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The morphology of bulk-heterojunctions (BHJ) is critically important for conjugated polymer and

fullerene blend solar cells. To alter the morphology, high pressure (gas phase) carbon dioxide

(CO2) treatment is applied to poly(3-hexyl thiophene) (P3HT) and [6,6]-phenyl-C61 butyric acid

methyl ester (PCBM) blend films under ambient temperature. This process can achieve vertically

phase separated morphology such that PCBM distributes toward the film surface, which is

suggested by secondary ion mass spectroscopy (SIMS), contact angle, X-ray photoelectron

spectroscopy (XPS) and cross-sectional scanning electron microscope (SEM) studies. While

pristine P3HT films do not show a significant change upon CO2 treatment, pristine PCBM films

are plasticized in high pressure CO2. Thus, PCBM is selectively plasticized by CO2 in the blend

film and is drawn towards the surface due to depressed surface energy, although P3HT tends to

distribute around the surface without CO2. This stratification process can enhance solar cell

performance. 55% improvement is achieved in the power conversion efficiency of the CO2 treated

device compared to the untreated one, indicating that CO2 treatment can be a good candidate for

optimizing the morphology and enhancing the performance of BHJ polymer solar cells.

Introduction

Polymer solar cells have attracted a lot of attention because of their

potential as a renewable energy source.1–3 Their performance was

dramatically improved with the advent of the bulk heterojunction

(BHJ) structure consisting of an interpenetrating network

of a conjugated polymer and a fullerene.4–6 To enhance the

performance of BHJ solar cells, controlling the morphology of

the BHJ is critical as is interface investigation.7,8 Typical

approaches to control the morphology of the film made from a

blended solution include slow drying of a coated wet film,9,10

thermal annealing,11,12 vapor annealing,13 and using additives.14,15

While lateral morphology, such as the grain size and the

crystallinity of the donor and acceptor, has been widely focused

on, the vertical composition distribution is also an important

issue because charges have to be transported vertically to their

respective electrodes after they are generated at the donor–acceptor

interface of BHJ. Conceptually, electron-donor materials, which

allow hole transportation, should gradually distribute towards the

anode, and the electron-acceptor materials, which allow electron

transportation, should gradually distribute towards the cathode.8

Otherwise, an unfavorable configuration leads to lower charge

collection efficiency and thus lower solar cell performance.

In the most investigated case of poly(3-hexyl thiophene)

(P3HT) and [6,6]-phenyl-C61 butyric acid methyl ester (PCBM)

blend films, PCBM is desired to distribute toward the surface in

a regular, cathode on top, device structure. However, it has

been pointed out that P3HT spontaneously tends to distribute

towards the surface instead of PCBM because the surface

energy of P3HT is smaller than that of PCBM (typically, gP3HT:

27 mN m�2, gPCBM: 38 mN m�2).16 Recently, it was reported

that a flipped P3PH:PCBM film shows almost the same photo-

voltaic performance as an unflipped one.17 However, even if it is

assumed that the contact between the flipped film and anode

electrode did not become worse, that work has just suggested that

the surface P3HT layers would not block electron transportation

to the cathodes. Therefore, the vertical profile and its effect still

have to be investigated in detail.

To control the vertical composition distribution in a desired

way, some approaches have been investigated in recent years. For

instance, blending solvents or additives have been explored to

segregate PCBM towards the surface, which utilize differences of

solubility and volatility among each solvent.15,18Another example
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is that a self-assembled monolayer has been introduced on the

substrate (anode buffer layer) surface to segregate P3HT towards

the bottom.19However, those approaches often sacrifice the solar

cell performance because the incorporated species can act as a

charge carrier trap and increase the series resistance of the cell.

Other fabrication processes, such as quasi bi-layer structure

achieved by spin-coating P3HT and PCBM separately from

different solvent20,21 or composition controlled spray coating,22

have also been investigated to generate an ideal composition

distribution avoiding such adverse effects.

It is known that some organic materials including polymers

can be plasticized and the morphology can be altered under

CO2 which is usually used in gas, liquid, or super critical

phase, and such behavior has been explained by the fact that

CO2 dissolves in an organic material and depresses the glass

transition temperature.23–25 However, it has not been applied

to optimize the morphology of a BHJ polymer solar cell so far. It

is expected that, with this technique, materials can be plasticized

at lower temperatures compared to a thermal annealing process,

and the morphology or crystal structure can be controlled by the

pressure, temperature, and time.26,27

Here we investigate a carbon dioxide (CO2) treatment

process to control the morphology of the film fabricated with

the conventional process. We demonstrate that a preferable

vertical composition distribution in P3HT:PCBM blend films,

PCBM is abundant around the surface, can be generated by

gas phase CO2. We prepared an as cast film which has an

amorphous-like morphology without any thermal or solvent

annealing. While we realize it is suboptimal, it was referenced

as a control device to extract the effect of CO2 treatment.

While some classes of measurement techniques to analyze

vertical stratification are widely used,28 the vertically stratified

distributions were analyzed by secondary ion mass spectroscopy

(SIMS), contact angle, X-ray photoelectron spectroscopy (XPS),

and cross-sectional scanning electron microscopy (SEM). Changes

in morphology were observed by using an optical microscope and

an atomic force microscope (AFM) after treatment with CO2.

UV-visible light absorption and photoluminescence (PL) spectra

of the film were measured to examine the effect of CO2 treatment

on phase separation andmolecular packing.We also examined the

photovoltaic characteristics of the devices with and without CO2

treatment. 55% improvement was achieved in efficiency for the

treated device compared to the untreated one, indicating that CO2

treatment can be a good candidate for optimizing the morphology

and enhancing the performance of BHJ polymer solar cells.

CO2 treatments on spin-coated pure P3HT, PCBM and the

blend film were carried out by putting the samples into a high

pressure vessel into which CO2 can be introduced as shown in

Scheme 1. Treatment pressure was controlled to give a stable

gas phase at room temperature (4.7 MPa, approximately 12%

lower than the saturation pressure), and the treatment time

was varied (see the Experimental section).

Results and discussion

To estimate composition depth distributions in P3HT:PCBM

films, sulfur profiles detected by SIMS have been plotted

(Fig. 1a), which qualitatively indicate P3HT distributions since

P3HT contains sulfur but PCBM doesn’t.28,29 It was confirmed

that the PCBM distribution estimated using the oxygen signal

is consistent with the one indicated by the sulfur SIMS profile

(see ESIw for a comparison of each element’s SIMS profile).

Before CO2 treatment (as cast film), P3HT concentration

around the surface is higher than in the deeper region, which

is in agreement with previous studies attributing this effect

to the surface energy difference between P3HT and PCBM.16

In contrast, P3HT concentration around the surface after 24 hour

CO2 treatment is significantly lower than in the deeper region

whose P3HT concentration is increased, which reflects the fact

that PCBM concentration is increased around the surface

corresponding to the decrease in the deeper region. As the

concentration change between the surface and the deeper

region is quite precipitous, a PCBM-rich layer is clearly

recognizable. Thus, it is clear that PCBM has come out to

the surface forming a layer as a result of CO2 treatment. The

96 hour treated film has a thicker PCBM-rich layer than the

24 hour treated one. While the depth scale of SIMS data has

less than �10% of the error, the PCBM-rich layer thickness is

about 32 nm in the 24 hour treated film and about 45 nm in the

96 hour treated one (the interface between the PCBM-rich and

P3HT-rich regions has been assumed to be the point at which

the sulfur concentration drops to half the value of the flat part

of the P3HT-rich region such as the concentration in the range

of 100 nm to 150 nm as shown in Fig. 1a).

The contact angle study has supported this trend. The water

contact angle of the P3HT:PCBM film surface with CO2

treatment time has been plotted along with the angles of pristine

P3HT and PCBMfilms in Fig. 1b. The initial contact angle of the

P3HT:PCBM film surface is almost the same as the one of

pristine P3HT, which supports the SIMS result revealing that

P3HT initially distributes towards the surface. The contact angle

decreases in proportion to the CO2 treatment time and reaches

the angle of pristine PCBM after the 72 hour CO2 treatment,

which suggests that the surface coverage of PCBM gradually

increases and the PCBM-rich layer appears on the surface.

This trend has also been observed by an XPS study which

can provide more direct estimations of surface compositions

rather than contact angles. The S 2p (S 2p3/2 and S 2p1/2)

peaks of the P3HT:PCBM film surface with CO2 treatment

time have been shown in Fig. 1c. (The intensities have been

normalized by C 1s peak intensity of each sample.) The sulfur

intensity decreases corresponding to CO2 treatment time and

Scheme 1 A schematic illustration of a CO2 treatment process and an

apparatus. Spin-coated samples are put in a high pressure vessel

connected with a CO2 cylinder.
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almost disappears after 96 hour treatment. It is indicated that the

P3HT occupancy of the film surface decreases and is significantly

altered by PCBMafter 96 hour CO2 treatment. (A brief estimation

of quantitative occupancies has been described in ESI.w)

Cross-sectional SEM images of P3HT:PCBM blend films

fabricated on a silicon substrate before and after 96 hour CO2

treatment are shown in Fig. 2a and b respectively (see ESIw for

original uncropped images). A contrast between the shallower

and the deeper region as well as a layer boundary can be seen

clearly in the film after CO2 treatment, which may support the

SIMS result that suggests stratification. In Fig. 2b, the thickness of

the top layer which is supposed to be PCBM looks nonuniform and

is 40 to 100 nm. This nonuniformity implies that the PCBM layer

tends to aggregate on the film surface after further treatment. Since

the spot size of the SIMS analysis is 1 mm2, the thickness estimated

from SIMS does not reflect this nonuniformity of the film.

To examine the effect of CO2 on P3HT and PCBM as well

as blend films, each film was fabricated on an indium tin oxide

(ITO)/glass substrate covered with poly(3,4-ethylenedioxy-

thiophene):poly(styrene-sulfonic acid) (PEDOT:PSS) and treated

with CO2 for 96 hours and observed by using AFM and optical

Fig. 1 (a) SIMS profiles of sulfur in P3HT:PCBM blend films before

and after CO2 treatment. Dashed lines indicate the average depth of

the interface between the PCBM-rich and the P3HT-rich regions.

(b) The water contact angle change of the P3HT:PCBM film surface

with CO2 treatment time. Each data point is the average of ten

measurements, and the standard deviation is less than 21. (c) S 2p

region of XPS spectra acquired from the P3HT:PCBM film surface

before and after treatment. The intensities have been normalized by

their respective C 1s peak intensities.

Fig. 2 Cross-sectional SEM images of P3HT:PCBM blend films coated

on a silicon substrate; (a) as cast and (b) after 96 hours CO2 treatment

respectively. AFM height images of P3HT:PCBM blend films coated on

PEDOT:PSS/ITO/glass substrates; (c) as cast and (d) after 96 hours CO2

treatment respectively. AFM height images of the pristine P3HT film

coated on PEDOT:PSS/ITO/glass substrates; (e) as cast and (f) after

96 hours CO2 treatment respectively. Optical microscope images of

the pristine PCBM film coated on PEDOT:PSS/ITO/glass substrates;

(g) as cast and (h) after 96 hours CO2 treatment respectively.
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microscopy. For the P3HT:PCBM blend film, the AFM images

(Fig. 2c and d) have shown a flat plateau structure instead of the

lateral morphology after CO2 treatment, which suggests that the

surface is covered with a PCBM-rich layer after CO2 treatment.

In the case of the pristine P3HT film, no significant change was

observed after the treatment (Fig. 2e and f respectively). The

solubility of gas phase CO2 in P3HT may not be high enough to

plasticize P3HT, to depress the glass transition temperature of

P3HT, or to alter its crystal morphology. On the other hand, a

dramatic change was observed in pristine PCBM films which

aggregated and formed micrometer scale particles (Fig. 2g and h,

microscopic images are shown because the scale of the aggregated

structure is too large for an AFM observation). It is obvious that

PCBM can be plasticized by gas phase CO2 at room temperature,

which leads to the growth of large crystallites.

Those results suggest that CO2 can selectively plasticize

PCBM in P3HT:PCBM blend films and change the structure

leading to vertical phase separation. The mechanism of this

stratification process at room temperature may be explained

by the surface energy difference between P3HT and PCBM.

The estimated process is schematically shown in Scheme 2a–f.

At first, P3HT tends to be slightly more abundant around the

surface in the as cast film because of its lower surface energy

(Scheme 2a). Once the film is subjected to high pressure CO2,

the film can impregnate CO2 which can selectively penetrate

through PCBM clusters, and PCBM can be plasticized which

reduces its surface energy (Scheme 2b). Also, molecular mobility

of PCBM becomes higher, which leads to aggregation and lateral

phase separation (Scheme 2c), and simultaneously vertical phase

separation can be promoted if the surface energy of plasticized

PCBM is lower than that of P3HT (Scheme 2d). Finally, a

PCBM-rich layer can be formed on the film surface (Scheme 2e).

After CO2 is released, this stratified structure can be maintained

because the molecular mobility of PCBM returns to the original

state (Scheme 2f). In this way, CO2 treatment can generate very

unique composition distribution, which cannot be generated by

conventional processes such as thermal annealing.

The absorption and PL emission spectra of the film fabricated

on a PEDOT:PSS/ITO/glass substrate have been shown in

Fig. 3. Although these are integrated properties of the whole

film thickness, spectra may reflect a PCBM layer formation.

Absorption significantly increased in the range of 480 to 610 nm

after 24 hour CO2 treatment, and a further increase was

observed at less than 550 nm after 96 hour treatment. The

former spectrum change suggests P3HT domain growth due to

PCBM aggregation, and the latter one may reflect PCBM-rich

layer growth because pristine PCBM absorbs in that wave-

length range once concentrated.30 Since the spectrometer only

detects transmitted light, this increased absorption spectrum

technically includes an increase of reflection by the PCBM-rich

layer which has a flatter surface as shown in Fig. 2d. PL emission

increased (less quenching) as CO2 treatment time increased

because of phase separation while the maximum was reached

by 48 hours of treatment (see ESIw for peak positions of each

emission spectrum). The reason why the emission intensity of the

96 hour treated film decreased compared to the 48 hour one

might be explained by the fact that the excitation light was

absorbed by the PCBM-rich layer and was reflected by its

surface before the light reached the underlying P3HT-rich layer.

Since the film is tilted 301 with respect to the excitation light

in PL measurement, the surface reflection should be more

significant than those appear in absorption spectra.

Solar cells were fabricated by depositing a metal electrode

on a CO2 treated film. The device structure and approximate

thickness of each layer have been shown in Fig. 4a. The

performance was measured under illumination. The performance

parameters including open circuit voltage (VOC), short circuit

current (JSC), fill factor (FF), power conversion efficiency (PCE),

and series resistance (RS) are shown in Table 1, and the four

current–voltage curves have been shown in Fig. 4b. While the

PCE of the standard device (with as cast film) was 1.59%, a CO2

treated device achieved up to 2.47% with a 48 hour treatment.

This improvement is driven by an increase in the JSC, which may

come from lateral and vertical phase separation induced by CO2

treatment. The devices with CO2 treated films gave relatively

lowerVOCs than the one with the as cast film did. This kind ofVOC

drop has been also observed in other treatments such as solvent

annealing,10 where the film with proper phase separation gives

relatively lower VOC than the one with poor phase separation.

Although this is still under considerable discussion, it has been

Scheme 2 Schematic representations of the steps of vertical phase separa-

tion induced by CO2 treatment: (a) original status as cast, (b) PCBM is

plasticized by CO2 penetration, (c) plasticized PCBM aggregates in the film

and P3HT domains grow larger (lateral phase separation), (d) PCBM

accumulates on the surface side (vertical phase separation), (e) PCBM layer

is formed, and (f) plasticized PCBM returns to normal PCBM and the

stratified structure is maintained after CO2 treatment.

Fig. 3 Absorption and PL spectra of P3HT:PCBM films for different

CO2 treatment times.
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explained that P3HT crystallization associated with phase

separation increases the interchain–interlayer (p–p) interaction

which reduces the effective bandgap of the BHJ. Therefore, the

performance increase in the device with the 2 hour treated film is

assumed to be partly contributed by lateral phase separation.

Since significant VOC changes were not observed in the devices

with more than 2 hour treated films, it would be presumable that

lateral phase separation was saturated at the beginning of the

CO2 treatment, and further improvement in the performance is

contributed by vertical phase separation. However, the PCE

became worse with longer treatments, as a result of reduced JSC
and FF as well as increasing RS. Longer treatments generate

thicker PCBM layers on the cathode side of the film, which may

increase RS and depress FF. It may also decrease the PCBM

concentration in the middle and anode side of the film and

decrease the area of the donor–acceptor interface where charge

separation occurs, which would result in a lower JSC. As a result,

48 hours was found to be the optimum treatment time in this

configuration, while the vertical profile of the obtained film

may not necessarily be ideal for charge transportation.

This unique morphology induced by CO2 treatment significantly

increased the device performance, although the enhancement was

not as large as the one induced by conventional treatments such as

thermal annealing. Further improvement may be brought about by

additional optimization of parameters such as P3HT and PCBM

blend ratio, CO2 gas pressure, and processing temperature.

Conclusions

We have demonstrated that the vertical phase separation of

P3HT:PCBM blend films can be promoted by high pressure

CO2 gas at ambient temperature. Under high pressure CO2,

PCBM is selectively plasticized and its surface energy is

selectively depressed, which generates a PCBM-rich layer near

the surface. As the generated distribution can be preferable

(not necessarily ideal) for a solar cell, it has also been shown

that solar cell performance can be significantly improved by

CO2 treatment. The CO2 treatment we present here is a very

unique process to control the morphology of BHJ films

because of their temperature and generated distribution. While

we have applied this process to improve P3HT–PCBM based

polymer solar cell performance, it also may be applicable to other

polymer systems. This study demonstrates a very promising

approach to address the vertical phase separation problem in

BHJ polymer solar cells to enhance the efficiency.

Experimental

Substrate preparation

Samples for contact angle, XPS, optical microscope, AFM, solar

cells, absorption, and PL were fabricated onto 15 mm2 glass

substrates partly covered with approximately 110 nm thick ITO.

These substrates were cleaned by sonication in diluted detergent,

de-ionized water, acetone, and isopropyl alcohol for 15 min each.

After drying, the substrates were treated with UV-ozone for 15min

prior to spin-coating. On glass/ITO substrates, PEDOT:PSS

(Baytron-P 4083) was spin-coated at 4000 rpm for 40 s, and

annealed at 120 1C for 15 min. The thickness of PEDOT:PSS was

approximately 35 nm. Samples for SEMand SIMSwere fabricated

onto a 15 mm2 size silicon (100) substrate prepared through the

same procedure as glass/ITO substrates except for PEDOT:PSS

coating, and the surface should be naturally oxidized.

Sample film fabrication

The P3HT used in these experiments was obtained from Rieke

Metals (4002-E, 90–94% regioregularity, average molecular

weight is 5 � 104 g mol�1). The PCBM was obtained from

Nano-C. Dichlorobenzene (DCB, Sigma-Aldrich, anhydrous

grade, 99% purity) was used as solvent. The solution for

pristine P3HT films was prepared with 2.4 wt% P3HT in

DCB (24 mg mL�1), the one for pristine PCBM films was

prepared with 2 wt% PCBM in DCB (20 mg mL�1), and one

for P3HT:PCBM blend films was prepared with 2.4 wt%

P3HT and 2.4 wt% PCBM (1 : 1 ratio) in DCB. Films were

fabricated in a nitrogen atmosphere. Pristine P3HT films and

Fig. 4 (a) Device structure of the fabricated solar cells. (b) Current–

voltage characteristics of P3HT:PCBM films for different CO2 treatment

times.

Table 1 Performance parameters of the solar cells with CO2 treated
films

CO2 time/hour VOC/V JSC/mA cm�2 FF [%] PCE [%] RS
a/O cm2

0 0.64 4.76 52.3 1.59 38.5
2 0.61 6.65 54.8 2.21 17.6
24 0.59 7.24 52.2 2.23 18.3
48 0.60 8.23 50.3 2.47 18.7
72 0.60 7.24 49.0 2.11 24.7
96 0.59 5.64 37.7 1.24 59.5

a Calculated as the reciprocal of the tangent line slope at VOC

(the point at which the current is equal to 0 mA cm�2).
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P3HT:PCBM blend films were spin-coated at 900 rpm for 30 s,

followed by spinning at 1500 rpm for 1 s, then they were dried by

continued spinning at 600 rpm for 60 s under ambient temperature.

Pristine PCBM films were spin-coated at 2000 rpm for 60 s. The

typical thicknesses of P3HT:PCBM blend, pristine P3HT, and

pristine PCBM were 220 nm, 180 nm, 50 nm respectively.

CO2 treatment

Sample films were put into a Parr 4592microreactor (approximately

78 mL inner volume) connected with a CO2 cylinder (Air Liquid,

99.99% purity). After purging the existing gas, the vessel was

filled with 4.8 MPa pressure (gas phase) CO2, sealed and kept

under ambient temperature (20 1C) for the prescribed time.

Film characterization

The film thickness was measured with a Bruker Dektak-150

profilometer. SIMS measurements were performed by Evans

Analytical Group. Contact angle analysis was performed with

VCA Optima XE from AST products, Inc. De-ionized water

was used as liquid, and the drop volume was about 1 mL. The

XPS measurements were performed with the Omicron XPS/

UPS system. The pressure of the measurement chamber was

maintained less than 10�9 mbar. A monochromatic Al Ka

(1486.6 eV) X-ray source was used for excitation. The C 1s and

S 2p regions were scanned with the resolution of 0.02 eV.

Cross-sectional SEM samples were prepared by fracturing

followed by sputtering 5 nm of Au. The images were taken

using an FEI Nova Nano SEM 230 scanning electron microscope.

AFM images were taken using a Bruker Dimension 5000 scanning

probe microscope. Optical microscopic images were taken using a

Diagnostic Spot Insight 2.0 Mp color CCD camera attached

to a Nikon Eclipse E800 microscope. All absorption spectra of

sample films were acquired including ITO/glass substrates and

PEDOT:PSS layer using a Hitachi U-4100 spectrometer. PL

spectra were acquired using a Horiba Jobin Yvon Nanolog

fluorescence spectrophotometer with the sample tilted 301 with

respect to the excitation beam (510 nm) and 601 with respect to

the detector. All PL spectra were divided by their absorbance

at 510 nm acquired from absorption spectra so that the

intensity could be comparable among samples.

Solar cell characterization

The cathode electrode (20 nm thickness of Ca and 100 nm

thickness of Al) was deposited on a CO2 treated film using

vacuum evaporation. The active device area of all solar cells

was fixed to 0.1 cm2. Current–voltage (J–V) characteristics of

solar cells were measured with a Keithley 2400 source meter

under the 100 mW cm�2 illumination generated by a Newport

Oriel 91191-1000 solar simulator with an AM1.5G filter.

Acknowledgements

The authors would like to thank Dr S. Murase for technical

discussion and assistance with AFM observation, K. C. Cha

for taking SEM images, W. Yang for taking XPS data, L. Dou

and E. Richard for valuable input, and Evans Analytical Group

for performing SIMS analysis. In addition, R. Kokubu would also

like to thank Furukawa Electric Co., Ltd. for granting him

sabbatical leave for conducting this research.

References

1 C. J. Brabec, N. S. Sariciftci and J. C. Hummelen,Adv. Funct. Mater.,
2001, 11, 15–26.
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