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Polymer solar cells based on poly(3-hexylthiophene)/[6,6]-phenyl-C61-butyric-acid methyl ester

(P3HT/PCBM) composite are one of state-of-the-art polymer photovoltaic devices in terms of

performance. In this work, we applied two-step controlled solvent vapor annealing (C-SVA) to achieve

an optimized morphology for the photoactive layer with both an appropriate size of PCBM

aggregates and an improved crystallinity of P3HT. As revealed by bright-field transmission electron

microscopy (TEM), and atomic force microscopy (AFM), X-ray diffraction (XRD) and UV-Vis

spectroscopy, PCBM forms aggregates with sizes of ca. 30 nm during the first step C-SVA in

tetrahydrofuran vapor. The second step treatment using carbon disulfide vapor on one hand reduces

the large size of these PCBM aggregates to ca. 20 nm, and on the other hand substantially increases

the crystallinity of P3HT. The polymer solar cells employing a thus-treated composite film gave a power

conversion efficiency as high as 3.9%, in contrast to 3.2% for the thermally annealed device under the

same characterization conditions. This result shows the importance of a precisely controlled

morphology of the photoactive layer in device performance.
Introduction

Polymer solar cells are attracting more and more attention due to

their distinct advantages, such as low production cost, mechan-

ical flexibility and ease of achieving a large-area device by

production line, as compared with traditional inorganic photo-

voltaic devices.1–4 Polymer solar cells with a power conversion

efficiency (PCE) of more than 5% have been currently achieved,

which are very promising candidates for a clean and renewable

energy source.5–7 However, the performance of polymer solar

cells is heavily dependent on the morphology of components

involved in photoactive layers.8–11 Due to the inherent limited

exciton diffusion length in organic semiconductors, the phase

separation scale between the donor and acceptor materials

should be on the nano-scale to ensure highly efficient exciton

dissociation.12–15 The introduction of the bulk-heterojunction

concept to polymer solar cells, in which electron donor and

acceptor materials are homogeneously mixed together to form

a photoactive layer, has been a milestone in this research field.16

On the other hand, continuous pathways through the photo-

active layers are required for direct and faster free charge carrier

transport to the corresponding electrodes, which implies that

increased phase separation but still on the nano-scale is neces-

sary.17–20 Spin coating is one of the most frequently used tech-

niques to prepare large-area thin film electronic devices based on
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polymers.21 However, due to the fast solvent evaporation, the

crystallization or aggregation of the components involved will be

kinetically suppressed, forming an extremely homogeneous

film.22 To remedy this drawback, pre- or post- treatments such as

choice of solvent,23–26 thermal annealing27–29 and solvent vapor

annealing30,31 have been usually adopted to construct inter-

penetrating networks. However, at elevated temperature the

conjugated polymers will suffer from the risk of degradation.

Additionally, great care is needed to prevent large-scale phase

separation.32 Controlled solvent vapor annealing (C-SVA) has

thus been proposed and employed to construct a precise

morphology for the substantially improved device performance

of polymer solar cells based on P3AT/C60 composites.30 Actu-

ally, the powerful morphology construction of the C-SVA

approach has already been demonstrated.33–35 However, in the

application of C-SVA to the multicomponent system, especially

for those systems for which the components involved have quite

different interactions with a solvent vapor, it is difficult to ach-

ieve precisely the desired morphology for each component using

a single-step C-SVA. Therefore, a multi-step C-SVA method is

required so as to construct a precise morphology for the whole

film. Thus, a large variety of solvents are available for the

choices, which endow multi-step methods with even higher

potential.

As one of the successful polymer photovoltaic devices with

high performance, and a model bulk-heterojunction for charge

separation and transport, poly(3-hexylthiophene)/[6,6]-phenyl-

C61-butyric-acid methyl ester (P3HT/PCBM) based solar cells

have been intensively studied. Although currently the perfor-

mance of polymer solar cells has been enhanced by many pre- or

post- treatments, in fact most of these methods are mainly aimed

at improving the crystallinity of P3HT for effective hole trans-

port rather than the morphological optimization of the PCBM
J. Mater. Chem., 2010, 20, 683–688 | 683
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phase. Herein we demonstrate the application of a two-step

C-SVA in tuning the nano-scale phase separation, especially the

morphological structure of PCBM component, for poly-

(3-hexylthiophene)/[6,6]-phenyl-C61-butyric-acid methyl ester

(P3HT/PCBM) composite film towards high performance

photovoltaic devices.

Experimental

Materials

Poly(3-hexylthiophene) (P3HT) (Mw ¼ 56 000 g mol�1, regior-

egularity > 98.5%, polydispersity index PDI ¼ 2.23) was

purchased from Rieke Metals Inc. PCBM and o-dichlorobenzene

(ODCB, anhydrous, 99%) were purchased from Sigma-Aldrich.

Carbon disulfide (CS2) and tetrahydrofuran (THF) were

purchased from Sinopharm Chemical Reagent Co.

Sample preparations

P3HT-PCBM (1 : 1, w/w) was dissolved in ODCB to achieve

solution with P3HT concentration 10 mg mL�1. Thin films of

thicknesses ca. 100 nm for atomic force microscopy (AFM), UV/

Vis, transmission electron microscopy (TEM), wide-angle X-ray

diffraction (WXRD) and device fabrication were prepared by

spin-coating (Laurell Spin Processor WS-400B 6 NPP Lite) on

the precleaned substrates.

The indium tin oxide (ITO)-coated glass substrate for polymer

solar cells was cleaned in detergent, deionized water, isopropyl

alcohol and acetone by ultrasonic treatment. After treating the

substrate with UV ozone for 20 min, poly(3,4-ethyl-

enedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Bay-

tron P) was spin-coated on this well-cleaned ITO. The

photoactive layer was prepared by spin-coating blend solution

on the above substrate under ambient atmosphere. Finally the

devices were completed by evaporation of a 1 nm LiF layer and

subsequently a 100 nm Al as the cathode.

The C-SVA environment was created by pouring 20 mL

solvent into a long glass tube (6 cm in diameter and 120 cm in

length). Solvent vapor at the bottom can diffuse along the tube to

the top which exposed to ambient atmosphere. Stable vapor

gradient along the tube could be obtained after 10–15 h when

liquid solvent was placed at the bottom. Gas chromatography

was employed to determine the vapor pressures associated with

the different positions along the tube. In different C-SVA the

required solvent vapor pressure can be precisely chosen upon

rapidly placing the composite film at the given position in the

tube.

Characterization

TEM was performed on a JEOL JEM-1011 transmission elec-

tron microscope operated at an acceleration voltage of 100 kV.

First, thin films were floated on water and then transferred onto

a copper grid. All the samples for TEM experiment were dried at

room temperature for more than 12 h, and all the SAED patterns

were performed using a fixed magnification and the same current

density and exposure time for SAED acquisition.

UV/Vis measurements were carried out using a Perkin–Elmer

UV/Vis Lambda 750 spectrometer with 2.0-nm slit width.
684 | J. Mater. Chem., 2010, 20, 683–688
WXRD profiles were obtained by using a Bruker D8 Discover

Reflector with an X-ray generation power of 40 kV tube voltage

and 40 mA tube current. The diffraction was recorded at a q–2q

symmetry scanning mode with a scan angle 2q from 3� to 25�.

AFM measurements were performed on an Agilent 5500 in

tapping mode in the ambient atmosphere.

To ensure stable spectrum and intensity throughout the device

characterization, all the photovoltaic cells were measured under

illumination by a tungsten–halogen lamp (filtered by a Schott

KG1 and GG385 filter) at an intensity of 100 mW cm�2. The J–V

characteristics were recorded in a glove box using a Keithley

2400 source meter.
Results and discussion

The P3HT/PCBM composite is so far still one of the most

successful systems for polymer solar cells in terms of the power

conversion efficiency.27,36 As crystallizable materials, the crys-

tallinity of both P3HT and PCBM components could be

enhanced upon exposure to the solvent vapor.37–40 Therefore, in

this work C-SVA using carbon bisulfide (CS2) and tetrahydro-

furan (THF) vapor, respectively, were employed to manipulate

the morphology of P3HT/PCBM composite towards improved

performance of the corresponding photovoltaic devices. Herein,

we apply the combination (p, t) to describe the two important

parameters in C-SVA, where p is the relative vapor pressure and t

is the annealing time at a given vapor pressure, respectively. After

deliberately choosing the parameters for C-SVA treatment, e.g.

vapor pressure, the device performance could be certainly

improved upon the treatment using either solvent (Fig. 1).

However, the performance of the thus treated solar cells is still

not able to compete with those devices upon post-thermal

annealing. Typically, the parameter fill factor (FF) of the device

upon THF annealing could be substantially improved to higher

than 0.6. However, the short circuit current (Jsc) is only slightly

increased to 6 mA cm�2. With further increased vapor pressure of

THF, the power conversion efficiency (PCE) of the device,

however, would heavily drop down. For instances, the PCE of

the device upon THF treatment at (0.92, 5 s) is comparable to

that of the pristine cells of 1.21%; if a saturated THF vapor is

used during the treatment, the typical parameters of the device,

e.g. Jsc and FF decrease to 4.36 mA cm�2 and 0.35, respectively,

produce a rather low PCE of 0.65%. However, if CS2 is employed

as the medium for solvent vapor treatment, Jsc could be increased

to higher than 7 mA cm�2, but FF does not get obvious

improvement. The UV-Vis spectra of the composite films upon

C-SVA treatments using THF show that the absorption at

607 nm, which is attributed to the p–p packing/crystallization of

P3HT chains, has a comparable intensity with that of the pristine

film. However, for those films undergoing CS2 treatment this

absorption is somewhat enhanced, in particular at high vapor

pressure (Fig. S1 in the ESI†).41 During C-SVA, solvent mole-

cules were absorbed by the polymer film. It has been shown that

THF molecules could substantially increase the mobility of

PCBM molecules within P3HT/PCBM composite film, which

would lead to formation of PCBM aggregates (Fig. S2†).

Therefore, with increased solvent vapor pressure the treatment

time should be correspondingly reduced so as to prevent large-

scale phase separation. However, for regioregular P3HT, THF is
This journal is ª The Royal Society of Chemistry 2010
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Fig. 1 J-V characteristics of the P3HT/PCBM (1 : 1 in wt) devices prepared upon single-step C-SVA treatment using (a) THF vapor and (b) CS2 vapor.
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not a good solvent, so the limited amount of THF absorbed

cannot endow the P3HT chain with enough mobility to effec-

tively crystallize. In contrast, CS2 is a good solvent for both

P3HT and PCBM, so CS2 vapor is able to substantially improve

P3HT crystallinity in the composite film. On the other hand,

during C-SVA PCBM was fully dissolved within P3HT/CS2 film

so no obvious change of the PCBM component occurred. As

a consequence, the morphology of the photoactive layer based on

the P3HT/PCBM composite could only be partially optimized

upon C-SVA using a single solvent vapor. A multi-step C-SVA

approach was thus introduced in this work so as to compre-

hensively utilize the advantage of each vapor to eventually ach-

ieve a highly optimized morphology for P3HT/PCBM composite

with both substantially increased crystallinity of P3HT and

enhanced but still controllable nanoscale PCBM aggregates.

Fig. 2 schematically gives a two-step C-SVA treatment by

successively using THF and CS2 vapor.

As shown by the bright-field transmission electron microscopy

(BF-TEM) image (Fig. 3a), upon C-SVA treatment at (1.0, 5 s)

using THF vapor, the morphological features of the film obvi-

ously increase, as a consequence of homogeneously emerging

dark domains which are ascribed to PCBM aggregates. The

AFM topography image (Fig. 3b) also confirms these PCBM-

rich domains as remarkable granular clusters, which have

statistically average diameters of 29 nm for the top and 23 nm for

the bottom side (Fig. 3c), respectively. A smaller cluster size at

the bottom might be attributed to the decreased mobility of

PCBM molecules resulting from spatial confinement by the

substrate. From the selected-area electron diffraction (SAED)

pattern we can only observe a diffuse halo contributed by

PCBM, indicating these PCBM-rich domains are composed of
Fig. 2 Scheme of the fabrication of P3HT/PCBM solar cells using two-

step C-SVA approach.

This journal is ª The Royal Society of Chemistry 2010
randomly distributed PCBM nanocrystals.42 However, if the

annealing time is extended to 30 s large PCBM single crystals

with a hexagonal shape appear (Fig. S3†). Afterwards, this THF

vapor treated film at (1.0, 5 s) is subsequently placed in an

environment filled with CS2 vapor to perform the second step of

C-SVA. Upon CS2 vapor treatment at (0.8, 15 s), as revealed by

AFM images, the size of those PCBM-rich clusters is reduced to

a statistical diameter of 19 nm (top) (Fig. 2e) and 12 nm (bottom)

(Fig. 2f), respectively, which have already clearly implied that the

PCBM-rich clusters previously formed during THF vapor

treatment were partially dissolved during the subsequent CS2

vapor annealing.

The size evolution of PCBM clusters during the two-step C-

SVA can be further revealed by the changes in UV-Vis absorp-

tion spectra. In Fig. 4a, all the curves show four peaks, the peak

centered at around 334 nm is a typical absorption of PCBM and

the position of this peak will change slightly if the dimension of

PCBM domains varies.43 For the film with larger PCBM-rich

domains as obtained upon THF vapor treatment, this peak

undergoes a red-shift from 333.9 nm in a pristine film to

335.8 nm. While exposed to CS2 vapor, it will blue-shift back to

334.4 nm, indicating that smaller PCBM clusters are constructed

in this composite, which is consistent with the morphological

observations (TEM and AFM). On the other hand, after two-

step C-SVA, the main absorbance at 517 nm of P3HT in the

composite film increases and the other two bands at 560 nm and

607 nm become more prominent as compared with those in the

pristine films.44 Moreover, as shown in WXRD experimental

results (Fig. 5), the intensity of main peak around 2q ¼ 5.4�,

which belongs to the crystallographic (100) plane of RR-P3HT

does not substantially increase upon the first step C-SVA in THF

vapor (1.0, 5 s). However, after the second step C-SVA in CS2

vapor (0.8, 15 s), the intensity of this characteristic peak becomes

much stronger. These results confirmed above conclusion that in

our experimental conditions, CS2 instead of THF is mainly

responsible for the enhanced crystallinity of P3HT in the

composite film.

The feasibility of using this two-step C-SVA method to

construct an optimized morphology for photovoltaic devices has

been proven by the improvement of the thus-obtained device

performance. As is shown in Fig. 4b, for the device based on

a pristine P3HT/PCBM film, although a relatively high Voc of

0.66 V is achieved, the low Jsc and FF of 5.02 mA cm�2 and 48%,

respectively, contribute to a PCE of only 1.60%. Similar to

typical post-thermal treatment, although a somewhat decreased

Voc of 0.58 V is obtained upon thermal annealing, the substantial
J. Mater. Chem., 2010, 20, 683–688 | 685
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Fig. 3 BF-TEM images and corresponding SAED patterns of P3HT/PCBM composite films spin-coated from ODCB. (a) Single-step in THF at (1.0,

5 s); (d) Two-step in THF at (1.0, 5 s) and then in CS2 at (0.8, 15 s). AFM topography images of composite film and corresponding size distribution of

PCBM clusters. (b,c) Single-step; (e, f) two-step. (b,e) Top-side; (c,f) bottom-side.

Fig. 4 UV-Vis absorption spectra (a), J–V characteristics (b) and IPCE

(c) of P3HT/PCBM composite film or corresponding PV device prepared

upon different treatments.

Fig. 5 WAXD profiles of P3HT/PCBM composite films upon different

C-SVA treatments.

686 | J. Mater. Chem., 2010, 20, 683–688
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increase of Jsc and FF eventually contribute to an improved PCE

of 3.20% (Fig. 4b). However, more promising device perfor-

mance is achieved by using the two-step C-SVA. As is summa-

rized in Table 1, the device subjected to two-step C-SVA shows

Voc¼ 0.58V, Jsc¼11.01 mA cm�2, FF¼ 61%, and PCE¼ 3.87%,

which is more than 20% higher than that obtained via the thermal

annealing method. The enhancement of device efficiency could

be verified by monochromatic incident photon-to-electron

conversion efficiency (IPCE) measurement. In Fig. 4c, the IPCE

value is below 40% within the whole wavelength range for
Table 1 Comparison of deviceperformance of P3HT/PCBM (1 : 1 by
wt) polymer solar cells upon various treatments

Voc Jsc FF PCE

Pristine 0.66 5.02 0.48 1.6
Two-step C-SVA 0.58 11.01 0.61 3.9
Thermal annealing 0.58 9.92 0.55 3.2

This journal is ª The Royal Society of Chemistry 2010
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Fig. 6 Schematic illustrations of the detailed morphology evolution of

P3HT/PCBM composite film upon the two-step C-SVA.
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pristine device. Upon thermal annealing, IPCE is increased

overall for the spectra range measured, showing a maximum

around 60% at 510 nm, and becomes broader resulting from red-

shift of the spectra. In contrast, for the device after two-step C-

SVA treatment, the range of response spectra with IPCE value

beyond 50% becomes broader from 410 nm to 590 nm (Fig. 4c).

Particularly, the IPCE value is still higher than 45% at 610 nm.

These results give strong evidence that the enhanced optical

absorption and optimized morphology has already been con-

structed in the photovoltaic layer after two-step C-SVA.

In comparison to the morphological result obtained from the

two-step C-SVA, for the film upon first step C-SVA treatment in

THF vapor at (1.0, 5 s), the PCBM clusters are relative large in

the composite, which reduces the interface area for exciton

dissociation and results in the low device performance (Fig. 1a).

In the second step treatment CS2 vapor not only enhances the

crystallinity of P3HT but also partially dissolves those PCBM

aggregates, which brings the composite film to an optimized

morphology. Upon this two-step C-SVA treatment, the PCBM

domains have been reduced to some extent, but they can still

form continuous pathways for fast charge transport while

maintaining enough interface area for efficient exciton dissocia-

tion, which will contribute to improved photovoltaic perfor-

mance. We speculate that the final morphology of the composite

is the most important factor to dominate the ultimate device

performance. To prove it we prepared more devices subjected to

this two-step C-SVA treatment with various parameters. By

controlling mainly the treatment time and solvent vapor pres-

sure, the morphology of the photoactive layer and corresponding

device performance could be further tuned. For instance, if the

device is treated in THF vapor at (1.0, 15 s) and then annealed in

CS2 at (0.8, 15 s), a PCE of 3.51% could be achieved. However, if

the treatment time in CS2 is prolonged to 30 s at (0.8, 30s) but the

same parameters for the first step treatment in THF vapor at

(1.0, 5 s) is used, a decreased PCE of 3.15% is obtained (Fig. S5†).

In the corresponding TEM images PCBM-rich domains could be

clearly identified, which contribute to remarkably enhanced

device performance (Fig. S4†). Alternatively, the treatment in

THF vapor is fixed at (1.0, 5 s), but the second step treatment in

CS2 vapor is changed to (0.9, 15 s) or (0.7, 15 s). The crystallinity

of P3HT is further improved for higher solvent CS2 vapor at (0.9,

15 s), as indicated by the appearance of P3HT whiskers in TEM

image (Fig. S4d†). However, the performance of corresponding

device is still low; especially the Jsc of 8.51 mA cm�2 is much

lower than that of the other devices prepared also upon two-step

C-SVA treatment. This result hints that the efficiency enhance-

ment via two-step C-SVA is not only attributed to the increased

crystallinity of P3HT but also the formation of PCBM clusters

with appropriate size and distribution. Higher (e.g. 0.9), or lower

CS2 (0.7) vapor pressure employed in the treatment will dissolve

the initial PCBM aggregates more or less than actual required,

resulting in smaller or larger PCBM clusters (Fig. S4c†). In

contrast, an appropriate CS2 vapor pressure at (0.8, 15 s) leads to

an optimized size of around 20 nm, which contributes to the most

efficient PV device obtained in the this work. Therefore, for the

P3HT/PCBM device, as evidenced by the morphology optimi-

zation via this two-step C-SVA approach, both the improved

crystallinity of P3HT and precisely controlled size of PCBM

aggregates in the photoactive layer play crucial role in
This journal is ª The Royal Society of Chemistry 2010
determining device performance. However, less attention has so

far been paid to the later aspect compared to the former.

As revealed by TEM, AFM images, UV-Vis absorption and

WXRD profiles described above, the morphology evolution of

P3HT/PCBM composite film upon this two-step C-SVA could be

schematically represented in Fig. 6. The P3HT/PCBM composite

film prepared from spin coating is mainly composed of

morphologically indiscernible PCBM nanocrystals and low

crystalline P3HT. Upon the first step, annealing in THF vapor,

PCBM molecules increase in mobility and their diffusion within

the polymer matrix is not affected because of the still-low

crystallinity of P3HT in the composite film. Consequently,

aggregates with bigger sizes than actually required for optimized

morphology are obtained. These PCBM clusters, however, will

be partially dissolved by the second-step treatment in CS2 vapor,

which is mainly designed for improving the crystallinity of P3HT

in the composite film. As a result, the optimized morphology

with both appropriate phase size of PCBM and substantially

increased crystallinity of P3HT is achieved in the photoactive

layer upon this two-step C-SVA treatment, as well as improved

device performance. Since in the single-step CS2 treatment, the

crystallinity of P3HT in the composite film is greatly increased

upon CS2 vapor treatment, which will substantially suppress the

diffusion of PCBM within the film to form aggregates. It is

crucial to keep the sequence for using THF and CS2 for the first-

and second-step vapor annealing, respectively. Otherwise, no

appropriate PCBM clusters could be constructed in the

composite film even upon a two-step solver vapor annealing.
J. Mater. Chem., 2010, 20, 683–688 | 687
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Conclusion

We have applied C-SVA to manipulate the morphology and

crystallinity of a P3HT/PCBM composite film. In the single-step

C-SVA, the given solvent vapor could only improve the

morphology of one individual component of the composite film.

Consequently, we proposed a two-step C-SVA method to tune

P3HT/PCBM composite film towards so far the most precisely

optimized morphology. In this new approach, THF vapor is first

employed to form PCBM clusters, CS2 vapor is afterwards used

on one hand to substantially increase the crystallinity of P3HT

and on the other hand to partially dissolve those large PCBM

clusters, resulting in an intensively optimized morphology with

both an appropriate size of PCBM aggregates and improved

P3HT crystallization. The method of two-step C-SVA via precise

control the of PCBM aggregation effectively enhances the

performance. Compared with 3.2% for the thermal annealing

device, PCE of two-step C-SVA device increases from 1.6% for

the pristine device to 3.9%, clearly demonstrating the crucial role

of morphology, in particular the precisely controlled PCBM

aggregates in the composite film, on the performance of P3HT/

PCBM devices.
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