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Improving the power conversion efficiency of polymer-based bulk-heterojunction solar cells is a critical issue. Here, we
show that high efficiencies of ∼10% can be obtained using the crystalline polymer PNTz4T in single-junction inverted
cells with a thick active layer having a thickness of ∼300 nm. The improved performance is probably due to the large
population of polymer crystallites with a face-on orientation and the ‘favourable’ distribution of edge-on and face-on
crystallites along the film thickness (revealed by in-depth studies of the blend films using grazing-incidence wide-angle
X-ray diffraction), which results in a reduction in charge recombination and efficient charge transport. These results
underscore the great promise of polymer solar cells and raise the hope of achieving even higher efficiencies by means of
materials development and control of molecular ordering.

The bulk-heterojunction (BHJ) solar cell consisting of semicon-
ducting polymers and fullerene derivatives as the p-type (hole
transport or electron donor) and n-type (electron transport or

electron acceptor) materials, respectively, is an emerging device
that can enable lightweight, large-area, flexible, low-cost and low-
energy fabrication, in contrast to silicon technology1–3. Although
the power conversion efficiencies (PCE) of such polymer-based
BHJ solar cells (PSCs) have improved rapidly in the last decade,
exceeding 9% in single-junction cells4–7 and reaching a milestone
value of 10% in tandem cells8,9, improving the PCE remains a
formidable challenge.

As has been demonstrated in earlier studies on PSCs, the develop-
ment of semiconducting polymers with alternating electron-rich
(donor, D) and electron-poor (acceptor, A) building units (that is,
D–A polymers) is key to improving PCE values10–13. D–A polymers
afford absorption bands in the long-wavelength region (that is, a
small bandgap) due to orbital mixing between the D and A units,
which produces a large short-circuit current (JSC) in PSCs. In line
with this design strategy, numerous D–A semiconducting polymers
have been synthesized. Examples of pioneering works include a cyclo-
pentadithiophene–benzothiadiazole polymer (PCPDTBT)14,15, a
carbazole–benzothiadiazole polymer (PCDTBT)16,17, and a series of
benzodithiophene–thienothiophene polymers (PTBs)18–20.

We have previously reported a new D–A polymer with
quaterthiophene and naphtho[1,2-c:5,6-c′]bis[1,2,5]thiadiazole
(NTz)21,22 as the D and A units, respectively (PNTz4T, Fig. 1).
This polymer is promising, as it shows a high PCE of 6.3% in
single-junction PSCs with [6,6]-phenyl-C61-butyric acid methyl
ester (PC61BM) as the n-type material, thanks to its long-wavelength
absorption in the range of 300–800 nm and a relatively large ioniz-
ation potential of 5.15 eV (ref. 23). Another striking feature of
PNTz4T is that it forms a crystalline structure with a lamellar
motif in which the polymer backbones are π-stacked with a stacking

distance of ∼3.5 Å in the thin film. This π–π stacking distance is
short compared with that of typical high-performance D–A poly-
mers used in PSCs24,25, owing to the strong intermolecular inter-
actions most probably originating in the NTz-based backbone
structure. In addition, PNTz4T forms a ‘face-on’ orientation in
the polymer/PC61BM blend film, which is favourable for PSCs,
but forms an ‘edge-on’ orientation in the polymer neat film that
is suitable for transistors, in which high field-effect hole mobilities
of up to 0.5 cm2 V–1 s–1 have been observed. The high crystallinity
and the favourable backbone orientation explain well the high
photovoltaic performance of PNTz4T. Here, we demonstrate, as a
result of further studies on PNTz4T, that a PCE of 10% has been
achieved in a single-junction PSC with an inverted architecture
and an active layer thickness of ∼300 nm, which is much larger
than PCEs of typical PSCs. Importantly, we have found that the
face-on orientation is more abundant and that the distribution of
the edge-on/face-on orientation through the film thickness is
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Figure 1 | Chemical structure of PNTz4T, a quaterthiophene–
naphthobisthiadiazole (NTz) copolymer.
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more favourable in the inverted cell than in the conventional cell,
which should be key factors for understanding the origin of the
high performance in PNTz4T cells.

Solar cell fabrications and performance
Solar cells with conventional and inverted architectures were fabri-
cated. The cells were composed of indium tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene):polystyrene sulphonate (PEDOT:PSS)/
PNTz4T:PC61BM or [6,6]-phenyl-C71-butyric acid methyl ester
(PC71BM)/LiF/Al and ITO/ZnO/PNTz4T:PC61BM or PC71BM/
MoOx/Ag, respectively. The PNTz4T to PCBM weight ratio was
1:2 in all cases. The active layer was fabricated by spin-coating the
polymer/PCBM blend solution in o-dichlorobenzene (DCB). Note
that no solvent additives were used in this system (for example,
1,8-diiodooctane (DIO) is often used to promote phase separation).

In a conventional cell using PC61BM, a PCE of 6.55% with a JSC
of 12.1 mA cm–2, an open-circuit voltage (VOC) of 0.746 V and a fill
factor (FF) of 72.7% were obtained with an active layer thickness of
150 nm (Supplementary Fig. 1 and Supplementary Table 1). This
observed FF is fairly high considering that the active layer is
1.5 to 2 times thicker than that of typical PSCs (70–100 nm). We
then fabricated cells with even thicker active layers

(Supplementary Fig. 1 and Supplementary Table 1). Similarly to
previous studies using thicker active layers26–30, the value of JSC
increased with increasing thickness. VOC decreased slightly with
increasing thickness, but the change was relatively small.
Although the FF showed a gradual decrease, it remained moderately
high (66.7% at 300 nm). As a result, the overall PCE reached 8.70%
with a JSC of 17.7 mA cm–2 and VOC of 0.738 V at 300 nm (Fig. 2a
and Table 1). The external quantum efficiency (EQE) was generally
high, at 70% in the polymer absorption ranges of 300–500 nm and
600–800 nm (Fig. 2b). In the conventional cell using PC71BM, a
large JSC was obtained compared with the cell using PC61BM
(Fig. 2a), which is due to the increased absorption and thus the
high EQE in the range of 500–600 nm (Fig. 2b), as commonly
observed for PSCs. The PC71BM cells showed a dependence of the
photovoltaic parameters on the active layer thickness
(Supplementary Fig. 2 and Supplementary Table 2), similarly to
the PC61BM cell, and gave the highest PCE of 8.92% with the
290-nm-thick active layer (Table 1).

Interestingly, the inverted cells demonstrated high photovoltaic
performances compared to the conventional cells, in particular in
terms of JSC and FF, as has been observed in other polymer
systems (Fig. 2a,b and Table 1)4,31,32. The inverted cells also
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Figure 2 | Photovoltaic characteristics of PNTz4T-based cells with conventional and inverted architectures. a,b, J–V curves (a) and EQE spectra (b) of the
best cells. c,d, JSC (c) and FF (d) as a function of light intensity. Conventional architectures used are ITO/PEDOT:PSS/PNTz4T:PC61BM or PC71BM/LiF/Al.
Inverted architectures used are ITO/ZnO/PNTz4T:PC61BM or PC71BM/MoOx/Ag.
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showed the thickness dependence of photovoltaic performance
(Supplementary Figs 3 and 4 and Supplementary Tables 3 and 4).
Notably, the PCE reached 10.1% (JSC = 19.4 mA cm–2,
VOC = 0.708 V, FF = 73.4%), with an average of 9.77%, for the
inverted PC71BM cell with an active layer thickness of ∼290 nm,
which is one of the highest PCEs observed in a single-junction
cell. It is interesting to note that PCEs close to 10% were also
observed for the inverted PC61BM cell with a thickness of 280 nm
(PCE = 9.80% (average 9.55%), JSC = 18.2 mA cm–2, VOC = 0.729 V,
FF = 73.9%).

To investigate the reason for the higher FF in the inverted cell
than in conventional cells, we conducted a qualitative study on
the difference in charge recombination between the two device
architectures by plotting JSC and FF as a function of light intensity
(Fig. 2c,d)33. It is clear that for both conventional and inverted
PC61BM and PC71BM cells, JSC increases linearly as the light inten-
sity increases, wherein the number of free carriers increases. The
decrease in FF with increasing light intensity was milder in
the inverted cells than in conventional cells. The difference in the
decrease in FF implies that bimolecular recombination is reduced
in the inverted cell compared with the conventional cell, which
may be one of the reasons for the higher FF in the inverted cell of
this system.

Charge transport property
Charge carrier mobilities of the blend films in the direction perpen-
dicular to the substrate plane were evaluated by using hole-only
(ITO/PEDOT:PSS/active layer/MoOx/Ag) and electron-only (ITO/
ZnO/active layer/LiF/Al) devices (Supplementary Figs 8 and 9).
The polymer neat film was also evaluated in the hole-only device
(Supplementary Fig. 8). Both hole (µh) and electron (µe) mobilities
were obtained using the space-charge limited current model. The
value of µh for the polymer neat film was 7.2 × 10–4 cm2 V–1 s–1,
while those for the blend films with PC61BM and PC71BM were
2.1 × 10–3 cm2 V–1 s–1 and 3.4 × 10–3 cm2 V–1 s–1, respectively. The
higher µh for the blend film than for the polymer neat film is prob-
ably due to the more favourable backbone orientation for vertical
charge transport in the blends23. The µh values for the blends are
fairly high for the semiconducting polymers19 and most probably
originate from the combination of the highly crystalline structure
and short π–π stacking distance (3.5 Å), and the favourable face-
on orientation. It should be noted that µe was also on the order of
10–3 cm2 V–1 s–1 (2.3 × 10–3 cm2 V–1 s–1 for the blend film with
PC61BM, and 1.1 × 10–3 cm2 V–1 s–1 for that with PC71BM). These
results are indicative of the well-balanced hole and electron trans-
port in the PNTz4T/PCBM blend films, explaining the high photo-
voltaic performance for the PNTz4T cells.

GIWAXD studies
The polymer microstructures in the blend films were studied by
grazing-incidence wide-angle X-ray diffraction (GIWAXD)
measurements. Figure 3a,b displays the two-dimensional
GIWAXD images of PNTz4T/PC61BM blend films spun on ITO/
PEDOT:PSS and ITO/ZnO substrates (film thickness, ∼250 nm).
In both cases, a diffraction corresponding to the π–π stacking
appeared only along the qz axis (out-of-plane direction), suggesting

that there is a large population of polymer crystallites with the
face-on orientation34. Nevertheless, diffractions corresponding to
the lamellar structure appeared along both the qz and qxy (in-
plane direction) axes, indicating that edge-on and face-on crystal-
lites co-exist in the film. These results indicate that the polymer
easily forms a crystalline structure in the blend films by spin-
coating from DCB solution onto both substrates. The fact that
PNTz4T/PC71BM blend films also showed similar textures to the
PNTz4T/PC61BM blend films (Supplementary Fig. 11) suggests
that there is no significant difference in polymer crystallinity and
orientation between the PC61BM and PC71BM blend films.

To gain a deeper insight into the orientation, we performed a
pole figure analysis of the blend films35,36. Figure 3c shows the
pole figures extracted from the lamellar diffraction, (100), of
PNTz4T in the two-dimensional GIWAXD patterns for the
PNTz4T/PC61BM blend films on the ITO/PEDOT:PSS and ITO/
ZnO substrates (thickness, ∼250 nm), as shown in Fig. 3a,b (see
insets for a close-up of the lamellar diffraction). We defined the
areas integrated with polar angle χ ranges of 0–45° and 135–180°
(Axy) and 55–125° (Az) as those corresponding to the fractions of
face-on and edge-on crystallites, respectively. It is interesting to
note that the ratio of Axy to Az (Axy/Az) for the blend film on the
ITO/ZnO substrate was 0.79, which was higher than that for the
blend film on the ITO/PEDOT:PSS substrate, namely 0.64. This
means that the population of the face-on crystallite is larger in
the inverted cells than in the conventional cells. This could be
attributed to the difference in wettability of the solution on the sub-
strate surfaces. It has been reported that substrate surfaces with
lower wettability induce a higher tendency for edge-on orientation
to semiconducting polymers in the thin film by spin-coating the
polymer solution37. We therefore measured the contact angle of
DCB, the solvent used for spin-coating, on the PEDOT:PSS and
ZnO surfaces (both coated on the ITO glass substrate), and
obtained average values of 18.5° and 6.1°, respectively
(Supplementary Fig. 19). This suggests that the PEDOT:PSS
surface has low wettability compared to the ZnO surface, which
may explain the larger population of edge-on orientation on the
PEDOT:PSS surface (and larger population of face-on orientation
on the ZnO surface).

We also carried out pole figure analysis of the PNTz4T/PC61BM
blend films on ITO/PEDOT:PSS and ITO/ZnO substrates with
different thicknesses ranging from ∼50 nm to 400 nm
(Supplementary Figs 12, 13 and 16), then plotted Axy/Az as a func-
tion of film thickness (Fig. 3d). For all thicknesses, Axy/Az was larger
for the ITO/ZnO substrate than for the ITO/PEDOT:PSS substrate.
Notably, Axy/Az increased gradually with increasing film thickness
in both cases; that is, the population of the face-on crystallites
increased with film thickness. This suggests that the face-on to
edge-on ratio is not distributed evenly along the film thickness.
One can assume that the orientation in the interfacial layers at the
bottom (PEDOT:PSS or ZnO) and top (air), as well as the thickness
of the interfacial layer, is independent of the total film thickness.
Thus, this increase in the face-on crystallite population mainly
occurs at the bulk, and arises from the increase in the bulk
volume in thicker films. This means that the edge-on crystallites
are abundant either at the film–bottom or film–air interface.

Table 1 | Photovoltaic parameters of the best PNTz4T solar cells.

Cell structure PCBM Thickness (nm) JSC (mA cm–2) VOC (V) FF (%) PCEmax [PCEave] (%)
Conventional PC61BM 300 17.7 0.738 66.7 8.70 [8.46]

PC71BM 290 18.9 0.712 66.2 8.92 [8.65]
Inverted PC61BM 280 18.2 0.729 73.9 9.80 [9.55]

PC71BM 290 19.4 0.708 73.4 10.1 [9.77]

‘Thickness’ indicates active layer thickness; PCEmax, maximum power conversion efficiency; PCEave, average power conversion efficiency; JSC, short-circuit current; VOC, open-circuit voltage; FF, fill-factor.
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In regioregular poly(3-hexylthiophene) films it has been reported
previously that edge-on crystallites exist at the film–bottom layer
interface and that face-on crystallites exist in the bulk and at the
film–air interface38,39. Thus, in the case of PNTz4T, a class of
polythiophene-based polymer, it is natural to consider that the

edge-on crystallites are abundant at the film–bottom layer interface
and that the face-on crystallites are abundant in the bulk through
the film–air interface, regardless of the substrate. The PNTz4T/
PC71BM blend film provided similar results to the PNTz4T/
PC61BM blend film (Supplementary Figs 14, 15, 17 and 18).
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Figure 4 | Schematic illustrations of PNTz4T/PC61BM blend films in the PSCs. a, Conventional cell with PEDOT:PSS as the bottom and LiF as the top
interlayer. b, Inverted cell with ZnO as the bottom and MoOx as the top interlayer. The population of face-on crystallite is larger in the inverted cell than in
the conventional cell. In both cases, the population of edge-on crystallites is large at the bottom interface and the population of face-on crystallites is large in
the bulk through the top interface. Note that the amount of PCBM shown is markedly reduced compared with real cells, and the distribution of the
orientation is exaggerated in order to better visualize the polymer orientation.
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Discussion
We discuss herein the rationale for the markedly high performance
of PNTz4T-based cells fabricated using a thicker active layer with
the inverted architecture. We assume that the high FF and
thus the high efficiency observed, even with thicker films, can be
attributed to the quite high vertical hole transport of the polymer
(µh = 2–3 × 10–3 cm2 V–1 s–1)20,28,29 and the well-balanced hole and
electron transport. The high vertical hole transport apparently orig-
inates in the highly crystalline structure with short π–π stacking dis-
tance and the face-on orientation.

It has been reported by several groups that the vertical phase gra-
dation of the polymer and PCBM, which is characterized by
polymer enrichment at the film–top interlayer (film–air) interface
and PCBM enrichment at the film–bottom interlayer interface, is
responsible for the increased performance in inverted cells31,32.
However, energy-dispersive X-ray spectroscopy (EDS) of the cross-
section revealed that in all the PNTz4T cells the sulphur content
increased weakly from the film–top interface to the film–bottom
interface (Supplementary Fig. 21). This suggests that the polymer is
weakly but gradually enriched towards the film–bottom layer interface.
This ‘reverse’ vertical polymer concentration gradation should be
disadvantageous for the inverted architecture.

Instead, we found that PNTz4T shows a higher tendency to form
the favourable face-on orientation on the ZnO surface than on the
PEDOT:PSS surface (corresponding to the inverted and conven-
tional cells, respectively). It is also important to mention that we
observed unevenly distributed polymer orientations through the
film thickness, as revealed by the in-depth GIWAXD studies. The
population of the face-on crystallites is larger in the bulk through
the film–top interlayer interface, that is, the film–LiF (conventional
cell) or MoOx (inverted cell) top interfaces, and the population of
the edge-on crystallites is larger at the film–bottom interlayer inter-
face, that is, the film/PEDOT:PSS (conventional cells) or film–ZnO
(inverted cells) interfaces, as shown in Fig. 4. Therefore, in conven-
tional cells, where the generated holes flow towards the bottom
PEDOT:PSS layer through the edge-on-rich region, this distribution
of the polymer orientation should be detrimental to vertical hole
transport, resulting in inefficient hole collection. In contrast, in
the inverted cells, where the holes flow towards the top MoOx

layer through the face-on-rich region, this polymer orientation dis-
tribution would facilitate vertical hole transport, leading to efficient
hole collection. This model is in good agreement with the high JSC
and FF, as well as reduced charge recombination, in the inverted cell
compared with the conventional cell.

Conclusions
We have demonstrated PCE values reaching 10% in single-junction
PSCs with an inverted architecture, using PNTz4T as the p-type
material and PC71BM as the n-type material. Notably, these
results have been achieved using a thick active layer measuring
∼300 nm, which is far thicker than the typical thickness for PSCs
and is beneficial for practical use26,28. The high efficiency is most
probably due to the highly ordered polymer structure in the active
layer, in which a highly crystalline structure with short π–π stacking
distance and the favourable face-on orientation are achieved.
Importantly, we have found that polymer crystallites with face-on
orientation are present in greater abundance on the ZnO surface
than on the PEDOT:PSS surface, and that the face-on orientation
is enriched in the bulk and at the top contact, and the edge-on
orientation is enriched at the bottom contact. These unique charac-
teristics in the backbone orientation would facilitate charge trans-
port and reduce charge recombination, particularly in the inverted
architecture, resulting in higher JSC and FF. These results are evi-
dence of the great promise of PSCs and indicate that even higher
PCEs should be realized by careful molecular design using the
NTz moiety.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Materials. PNTz4T samples were synthesized according to a reported procedure23.
The molecular weights (Mn) of the samples were 50–60 kDa, and the polydispersity
index (PDI) was ∼2.5. PC61BM and PC71BM were purchased from Frontier Carbon
Corporation, Solenne BV and Luminescent Technology Corporation. PC61BMs and
PC71BMs from different suppliers gave similar results. PEDOT:PSS (Clevios P VP Al
4083) was purchased from Heraeus. The patterned ITO-coated glass substrates were
purchased from Atsugi Micro.

Thin film characterization. GIWAXD experiments were conducted at SPring-8
on beamline BL46XU. The sample was irradiated with an X-ray energy of 12.39 keV
(λ = 1 Å) at a fixed incident angle on the order of 0.12° through a Huber
diffractometer. The GIWAXD patterns were recorded with a two-dimensional image
detector (Pilatus 300K). Energy-dispersive X-ray spectroscopy was performed with
an atomic-resolution analytical electron microscope (JEOL, JEM-ARM200F).

Solar cell fabrication and characterization. ITO substrates were pre-cleaned
sequentially by sonicating in a detergent bath, then with deionized water, acetone
and isopropanol at room temperature and in a boiled isopropanol bath, each for
10 min. The substrates were subjected to ultraviolet/ozone treatment at room
temperature for 20 min. For conventional cells, the pre-cleaned ITO substrates were
coated with PEDOT:PSS by spin-coating (5,000 r.p.m. for 30 s, thickness of ∼30 nm)
and then baked at 120 °C for 15 min in air. The active layer was deposited in a glove
box by spin-coating hot (100 °C) DCB solution containing PNTz4T and PC61BM or
PC71BM with a weight ratio of 1:2 at 600 r.p.m. for 20 s. The active layer thickness
was controlled by changing the concentration of the solution; for example, an 8 g l–1

solution (based on polymer concentration) typically gave an active layer of
250–300 nm thickness. The thin films were transferred into a vacuum evaporator
connected to the glove box, and LiF (0.8 nm) and Al (100 nm) were deposited
sequentially through a shadow mask under ∼10–5 Pa, with an active area of the cells
of 0.16 cm2. For the inverted cells, the pre-cleaned ITO substrates (masked at the
electrical contacts) were coated with ZnO precursor by spin-coating (3,000 r.p.m. for
30 s) a precursor solution prepared by dissolving zinc acetate dehydrate (0.5 g) and
ethanolamine (0.14 ml) in 5 ml 2-methoxyethanol. They were then baked in air at
200 °C for 30 min, then rinsed with acetone and isopropanol, and dried in a glove
box. The active layer was deposited as described above. MoOx (7.5 nm) and Ag
(100 nm) were deposited sequentially by thermal evaporation under ∼10–5 Pa.

The J–V characteristics of the cells were measured with a Keithley 2400 source
measure unit in a nitrogen atmosphere under 1 sun (AM1.5G) conditions using a
solar simulator (SAN-EI Electric, XES-40S1, 1,000 W m–2). More than 20 cells were
analysed to provide average efficiencies for the optimized cells. The cell data

obtained when using a photomask (0.1225 cm2) were consistent with those without
the photomask (Supplementary Fig. 5 and Supplementary Table 5). No hysteresis
was observed in the J–V curves (Supplementary Fig. 6). PNTz4T/PC71BM cells were
also characterized at the Japan Electrical Safety & Environment Technology
Laboratories (JET) (Supplementary Fig. s7). The light intensity for the J–V
measurements was calibrated with a reference photovoltaic cell (Konica Minolta
AK-100, certified by the National Institute of Advanced Industrial Science and
Technology, Japan). EQE spectra were measured with a spectral response measuring
system (Soma Optics, S-9241). The thickness of the active layer was measured with
an AlphaStep D-100 surface profiler (KLA Tencor).

Hole-only and electron-only device fabrication and measurement. For hole-only
devices, the pre-cleaned ITO substrates were coated with PEDOT:PSS by spin-
coating (5,000 r.p.m. for 30 s, thickness of ∼30 nm)40. The PNTz4T film or the
PNTz4T/PC61BM or PC71BM (1:2 weight ratio) blend film was then spin-coated
from a hot (100 °C) DCB solution (8 g l–1, based on polymer concentration) at
600 r.pm. for 20 s. The thin films were transferred into a vacuum evaporator
connected to the glove box, and MoOx (7.5 nm) and Ag (100 nm) were deposited
sequentially through a shadow mask. For electron-only devices, the pre-cleaned ITO
substrates were coated with ZnO and then with the PNTz4T/PC61BM or PC71BM
(1:2 weight ratio) blend film as described above. LiF (2 nm) and Al (100 nm) were
deposited sequentially. The J–V characteristics were measured in the range of 0−7 V
using a Keithley 2400 source measure unit under nitrogen in the dark, and the
mobility was calculated by fitting the J–V curves to a space charge limited current
model described by

J = 8/9
( )

εrε0μ V2/L3
( )

where εr is the dielectric constant of the polymer, ε0 is the permittivity of free space,
µ is the mobility, V =Vappl − Vbi , where Vappl is the applied voltage to the device and
Vbi is the built-in voltage due to the difference in workfunction of the two electrodes
(determined to be 0.1 for the hole-only device and 0.1 for the electron-only device),
and L is the polymer thickness. The dielectric constant εr is assumed to be 3, which is
a typical value for semiconducting polymers.
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