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All-polymer solar cells are fabricated by using poly(3-hexylthiophene) (P3HT) and fully conjugated donor-acceptor (D-A) block
copolymer (P3HT-PNBI-P3HT) as donor and acceptor materials, respectively. Atomic force microscopy (AFM) and grazing
incidence wide angle X-ray scattering (GIWAXS) analyses reveal that device performance strongly depends on the P3HT:P3HT-
PNBI-P3HT thin film morphology. Indeed, the 𝜋-𝜋 stacking nanomorphology rich in the edge-on orientation is formed in the
P3HT:P3HT-PNBI-P3HT thin film by optimizing the fabrication conditions, for example, thermal annealing temperature and cast
solvent. Consequently, the power conversion efficiency (PCE) of 1.60% is achieved with an open-circuit voltage (𝑉oc) of 0.59V,
short-current (𝐽sc) of 4.43mA/cm2, and fill factor (FF) of 0.61. These results suggest that P3HT-PNBI-P3HT has the huge potential
for the usage as a nonfullerene acceptor material.

1. Introduction

Over the last decade, polymer/fullerene organic solar cells
(OSCs), in which active layers are composed of polymeric
donor and fullerene-based acceptor materials, have been
extensively investigated as revolutionary renewable energy
sources because of their advantages (e.g., low cost, light
weight, flexibility, and facile large scale fabrication) compared
to silicon-based solar cells [1–4]. To date, PCEs of around
10% have been achieved in OSCs [5], mainly through the
development of various specialized polymeric donor materi-
als (e.g., low bandgap polymers). However, acceptormaterials
are, compared to donor materials, far less developed, and
the fullerene derivative, [6, 6]-phenyl C

61
butyric acid methyl

ester (PCBM), is the only conventional acceptor material
for OSCs. One of the major reasons using PCBM as an
acceptor material in OSCs is its high electron mobility (ca.
0.002 cm2/V⋅s) [6]. On the other hand, there are considerable

drawbacks for the use of PCBM in OSCs: (i) negligible light
absorption in the visible-near IR regions, (ii) relatively poor
photochemical and chemical stability, (iii) low miscibility
with donor polymeric materials, and (iv) high cost for syn-
thesis and purification. In recent years, high-performance
OSCs, which depend on the development of polymeric donor
materials, have reached a critical limit. To resolve the current
situation, novel acceptormaterials other than fullerene-based
materials are necessary; in this regard, polymer/polymer
OSCs based on nonfullerene polymeric acceptor materials,
the so-called all-polymer solar cells, are receiving increased
attention [7–12]. Regardless of such attention, the PCEs of
all-polymer solar cells reported in many previous studied
are quite low compared to fullerene-based OSCs [13–15].
Thus, further development of specialized acceptor mate-
rials for OSCs is imperative for realizing high-perform-
ance all-polymer solar cells. For example, arylene bisimide-
based, for example, naphthalene bisimide (NBI) and perylene
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bisimide-based, acceptor materials are considered to be
promising candidates because of their high stability, excellent
acceptor properties due to well-placed LUMO levels, and
high electron mobilities [16–23]. Indeed, several all-polymer
solar cells based on those acceptor materials accomplished
excellent PCEs (2–4%) [20–24].

In previous work, we developed a novel fully conju-
gated D-A block copolymer with NBI-based acceptor blocks
(P3HT-PNBI-P3HT) for a nonfullerene acceptor material
[16]. The fusion of the fully conjugated D-A structure and
NBI-based acceptor blocks provided ideal characteristics
for OSC acceptor materials, that is, broad light absorption,
favorable LUMO level, goodmiscibilitywith P3HT, and so on.
Furthermore, the all-polymer solar cell with the P3HT:P3HT-
PNBI-P3HT blend active layer achieved a PCE over 1.0%.
The previous work is the first example of the use of fully
conjugated D-A block copolymers as acceptor materials for
all-polymer solar cells, and the obtained device performances
demonstrated that the fully conjugatedD-A block copolymer,
P3HT-PNBI-P3HT, had a potential to serve as a nonfullerene
acceptor material.

Toward the higher performance of all-polymer solar cells
based on fully conjugated D-A block copolymers, we herein
investigated the in-depth relationship between device per-
formance and thin film morphology in the P3HT:P3HT-
PNBI-P3HT blend active layer by a combination of AFM and
GIWAXS analyses. By optimizing the device fabrication
conditions, the P3HT:P3HT-PNBI-P3HT blend active layer
with 𝜋-𝜋 stacking nanostructure could be prepared, and a
PCE as high as 1.60% was achieved.

2. Experimental

2.1.Materials. Fully conjugatedD-Ablock copolymers (P3HT-
PNBI-P3HT) were synthesized according to the previous
literature [17]. Poly(3-hexylthiophene) (regioregularity = 91–
94%,𝑀

𝑤
= 50000–70000) was purchased from RiekeMetals,

Inc.

2.2. All-Polymer Solar Cell Fabrication and Measurements.
The typical procedure of ITO/PEDOT:PSS/P3HT:P3HT-
PNBI-P3HT/Ca/Al architecture is as follows: commercially
available prepatterned 15Ω/◻ sheet resistance indium tin
oxide (ITO) substrates (2.0 cm × 1.5 cm) were cleaned and
plasma-etched. Then poly(3,4-ethylenedioxythiophene):poly(sty-
renesulfonate) (PEDOT:PSS) aqueous solution (Clevios PVP
AI 4083) was spin-coated at 4000 rpm for 40 s and sub-
sequently annealed under flowing nitrogen at 120∘C for
10min. Substrates were allowed to cool under nitrogen atmo-
sphere and then transferred to a glovebox. P3HT:P3HT-
PNBI-P3HT blend chlorobenzene solution was spin-coated
at 700 rpm for 90 s, and the active layer was annealed for
15min. The blend solution that 5mg of each polymer dis-
solved in 1mL of chlorobenzene (1 : 1 by weight, conc. =
10mg/mL) was prepared in a glovebox. Then the top elec-
trode consisted of Ca interlayer (20 nm) and Al electrode
(80 nm) was vacuum-deposited. The 𝐽-𝑉 characteristics of
the devices were measured by using a direct-current voltage

and a current source/monitor (Bunko-Keiki, BSO-X500L)
in nitrogen atmosphere under AM1.5G simulated solar light
at 100mW/cm2. The light intensity was corrected with a
calibrated silicon photodiode reference cell (Bunko-Keiki,
BS-520).

3. Results and Discussion

3.1. Performance of All-Polymer Solar Cells with P3HT-PNBI-
P3HT. All-polymer solar cells with the P3HT:P3HT-PNBI-
P3HT blend active layers were fabricated by using P3HT-
PNBI-P3HTs with different molecular weights and compo-
sitions of each block (P1 and P2, see Figure 1(a) for details).
The device architecture is as follows: ITO/PEDOT:PSS/
P3HT:P3HT-PNBI-P3HT (1 : 1 by weight)/Ca/Al. The device
performances are summarized in Table 1. In the P3HT:P1
system, a PCE of 0.50% with𝑉oc of 0.51 V, 𝐽sc of 2.12mA/cm2,
and FF of 0.47 was obtained without thermal annealing. The
PCE gradually improved with an increase in the thermal
annealing temperature and finally reached 1.20% with 𝑉oc of
0.59V, 𝐽sc of 3.28mA/cm2, and FF of 0.62 when annealed
at 200∘C (Figure 2(a)). In the P3HT:P2 system, the high
PCE of 1.28% was also obtained with thermal annealing at
200∘C (𝑉oc of 0.56V, 𝐽sc of 4.57mA/cm2, and FF of 0.50).
Furthermore, the best PCE of 1.60%was achieved when using
dichlorobenzene (DCB) instead of chlorobenzene (CB) as the
cast solvent (Table 1 in Entry 7 and Figure 2(b)). This PCE
improvement was attributed to two factors: (1) enhanced light
absorption of the P3HT:P3HT-PNBI-P3HT blend film due to
thermal annealing (Figure 1(b)) and (2) a significant increase
in 𝐽sc values. Considering that 𝐽sc values are closely related to
the thin film morphology with nanoscale, thermal annealing
and the cast solvent should lead to morphological changes in
the blend active layer, as discussed in many previous works,
resulting in the improvement of PCEs [25, 26].

For comparison with the P3HT:P3HT-PNBI-P3HT sys-
tem, the performance of an all-polymer solar cells with the
P3HT:PNBI blend active layer was then evaluated; conse-
quently, the PCE of that cell was 0.49% (the PCE of the
P3HT:P3HT-PNBI-P3HT system was 1.60% under the same
conditions). Considering that the optical and electrochemical
properties of PNBI were almost same as those of P3HT-
PNBI-P3HT, the other factor such as the nanomorphology in
the P3HT:PNBI blend active layermight cause the quite lower
device performance compared to that of the P3HT:P3HT-
PNBI-P3HT system (see Figure 3(d) and Figure S1 in Sup-
plementary Material available online at http://dx.doi.org/
10.1155/2014/826985 for details).

3.2. Nanomorphology Observation by AFMMeasurement. To
understand the difference in the device performance, the
surface morphology of the P3HT:P3HT-PNBI-P3HT blend
films was investigated by AFM measurements. As depicted
in Figures 3(a)–3(c), no significant differences in the sizes
of the bright and dark domains were found, regardless of
the thermal annealing and cast solvent conditions, whereas
the average root-mean-square (rms) roughness tended to be
largely dependent on the fabrication conditions. The device
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Figure 1: (a) Structural information of P3HT-PNBI-P3HT and (b) UV-vis absorption spectra of the P3HT:P1 blend film. The thermal
annealing was carried out under nitrogen atmosphere for 30min.
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Figure 2: 𝐽-𝑉 characteristics of (a) P3HT:P1 system and (b) highest-performance device with P3HT:P2 system under AM1.5G (100mW/cm2)
illumination.
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Table 1: Results of device performance.

Entry Compositionsa Conditions
(solvent/annealing temperature)b,c 𝑉oc (V) 𝐽sc (mA/cm2) FF PCE (%)d

1 P3HT:P1 CB/as-spun 0.51 2.12 0.47 0.50
2 CB/100∘C 0.54 3.03 0.48 0.79
3 CB/200∘C 0.59 3.28 0.62 1.20
4 P3HT:P2 CB/as-spun 0.49 1.60 0.47 0.37
5 CB/100∘C 0.53 3.53 0.39 0.74
6 CB/200∘C 0.56 4.57 0.50 1.28
7 DCB/200∘C 0.59 4.43 0.61 1.60
a1 : 1 by weight. bCB: chlorobenzene; DCB: o-dichlorobenzene. cThermal annealing was carried out under nitrogen atmosphere for 30minutes. dAverage values
of eight devices.
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Figure 3: AFM height images of P3HT:P2 ((a) Entry 4, (b) Entry 6, and (c) Entry 7 in Table 1) and (d) P3HT:PNBI blend thin films (3𝜇m ×
3 𝜇m).

with a low PCE (PCE = 0.73%, Entry 4 in Table 1) exhibited a
relatively large rms roughness (6.90 nm), and in contrast, the
highest-performance device (PCE= 1.60%, Entry 7 in Table 1)
exhibited the smallest rms roughness (2.53 nm). Even though
the nanomorphology inside the active layer is the most

important factor when discussing device performance [26–
28], the AFM analysis indicated that there was a clear
relationship between device performance and surface rough-
ness. As for the P3HT:PNBI blend film (Figure 3(d)), phase
separation was quite larger due to the aggregation of NBI
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3.9 Å
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units compared to the P3HT:P3HT-PNBI-P3HT blend films;
such large phase separation is not suitable for photoelectric
conversion process because it brought about self-trapping of
excitons, resulting in a low PCE. In the reported all-polymer
solar cells using NBI-based polymers [29], the importance to
prevent the self-aggregation was mentioned for minimizing
self-trapping of excitons. It is likely that good miscibility
of P3HT-PNBI-P3HT with P3HT provided the blend active
layers which mixed well without self-aggregation of NBI
units; this is major advantage of P3HT-PNBI-P3HT over
other NBI-based polymers.

3.3. Nanomorphology Observation by GIWAXSMeasurement.
Next, GIWAXS measurements were carried out to inves-
tigate the in-depth study of the nanomorphology in the
P3HT:P3HT-PNBI-P3HTblendfilms.The as-spunblendfilm
exhibited the (h00) diffractions due to P3HT in the 𝑞

𝑧
axis

(Figure 4(b)). In the 𝑞
𝑥𝑦

axis (Figure 4(c)), three diffractions,
which corresponded to the (100) diffraction due to P3HT
(15.9 Å), (100) diffraction due to PNBI blocks (20.3 Å), and
(010) diffraction (i.e., 𝜋-𝜋 stacking) due to P3HT (3.7 Å),
were clearly observed. After thermal annealing at 200∘C,
the stronger (h00) diffractions due to P3HT were observed
in the 𝑞

𝑧
axis compared to the as-spun film (Figure 4(e)).

In the 𝑞
𝑥𝑦

axis, two kinds of diffractions derived from 𝜋-𝜋
stacking were observed at 3.9 and 3.7 Å in addition to the
(100) diffractions due to P3HT and PNBI (17.0 and 20.3 Å,
resp.). Given that the diffraction at 3.7 Å is corresponding to
𝜋-𝜋 stacking distance between P3HT homopolymers (Figure
S3), the other diffraction at 3.9 Å might correspond to 𝜋-𝜋
stacking of P3HT blocks in P3HT-PNBI-P3HT. Furthermore,
intensities of the diffractions due to P3HT in the the 𝑞

𝑧
axis

and 𝜋-𝜋 stacking in the 𝑞
𝑥𝑦

axis were clearly increased by
thermal annealing, which suggested that thermal annealing
triggered rearrangement of the polymer chains. Eventually,
both P3HT homopolymers and P3HT blocks in P3HT-PNBI-
P3HT were preferentially oriented in the edge-on manner
whereas PNBI blocks were likely to orient in the face-on
manner although the clear diffraction derived from 𝜋-𝜋
stacking of PNBI blocks was not detected because of the low
crystallinity. Quiet recently, the GIWAXS study of a similar
fully conjugated diblock copolymer composed of PNBI and
P3HT blocks was investigated by Wang et al. [30]. Although
their block copolymer had the higher crystallinity than that
of P3HT-PNBI-P3HT because of the less alkyl solubilized
chains, no diffraction derived from 𝜋-𝜋 stacking of PNBI
blocks was observed. Face-on 𝜋-𝜋 stacking of polymer chains
is an ideal nanomorphology for the efficient photoelectric
conversion process (e.g., efficient exciton diffusion and charge
transportation). Indeed, several recent reports demonstrated
the drastic improvements of PCEs were achieved by the face-
on 𝜋-𝜋 stacking nanomorphology in active layers compared
to the devices with the edge-on nanomorphology [26–28].
Even though the P3HT:P3HT-PNBI-P3HTblendfilmhad the
nanomorphology rich in the edge-on orientation, enhanced
polymer-polymer stacking in the thermal annealed film may
attribute to the efficient photoelectric conversion process to
give a high PCE of 1.60% compared to the as-spun film.

4. Conclusions

An all-polymer solar cell with a high PCE of 1.60% was
successfully developed by using fully conjugated D-A block
copolymers with NBI-based acceptor blocks (P3HT-PNBI-
P3HT) as a nonfullerene acceptormaterial. AFMandGIWAXS
analyses demonstrated that the P3HT:P3HT-PNBI-P3HT
blend film could form 𝜋-𝜋 stacking nanomorphology with-
out large aggregates, resulting in high device performance.
This is the major advantage of P3HT-PNBI-P3HT because
poor device performance caused by self-aggregation of NBI-
based polymers in the blend film is a major problem in
several all-polymer solar cells using NBI-based polymers.
These results revealed the huge potential for the fully conju-
gated D-A block copolymer, P3HT-PNBI-P3HT, to be used
as a nonfullerene acceptor material in OSCs, and we believe
that further improvement of all-polymer solar cells based on
P3HT-PNBI-P3HT is possible by fine-tuning of the chemical
structure, more precise control of nanomorphology, device
fabrication conditions, and so on.
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