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We report on the realization of all-polymer solar cells based on blends of poly(3-hexylthiophene-2,5-

diyl) (P3HT) as a donor and poly{[N,N0-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-

2,6-diyl]-alt-5,50-(2,20-bithiophene)} (P(NDI2OD-T2)) as an acceptor. High fill factors are

demonstrated for the first time in this class of devices suggesting high dissociation efficiency for the

bounded electron–hole pairs and balanced electron and hole mobility along the thin films. The use of

the high-mobility n-type P(NDI2OD-T2) polymer enables us to overcome one of the problems limiting

the efficiency of all-polymer solar cells, resulting in fill factors comparable with those reported for

fullerene-based devices.
Introduction

Solution-processed polymer solar cells (PSCs) have attracted

great interest during the last few years as a promising low-cost

alternative to the conventional silicon-based photovoltaic

devices.1,2 The fabrication of these devices by solution-processing

the photoactive layer offers an important advantage to enable

flexible, roll-to-roll and large-area photovoltaic technologies.3 A

breakthrough in this field originated in the engineering of

ordered thin film bulk heterojunction (BHJ) solar cells composed

of electron donor (D) and electron acceptor (A) semiconductors

as the photoactive layer.4,5 To date, the most efficient PSCs are

based on polymer/fullerene derivative blends6 and the design/

synthesis of new p-type polymers has dramatically improved the

power conversion efficiencies (PCEs), now surpassing 7%.7

However, due to the low extinction coefficient of the fullerene

derivatives, only a limited part of the solar spectrum is generally

harvested.8 In this respect, polymer (donor)/polymer (acceptor)

blends may offer several advantages compared to the polymer/

fullerene ones. By tuning the absorption profile of each compo-

nent, all-polymer blends may allow for covering complementary

parts of the solar spectrum thus improving the final power

conversion efficiency.9,10 On the other hand, blending of two

polymers generally results into microscopic phase separation
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which dramatically reduces the donor–acceptor interfacial area

thus reducing exciton dissociation probability. Such donor and/

or acceptor morphological domains must be reduced to the size

of the exciton diffusion length (ca. 5–10 nm), in order to enhance

the PCE.11–13

Promising results have been reported so far for all-polymer

solar cells and efficiencies approaching 2% have been demon-

strated.13–16 Unfortunately, such performances are relatively

poor as compared to those of fullerene-based devices. One of the

main reasons limiting the efficiency of the all-polymer SCs is the

low fill factor (FF), typically less than 30%. Although the origin

of the reduced FF in all-polymer SCs has not been fully clarified,

it is largely attributed to a low dissociation efficiency of the

bound electron–hole pairs. The low dielectric constant of poly-

mer with respect to the fullerenes, the unfavorable mixing

properties of the macromolecules, as well as the low bulk carrier

mobility are some of the loss mechanisms contributing to limit

the FF. The employment of low-performing n-type polymers, for

example, results in unbalanced bulk carrier transports where the

electron mobility is far lower than the hole mobility, leading to

space-charge effects.17 Kim et al. have shown that the low elec-

tron mobility of poly(9,9-dioctylfluorene-co-benzothiadiazole)

(F8BT) is mainly responsible for the reduced FF (ca. 36%) of the

all-polymer SCs of this polymer in the blend with regioregular

poly(3-hexylthiophene-2,5-diyl) (P3HT), demonstrating the PCE

of 0.13%.18 Thus, new high-mobility n-type polymers are needed

to improve the efficiency of all-polymer SCs.

Herein, we report the realization of all-polymer solar cells

based on the blend of poly{[N,N0-bis(2-octyldodecyl)-naphtha-

lene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,50-(2,20-bithio-

phene)} (P(NDI2OD-T2), ActivInk� N2200)19 as an electron

acceptor and P3HT as an electron donor. The use of

P(NDI2OD-T2) enables us to reach high fill factor close to 70%,

indicating a large balanced electron and hole mobility. A solvent
J. Mater. Chem.
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Fig. 1 (a) Chemical structures and energy level diagram of P(NDI2OD-

T2) and P3HT. (b) Absorption spectra of P3HT (dash-dotted line),

P(NDI2OD-T2) (dashed line) and blend (solid line) thin films.
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dependence of the PCE was observed, suggesting that the opti-

mization of the final active layer morphology could be one of the

factors limiting the efficiency.

Experimental section

Materials and device fabrication

The poly{[N,N0-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(di-

carboximide)-2,6-diyl]-alt-5,50-(2,20-bithiophene)} (P(NDI2OD-

T2), ActivInk� N2200) was obtained from Polyera Corporation,

USA. A batch with a molecular weight of �250 kDa and a PDI

of �5 was used. The P(NDI2OD-T2) was blended with

regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT) purchased

from Rieke Metals with regioregularity >98% and average

molecular weight <50 kDa.

The photovoltaic property of the blend was studied in the

device structure composed of ITO/PEDOT:PSS/polymer blend/

LiF/Al. Indium tin oxide (ITO)-coated glass substrates were

cleaned stepwise in soap, demineralized water, acetone and

isopropanol under ultrasonication for 5 min each and subse-

quently dried in an oven at 140 �C for 10 min. The substrates

were then treated with ultraviolet ozone plasma for 20 min. A

thin layer (�50 nm) of PEDOT:PSS (Clevios P VP AI 4083) was

spin-coated onto the cleaned ITO substrates and annealed in an

oven at 140 �C for 10 min. The substrates were transferred into

a nitrogen-filled glovebox (<0.1 ppm O2 and H2O) for the active

layer coating and electrode deposition. The polymer blends,

having different donor–acceptor weight ratios, were spin-coated

on the PEDOT:PSS-coated substrates with an active layer

thickness of 80–110 nm from chlorobenzene (CB), o-dichloro-

benzene (o-DCB) and xylene (Xy) solutions after filtration with

a 0.45 mm PTFE syringe filter. Variations of few tens of nano-

metres in the active layer thickness were not observed influencing

significantly the device performance. The film thickness was

measured by using a DekTak II profilometer. Metal contacts

were fabricated by thermal evaporation at a pressure <10�6 mbar

with a device area of 4 mm2, as defined by a shadow mask.

Characterization methods

Current–voltage characteristics were measured inside the glove-

box by using a Keithley 2400 source/measure unit under AM 1.5

G illumination at 100 mW cm�2. The incident-photon-to-con-

verted-current efficiency (IPCE) was measured using a lock-in

amplifier (SR830, Stanford Research Systems) coupled with

a monochromator and a xenon lamp under short-circuit condi-

tion.

Absorption measurements were performed on freshly

prepared thin films by using a Perkin Elmer Lambda 900 spec-

trometer.

The morphology of the active layers has been inspected by

atomic force microscopy (AFM) in air using a Multimode

Nanoscope IV (Digital Instruments, Santa Barbara, CA)

working in a tapping mode. Etched-silicon probes with a pyra-

midal-shape tip having a nominal curvature of 10 nm and

a nominal internal angle of 35� were used. The height and phase-

lag images were obtained by raster scanning 512 � 512 points

with a scan rate below 1 line per second at a tip resonance

frequency of 330 kHz.
J. Mater. Chem.
Results and discussion

The chemical structures of regioregular P3HT and P(NDI2OD-

T2), along with the relative energy level diagram and absorption

spectra are shown in Fig. 1. The HOMO and LUMO level offsets

of the two polymers are optimal for an efficient charge transfer,

as was recently demonstrated by time-resolved photo-

luminescence measurements.20 The LUMO levels of P3HT and

P(NDI2OD-T2) are �3.2 and 4.0 eV, respectively. A theoretical

open circuit voltage (Voc) of about 0.9 V is expected, as generally

expressed by the energy difference between the HOMO of the

donor and the LUMO of the acceptor minus a loss of 0.3 eV.21,22

In addition, the narrow band gap of both polymers (ca. 1.7 eV for

P3HT and ca. 1.6 eV for P(NDI2OD-T2)) allows to extend the

light absorption of the blend up to 850 nm, covering comple-

mentary regions of the visible range (see Fig. 1b). The absorption

spectrum of the P3HT/P(NDI2OD-T2) blend is simply the

superposition of the two polymers absorption spectra, indicating

that no charge transfer occurs at the ground state.

To test the photovoltaic properties of the polymer-blend thin

films, all devices were fabricated on PEDOT:PSS-coated indium

tin oxide substrates. Fig. 2 shows the J–V characteristics of the

P3HT/P(NDI2OD-T2) solar cells with 1 : 1 and 1 : 2 weight ratio

(w/w) both from CB and o-DCB. An enhancement of the device

photovoltaic performances is observed when the P(NDI2OD-T2)

concentration in the polymer-blend is increased. However, no
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Current density–voltage (J–V) characteristics for 1 : 1 and 1 : 2

w/w P3HT/P(NDI2OD-T2) solar cells spin-coated from CB and o-DCB.
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significant improvements were observed when the P(NDI2OD-

T2) content in the blend was increased further. The effect of the

D/A weight ratio along with the influence of the solvent on the

photovoltaic behaviour of the PSC is summarized in Table 1. The

observed open circuit voltage is consistent with the HOMOD -

LUMOA difference expected from the energy level of P3HT and

P(NDI2OD-T2). Indeed, according to the typical energy loss in

P3HT-based cells (ca. 0.35 V),23 the maximum predictable open

circuit voltage for our devices should be �0.55 V, which is in

agreement with the experimental results.

Interestingly, the fill factor values of these devices are the

highest reported so far for all-polymer solar cells, suggesting

a high charge separation efficiency and the balanced carrier

mobility for P3HT/P(NDI2OD-T2) blends. In this respect, the

P3HT/P(NDI2OD-T2) interface has been shown to be highly

efficient for charge transfer20 and free carrier generation.24

Furthermore, a recent study shows that P(NDI2OD-T2) films

exhibit a large bulk electron mobility in a diode architecture

(�5� 10�3 cm2 V�1 s�1),25 which is comparable to the typical bulk

hole mobility of P3HT films (�2 � 10�3 cm2 V�1 s�1).18 We also

showed that P3HT/P(NDI2OD-T2) blends yield high balanced

ambipolar mobilities (�3 � 10�3 cm2 V�1 s�1) in FET configu-

ration.20 Despite these favourable charge transport conditions,

our devices exhibit modest short-circuit current densities (Jsc ¼
0.34 O 0.49 mA cm�2), resulting in low power conversion

efficiencies (PCE ¼ 0.09 O 0.16%).

Contact-limited currents have been observed for P(NDI2OD-

T2), even when low work function metals are employed.25 We

performed J–V measurements on devices with samarium (Sm)

contacts, which has been reported25 being the best injecting
Table 1 Summary of device performance parameters for the ITO/
PEDOT:PSS/P3HT:P(NDI2OD-T2)/LiF/Al solar cells shown in Fig. 2

Jsc/mA cm�2 Voc/V FF (%) PCE (%)

1 : 1 CB 0.34 0.49 54 0.09
1 : 2 CB 0.49 0.51 66 0.16
1 : 1 o-DCB 0.35 0.48 54 0.09
1 : 2 o-DCB 0.48 0.50 67 0.16

This journal is ª The Royal Society of Chemistry 2011
electrode for this n-type polymer. No significant differences in

the extracted currents were observed when Sm was employed,

with FF values comparable to those achieved with LiF/Al (see

Fig. S1 in the ESI†).

To evaluate if the recombination processes are limiting the

device performance, light intensity dependent measurements

were carried out on the most efficient devices. Since no significant

photovoltaic performance differences are observed for devices

spin-coated from CB and o-DCB, this study was carried out on

1 : 2 w/w P3HT/P(NDI2OD-T2) cells spin-coated from CB. The

relationship between Jsc and the light intensity is expressed as

Jsc f Ia, with a generally ranging from 0.85 to 1.26 As shown in

Fig. 3, a linear dependence of the short-circuit current density on

the light intensity (law fit to a ¼ 1.01) was observed. These data

suggest that major charge carrier losses are due to mono-

molecular (exciton or geminate pair) recombination processes

and not due to bimolecular recombination, since in the latter case

a sub-linear dependence of the Jsc is expected.27 Furthermore, as

observed for Langevin recombination in polymer/fullerene

devices, the open circuit voltage depends on the light intensity

with a kT/q slope.28 Stronger dependence has been observed for

the all-polymer solar cells and explained by electron trap-assisted

recombination mechanisms.29 In our case, a dependence with

a slope of 1.3kT/q was observed (Fig. 3). A similar dependence of

the open circuit voltage has been reported for a graded bilayer

structure of M3EH-PPV (donor polymer) and CN-ether-PPV

(acceptor polymer) solar cells, for which a vertical composition

gradient with the CN-ether-PPV rich phase on the top of the

polymer-blend films has been proposed.15

To evaluate the role of the blend morphology, the topography

of the thin films was investigated by atomic force microscopy

(AFM). The tendency of the polymer–polymer blends to phase-

separate is generally ascribed to a low entropy of mixing and is

governed by a spinodal decomposition of the blend.30 Fig. 4

refers to 1 : 2 w/w P3HT/P(NDI2OD-T2) polymer-blend films

spin-coated from CB (a and c) and o-DCB (b and d). In partic-

ular, a fiber-like structure of the surfaces is visible both in

topography (a and b) and in phase-lag (c and d) images. The
Fig. 3 Light intensity dependence of the short-circuit current density

(open circle) and the open circuit voltage (open triangle) for a 1 : 2 w/w

P3HT/P(NDI2OD-T2) solar cell from CB. The relationship between

Jsc and the light intensity is expressed as Jsc f Ia.

J. Mater. Chem.
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Fig. 4 AFM topography (a and b) and phase-lag (c and d) images of

1 : 2 w/w P3HT/P(NDI2OD-T2) thin films from CB (a and c) and o-DCB

(b and d). All scale bars are 200 nm.

Fig. 5 AFM topography (a and c) and phase-lag (b and d) images of

1 : 1 (a and b) and 1 : 2 (c and d) w/w P3HT/P(NDI2OD-T2) thin films

spin-coated from xylene. All scale bars are 200 nm.
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RMS roughness at 1� 1 mm is equal to 1.73 nm for the thin films

from CB and 1.65 nm for those from o-DCB with a feature size

of the order of 10–35 nm (see Fig. S2 in the ESI†). Such

a morphology has been already observed for the pristine

P(NDI2OD-T2)19 and justified by a face-on molecular packing

with a high in-plane order.31 Such a morphological similarity

between the blend and the pristine polymer surface could suggest

a vertical phase segregation of the polymer–polymer blend.

Vertically phase-separated structures have been observed for

several spin-coated polymer blends upon evaporation of the

solvent.15,18 Since the typical exciton diffusion length in the

organic semiconductors is of the order of ca. 5–7 nm,32 in

a bilayer-like structure only a narrow layer near to the planar

heterojunction is involved in the photovoltaic process, strongly

limiting the device performance.33 Recently, inverted bilayer

solar cells of P3HT and P(NDI2OD-T2) have been realized by

soft-contact lamination of the two polymers, showing FF > 55%

but only very moderate Jsc (0.069 O 0.082 mA cm�2).34 More-

over, the balanced electron and hole mobility described above for

our field-effect transistor measurements on P3HT/P(NDI2OD-

T2) blends may be justified by the formation of horizontally

phase separated pathways for both polymers between the tran-

sistor electrodes.20,35 Considering the morphological features

observed for the D/A films along with the other experimental

evidence, we proposed a vertical phase separation with

a P(NDI2OD-T2) rich phase on the top of the photoactive films.

Accordingly, in order to improve the lateral phase separation

of the P3HT/P(NDI2OD-T2) blend, xylene was used as a solvent.

It is well-known that the P3HT self-organizes in crystalline

aggregates with the enhanced hole mobility when spin-coated

from poor solvents such as xylene.36 In this solvent, the self-

assembly of the P3HT occurs readily in the solution, leading to

whisker-like nanostructures that increase the bulk D/A interface

along the thin films with the formation of percolation pathways
J. Mater. Chem.
useful for the charge transport.37,38 An improvement, for

example, in the short-circuit current by a factor of 10 has been

observed when P3HT nanofibers are incorporated into the blend

with polyfluorene copolymers (i.e. F8BT), as compared to the

as-cast blends without fibers.37 The AFM topography (a and c)

along with the phase-lag (b and d) images relative to the 1 : 1

(a and b) and the 1 : 2 (c and d) w/w P3HT/P(NDI2OD-T2)

polymer-blend films is shown in Fig. 5. Laterally phase-separated

nanostructures are visible in both topography and phase-lag

images. In particular, the 1 : 1 w/w ratio shows domains of the

order of 180–230 nm as well as a finer phase separation (less than

20 nm). Fibers as wide as 50–90 nm are evident for the 1 : 2 w/w

blend (see Fig. S3 in the ESI†). The RMS roughness at 1 � 1 mm

is about 2.80 and 2.11 nm for the 1 : 1 and 1 : 2 w/w P3HT/

P(NDI2OD-T2), respectively.

The resulting J–V characteristic of the xylene-processed solar

cell is shown in Fig. 6. A short-circuit current density of 1.02 mA

cm�2 was observed for the 1 : 1 w/w devices. The Jsc is at least

2–3� higher than the best results obtained from CB and o-DCB

for the same weight ratio (ca. 0.35 mA cm�2). This result is

consistent with a more efficient lateral phase separation with

respect to a self-stratified one as shown by the AFM analysis.

Moreover, the current density increases to 2.39 mA cm�2 for the

devices with D/A weight ratio of 1 : 2. However, a reduction in

the current was observed with a further increase in the

P(NDI2OD-T2) content. The Voc values did not differ from

those observed for CB and o-DCB, and were 0.49 V and 0.48 V

for 1 : 1 and 1 : 2 w/w, respectively. The FF decreases from 60 to

54% with the increase in the acceptor content in the blend.

Although these FF values are very high when compared to those

of other all-polymer SCs, the lowest values are consistent with an

increased internal resistance derived from the formation of

isolated laterally phase-separated domains.39 The resulting PCE
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 J–V characteristics for 1 : 1 and 1 : 2 w/w P3HT/P(NDI2OD-T2)

solar cells from xylene.
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increases from 0.28% for the 1 : 1 w/w to 0.62% for the 1 : 2 w/w

D/A blends.

Fig. 7 shows the incident-photon-to-converted-electron

efficiency (IPCE) relative to the devices reported in Fig. 6. The

maximum IPCE was found to be ca. 8.5% and 15.8% at 520 nm

for 1 : 1 and 1 : 2 w/w cells, respectively. This wavelength is close

to the maximum absorption of P3HT (�550 nm). In addition,

a shoulder at ca. 600 nm is visible in both the IPCE spectra,

related to the self-assembly of the P3HT polymer chains.40 For

wavelengths longer than 650 nm, the IPCE spectra are domi-

nated by the absorption of P(NDI2OD-T2) having a maximum

at ca. 700 nm and indicating that a non-negligible portion of the

excitons is generated in the acceptor domains. The IPCE analysis

shows that it is possible therefore to extend the photon absorp-

tion and the relative electron conversion up to 850 nm, by using

P(NDI2OD-T2) as the acceptor.

It should be noted that the optimal blend ratio is different from

that commonly used in polymer–fullerene systems.41 The

dependence of the photovoltaic performance on the weight ratio

of P3HT/P(NDI2OD-T2) could be explained in terms of
Fig. 7 J–V characteristics for 1 : 1 and 1 : 2 w/w P3HT/P(NDI2OD-T2)

solar cells from xylene.

This journal is ª The Royal Society of Chemistry 2011
absorption and phase separation in the polymer-blend films. The

increase in Jsc and PCE with the P(NDI2OD-T2) content in the

blend indeed can be mainly ascribed to the extended photon

absorption. Further increasing the P(NDI2OD-T2) concentra-

tion may lead to large demixing in the polymer blend, which

negatively affects the electron transport.
Conclusion

We have studied the photovoltaic properties of the P(NDI2OD-

T2) in the blend with the P3HT. High fill factor in all-polymer

solar cells have been demonstrated for the first time with values

of nearly 70%, suggesting a highly balanced mobility into the

polymer-blend thin films. Thus, using high mobility electron-

transporting polymers such as P(NDI2OD-T2) enables FF

values comparable with those reported for fullerene-based

devices. However, several limiting factors still hinder to reach

high efficiencies as for instance the photoactive blend

morphology, thus further optimizations are necessary. The use of

additive molecules may eventually lead to a better morphology

and to an overall improvement of the device performance. In

addition, the electronic structure of the blend could play an

important role on the ultimate efficiency. Adjusting the D and A

HOMO and LUMO levels by combining P(NDI2OD-T2) with

new high-performing p-type polymers would allow us to mini-

mize the energy loss due to the LUMO offset.
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