factor (FF) may result from
the narrow absorption bands of P3HT and the unbalanced
charge carrier transportation; (2) a low open circuit voltage
(Vo) is due to the large offsets of the energy levels of the
highest occupied molecular orbital (HOMO) of P3HT and the
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lowest unoccupied molecular orbital (LUMO) of PCq BM.
Different strategies have been carried out for tackling
these restrictions in binary P3HT:PCg BM bulk heterojunc-
tion PSCs. Firstly, in order to improve J,, and FF for
achieving high performance PSCs, many research groups
have committed to the synthesis of wide absorption bands
polymer and adopting tandem structure to extend absorption
range of the photoactive layer [4-8]. What’s more, the bal-
anced charge carrier transportation has been obtained by
thermal annealing, synthesizing of high hole mobility mate-
rials and adjusting the blend ratios of donor and acceptor in
bulk heterojunction PSCs [9-11]. Secondly, a series of full-
erene derivatives with high LUMO energy levels have been
synthesized to improve V. of the PSCs [12,13]. However,
both synthesizing new materials and fabricating tandem
PSCs have a lot of technical challenges and involve high
cost. Therefore, we researched a novel device named ternary
PSCs by introduction of an additional component. Ternary
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PSCs with a simple fabrication process are a promising
candidate to extend the absorption spectra and to tune a
suitable energy-level offset, which consequently lead to a
larger J,. and a higher V., respectively [14-29]. Therefore,
we presented a method by introduction of a p-type small
molecule semiconductor into P3HT:PC¢BM as a ternary
structure in order to tackle the two main limitations.

Oligomer DH4T has been studied extensively due to
their unique electronic properties. It has been reported that
DHAT was chosen originally in organic thin-film transistors
(TFTs) as the double blend films with conjugated polymers
for improving the hole mobility [30-33]. Compared with
conjugated polymers, oligomers generally not only absorb
short wavelength light, which is the complementary absorp-
tion of the P3HT:PC¢ BM photoactive layer, but also pos-
sess high mobility for its strong tendency to form molecular
crystals [34-37]. Particularly, the hole mobility of oligothi-
ophenes, including DH4T, DHST, and DH6T is up to 0.5
cm?(V s), much higher than that of polymer P3HT. Fur-
thermore, oligomers have a monomer structure identical to
polymer, so the soluble DH4T in organic solvents may
eliminate the possible disorders and traps caused by mole-
cules with other structures, such as dyes [38].

In this manuscript, we adopted a soluble high hole mo-
bility p-type oligomer (DH4T) as the third component in
P3HT: PC¢BM to balance the charge carrier transportation.
To investigate the function of oligothiophenes DH4T, in-
corporation of different content of DH4T into P3HT:
PC4;BM PSCs was studied as a model system for oligomer
based ternary PSCs. The UV-Visible absorption, X-ray dif-
fraction (XRD), carrier mobility estimated from space-
charged-limited current (SCLC) method and the PSCs
characterizations, showed that the DH4T as a third compo-
nent in P3BHT:PC¢BM, indeed, improves light harvesting at
short wavelength and enhances the hole mobility, leading to
a more balanced charge carrier transportation and a 21%
improvement in PCE.

2 Experimental
2.1 Device fabrication

ITO substrates with a sheet resistance of 10 Q/sq (Aim Core
Technology Co. Ltd, Taiwan, China) were cleaned by se-
quential ultrasonic treatment in detergent, deionized water,
acetone, isopropanol and ethanol, and then treated in an
ultraviolet-ozone chamber for 15 min. Finally, they were
transferred to a nitrogen-filled glove box. Branched poly-
ethylenimine (PEI, Aldrich, USA) with a molecular weight
of 25000 g/mol, was dissolved in methoxyethanol with a
weight concentration of 0.05%. The solution was spin-
coated onto the ITO substrate at a speed of 5000 r/min for
1 min and an acceleration of 1000 t/(min s), followed by
annealing at 100 °C for 10 min on a hot plate. Subsequently,
the active layer was prepared for the o-dichlorobenzene
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(0-DCB) solution of P3HT and PC4,BM (1:1, w/w, polymer
concentration of 18 mg/mL, weight-averaged molecular
weight, M,<50000 g/mol, RiekeMetals Inc., Hong Kong,
China) with/without (w/o) DH4T (blend weight ratios of
DHAT/P3HT=5%, 8%, 10%, 15%) by spin-coating (1000
r/min, 30 s) on the ITO/PEI electrode. The films were dried
in covered glass petri dishes for solvent annealing. A 15 nm
MoOQO; layer and a 100 nm Ag layer were sequentially evap-
orated on the active layers as the anode in a vacuum cham-
ber at a base pressure of 4x10™* Pa.

2.2 Characterization

The current density-voltage (J-V) measurement of the PSCs
was conducted on a computer-controlled Keithley 2400
Source Measure Unit (USA) under simulated AM 1.5 G
irradiation (100 mW/cm?) using a xenon-lamp-based
OrielClass AAA solar simulator. External quantum effi-
ciency (EQE) was characterized on the QTest Station
2000ADI system (Crowntech. Inc., USA). Atomic force
microscopy (AFM) images were obtained using a Bruker
Metrology Veeco Nanoscope III-D AFM (Germany). X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed using a VG ESCALAB MK?2 system with a mono-
chromatized Al Ko under a pressure of 51077 Pa. Trans-
mission electron microscopy (TEM) images were obtained
on a Hitachi instrument operated at 30 kV. High resolution
transmission electron microscopy (HRTEM) images were
obtained on a Tecnai G* F30 S-Twin (FEI Company) in-
strument operated at 300 kV. X-ray diffraction (XRD) pat-
terns were recorded by Rigaku MiniFlex (Japan) diffrac-
tometer with a Cu Ka irradiation source at a speed of
1°/min. UV-Vis absorption spectra were recorded on a Var-
ian Cary 5000 UV-Vis spectrophotometer (USA).

3 Results and discussion

Figure 1(a) illustrates the chemical structures of DHA4T,
P3HT and PC¢BM and the device configuration as follow:
ITO/PEI/P3HT:DH4T:PCsBM/M0O3/Ag. Figure 1(b) il-
lustrates the energy levels of P3HT, DH4T, and PC¢BM.
DHAT has the intermediate energy levels between those of
PC4;BM and P3HT, suggesting that photoexcited excitons
might be dissociated efficiently and that the carriers can be
efficiently driven forward until reaching the electrodes,
which assist to better understand the role of DH4T in en-
hancing the V,. [39].

Figure 2 shows typical J-V characteristics of the PSCs
based on P3HT:PC4,BM and P3HT:DH4T:PCs,BM under
AM 1.5 G illumination. The statistical J, V.., FF, and PCE
of the PSCs are listed in Table 1. For each type, more than
15 devices were fabricated. The P3HT:PCs;BM PSCs ex-
hibited V,. of 0.58 V, J,. of 10.40 mA/cm?, FF of 0.57 and
PCE of 3.44%. The performance of the PSCs improved
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Figure 1 (a) The schematic configuration of the PSCs; (b) the highest

occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy levels of the materials in PSCs.
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Figure 2 The J-V characteristics of the PSCs under AM 1.5 G illumination.

when the content of DH4T was increased until the weight
ratio of 10% and then reduced by further increasing the
DHAT content. The P3HT:DH4T:PCs,BM (1:0.1:1) PSCs
exhibit J of 11.21 mA/cm?, V,.of 0.60 V and FF of 0.62,
yielding PCE of 4.17%, leading to a significant enhance-
ment of 21% in PCE.

Obviously, the significant improvement can be attributed
to the increase of the J, and FF. In the PSCs, J, and FF
were generally affected by several factors such as light ab-
sorption, charge carrier transportation ability and interface
properties. Figure 3(a) illustrates the EQE spectra of the
PSCs. The P3HT:DHA4T:PC¢ BM (1:0.1:1) PSCs exhibited a
response range from 350 to 650 nm, with a maximum EQE
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Table 1 The parameters of the P3HT:PCsBM PSCs and P3HT:DHA4T:
PC4;:BMPSCs with different content of DH4T

P3HT: Jie Voo gp PCE (<10 g (x107 /
DHAT (mA/em?) (V) (%)  cm(Vs) ecm(Vs)) *He
1:0 1040 058 057 3.44 1.17 3.82 0.31
1:005 1050 0.60 0.58 3.65 1.92 3.68 0.52
1:0.08 1084 060 061 3.97 1.95 3.63 0.54
1:0.10 1121 060 062 4.17 3.18 3.56 0.89
1:0.15 1076 0.62 0.59 3.94 3.73 3.02 1.24
70
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Figure 3 (a) The EQE curves of PSCs; (b) the absorption spectra of a
P3HT:PC61BM film and P3HT:DH4T:PC61BM films with different con-
tent of DH4T (color online).

value of 68% at 520 nm. And then the EQE of devices de-
creased with a further increase of DH4T content, which was
consistent with the measured J,. in the corresponding PSCs.
The variations between the integral values deduced from the
EQE curves (9.1 mA/cm?®) and the measured values were
similar to the results in literatures [11]. Compared with the
binary P3HT: PC¢ BM device, the ternary devices showed
an improvement of EQE in the wavelength range 350450
nm, corresponding to the absorption of DH4T because of its
absorption band at 380 nm (Figure 3(b)), which means more
efficient harvesting of photons in this range. Hence, the
enhancement of absorbance at short wavelengths will con-
tribute to the improvement of J..

Futhermore, the electric neutrality during the whole pho-
toelectric conversion process is a key factor for improving
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PSC devices. When the charge transport in the device is
unbalanced (for example, in the pristine P3HT/PC¢BM
system where g4 is significantly lower than z.), hole accu-
mulation occurs in the device, resulting in a loss in effi-
ciency by increased recombination. To further investigate
the dependence of the carrier mobility on the content of
DHAT in the active layer, the carrier mobility was estimated
by the space-charge-limited current (SCLC) model. The
hole and electron mobility in P3HT:PCs,BM and P3HT:
DHAT:PCs,BM PSCs are estimated for hole-only/electron-
only devices. J"2-V curves of the hole-only devices (ITO/
PEDOT:PSS/photoactive layer/MoO;/Au) and the electron-
only devices (ITO/PEl/photoactive layer/Ca/Al) in dark are
shown in Figure 4.

In the trap-free region over the trap-filled limit, which is
the limit of the presence of carrier traps, SCLC can be
characterized by the Mott-Gurney square law [40], J=
(9/8)&,614,(VAIL?), where ¢ is the vacuum permittivity, & is
the dielectric permittivity of the active layer, L is the thick-
ness of the active layer, and g4, is the hole or electron mo-
bility, respectively. The hole and electron mobility of PSCs
with different photoactive layers are listed in Table 1. It
shows that the hole mobility increases with the increase of
DHA4T content. The electron mobility slightly decreases
with an increased content of DH4T in the P3HT:DH4T:

(a)
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Figure 4 The J"-V characteristics of hole-only devices (a) and electron-
only devices (b).
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PC4;BM photoactive layers. The hole mobility and the elec-
tron mobility in the P3HT:DH4T:PC¢BM (1:0.1:1) PSCs
are 3.18x10™ and 3.56x10™* cm?/(V s), respectively, which
are similar to (or slightly higher than) the values reported
earlier for P3HT:PCs,BM blends [11] and the ratio between
electron and hole mobility is close to unity (/. =0.89),
resulting in balanced carrier transport in the active layer.
The balanced hole and electron transportation in P3HT:
DHAT:PC¢;BM (1:0.1:1) PSCs reduces the formation of
space charges in devices, and that is beneficial for mitigat-
ing the charge recombination and a higher FF value of the
corresponding PSCs is obtained, which agrees very well
with the results by Hou et al. [41].

Normally, the charge carrier transportation is dominated
by the performance of the polymer and by the effects of
crystals packing [42]. Therefore, we measured the XRD
patterns of P3HT:PC¢BM and P3HT:0.1DH4T:PC¢ BM
films shown in Figure 5. A sharp diffraction peak at
20=5.5° that corresponds to the (100) orientation of the
P3HT crystallite was observed in the XRD spectra [43]. The
P3HT:PC4,BM pristine film has a lower crystallinity. After
the films introducing 0.1 wt% DHA4T, the intensity of this
main peak increased and the peak width at half-height de-
creased. These features show that the crystallinity of P3HT
in the ternary composite films has been increased. A possi-
ble reason is that DH4T is used as crystallization nucleating
agent in the photoactive layer of P3HT:PC4BM [42].

The morphology of the active layer has been proved to
play an important role in determining the device perfor-
mance. TEM and AFM were used to investigate the effect
of the DH4T on the phase-separation of the active layer.
The topography and phase images by AFM of photoactive
layers in PSCs are shown in Figure 6. The surface rough-
ness of the P3HT:PCqBM films was 2.78 nm, while the
surface roughness of the P3HT:0.1DHA4T:PCs,BM ternary
films increased to 4.01 nm. The enlarged roughness
of P3HT:DH4T:PC4BM films can increase the contact
area between the photoactive layer and the anode [44]. TEM

—— 0% DH4T
—— 10% DH4T

Intensity (a.u.)

20(%)

Figure 5 The XRD patterns of the P3HT:PC¢BM films and P3HT:DHA4T:
PC¢BM (1:0.1:1) films (color online).
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40°

40°

Figure 6 AFM topography and phase images of P3HT:PCqBM films
(a, b), PBHT:DH4T:PCs,BM (1:0.1:1) films (c, d) (color online). Scan size:
500 nmx500 nm.

images (Figure S1, Supporting Information online) correlate
well with the phase images observed with AFM. After add-
ing DHAT, the fibrillar-like P3HT crystals can be obviously
observed in the donor/acceptor interpenetrating network
within the composite film and the width of these fibrillar
crystals was approximately 20 nm, which promotes efficient
exciton charge dissociation and carrier transportation, to
obtain higher J. and FF [45].

Furthermore, the top surfaces of the P3BHT:PC4BM film
and P3HT:DH4T:PC4;BM (1:0.1:1) film were characterized
by XPS to determine the surface composition. The stoichi-
ometric ratio of the components can be calculated directly
from the peak intensities of individual elements [46]. In the
P3HT:PC¢BM film, sulfur can be used as the characteristic
element of the polymer because there is no sulfur in
PCq BM. Therefore, the weight ratios of PCs;BM to poly-
mer at the top surfaces of the films can be evaluated using
C/S atomic ratios obtained from the XPS measurement. The
compositions of the P3HT:PC4BM film and P3HT:DHA4T:
PC4;BM (1:0.1:1) film are provided in Figure 7. The meas-
ured atomic ratio of Cls and S2p peaks in the P3HT is 9.2,
which is very close to the C/S stoichiometric ratio of 10,
proving that the test is reliable. For the P3HT:PC¢BM film,
P3HT:DHA4T:PC¢BM (1:0.1:1) film and P3HT:DHA4T film,
the C/S ratios are 10.23, 9.84 and 7.67, respectively. And
that the C/S stoichiometric ratio in DH4T is 7. Therefore, a
lower C/S ratio is obtained after adding DH4T, which re-
veals that DH4T and P3HT chains enrich at the top of active
layer while PC4BM are present at the bottom of active lay-
er in the inverted PSCs. As is well known, holes are trans-
ported to the anode along the network of electron donor
materials while electrons are transported to the ITO cathode
through the pathways of electron acceptor materials. Thus,
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Figure 7 (a) The S2p, S2s, Cls and Ols XPS of the P3HT:PC¢BM PSCs
and the P3HT:DHA4T:PC¢ BM (1:0.1:1) PSCs, respectively; (b) XPS spec-
tra focusing on the S2p and S2s peaks.
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Figure 8 The J-V curves of the P3HT:PCs;BM PSCs and the P3HT:
DH4T:PC¢BM (1:0.1:1) PSCs (color online).

electron donor and acceptor materials enriched at the top
and bottom surface, respectively, which is favorable for
charge carrier transport and will contribute to better device
performance.

In the leakage dominated regime (<0.5 V), the dark cur-
rent density of the P3HT:DH4T:PC¢BM (1:0.1:1) PSCs is
apparently lower than that of the P3HT:PCqBM PSCs
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(Figure 8), the slightly increased V,. may be attributed to
the reduced leak current according to the Shockley equation
[47].

4 Conclusions

In summary, we incorporated DH4T into P3HT:PC4 BM as
the third component of the PSCs. The PCE of P3HT:DH4T:
PCgBM (1:0.1:1) PSCs increased to 4.17%, which is ~21%
improvement in comparison with 3.44% of the P3HT:
PCqBM PSCs. The improvement is attributed to the in-
creased light absorption at short wavelength, the enhanced
hole extraction by the DH4T-enriched layer at the anode
interface and the balanced charge carrier transportation. Our
results indicate that adding a solution-processed oligomer
into polymer-based PSCs is an efficient method to further
improve the performance of ternary PSCs.
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