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We investigated the effects of direct solvent exposure on the properties of [6,6]-phenyl-C61-butyric acid

methyl ester (PCBM) films and poly(3-hexylthiophene) (P3HT)/PCBM blend films employed as active

layers in, respectively, organic field-effect transistors (OFETs) and organic photovoltaics (OPVs). The

crystallinity, morphology, and OFET characteristics of the PCBM thin films were significantly

influenced by direct exposure to solvent, especially to select alcohols. Control over the nanoscale

morphology of the PCBM film, achieved via direct solvent exposure, yielded highly efficient poly-

(3-hexylthiophene) (P3HT)/PCBM OPVs with a short-circuit current density of 10.2 mA cm�2, an open-

circuit voltage of 0.64 V, and a power conversion efficiency of 3.25% under AM 1.5 illumination with

a light intensity of 100 mW cm�2. These results indicated that optimal phase separation in the P3HT/

PCBM films could be obtained simply by exposing the active layer films for a few seconds to solvent.
1. Introduction

In recent years, organic field-effect transistors (OFETs) and bulk

heterojunction (BHJ) organic photovoltaics (OPVs) have

received considerable attention due to their potential applica-

tions in low cost, easily processable, flexible, large-area electronic

devices.1–5 At present, many research groups have endeavored to

obtain high-performance OFETs and OPVs with excellent elec-

trical properties by developing n-type and p-type organic semi-

conductors. The performance and stability of n-type materials,

however, must be improved to the levels of the p-type counter-

parts if p–n junction devices and organic complementary circuits

are to be realized.6–8 Although some perylene diimide derivatives

and C60 have performed well as n-type organic semiconductors

for OFETs, the fabrication of these devices normally involves an

expensive and time-consuming vacuum deposition process.8,9

Recently, a solution-processable C60 derivative, [6,6]-phenyl-

C61-butyric acid methyl ester (PCBM), was developed for use in

the active layers of OFETs and BHJ OPVs. PCBM displays

a high intrinsic carrier mobility and good solubility in common

organic solvents.10–12

Unfortunately, these n-type materials usually show poor

environmental stability, which prevents their practical appli-

cation. The electrical properties degrade significantly over time

in the presence of water and oxygen in ambient air.8,13 Water

molecules diffuse into the grain boundaries of polycrystalline
POSTECH Organic Electronics Laboratory, Polymer Research Institute,
Department of Chemical Engineering, Pohang University of Science and
Technology, Pohang, 790-784, Korea. E-mail: cep@postech.ac.kr

† Electronic supplementary information (ESI) available. See DOI:
10.1039/c2jm15260f

‡ Sooji Nam and Jaeyoung Jang contributed equally to this work.

This journal is ª The Royal Society of Chemistry 2012
semiconductors to generate both donor- and acceptor-like

traps, which significantly degrade the mobility.14 Previous

reports have attempted to protect devices from the effects of

water and oxygen by introducing passivation layers on top of

the organic semiconductor. Alternatively, top-gate OFETs (in

which the organic semiconductor is encapsulated by the gate

dielectric and the gate electrode) or inverted OPVs (in which

the easily oxidized electrode is deposited prior to formation of

the active layer) have been employed.15–20 Because exposure to

solvents is inevitable during device stacking via solution-based

processes (i.e., during formation of passivation layers or gate

dielectrics in a top-gate structure), it is very important to

choose solvents that do not damage the active layer of a

device. The effects of solvents on p-type organic semi-

conductors have been described previously; however, the effects

of solvents on n-type organic semiconductors were previously

unknown.21–23

High-performance OFETs or high-efficiency OPVs depend

strongly on the molecular ordering and morphology of the

active layer. Most research groups have focused their attention

on improving the molecular ordering of the semiconductor

layers and on controlling the film morphology using various

solvents and annealing steps.24,25 Control over the nanoscale

morphology of a P3HT/PCBM blend system is crucial for

achieving efficient OPVs because phase separation between

the donor P3HT and the acceptor PCBM should be on the

length scale of exciton diffusion. To control the morphology of

the active layers, thermal treatments and solvent vapor

annealing have been widely used to construct bicontinuous

networks.12,26–28 High-temperature heating, however, may not

be compatible with the organic materials used in organic

devices, including organic electrodes or plastic substrates, and
J. Mater. Chem., 2012, 22, 5543–5549 | 5543
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time-consuming solvent vapor annealing processes can increase

the production costs.

In this study, we employed a solution-processable n-type

organic semiconductor, PCBM, as the active layer of OFETs and

BHJ OPVs, and we investigated the effects of solvent exposure

(water and alcohols) on the characteristics of PCBM and P3HT/

PCBM thin films. Direct solvent exposure can influence the

crystallinity, morphology, and electrical characteristics of an

organic semiconductor. To explore this effect in the active layer,

we systematically examined PCBM thin films before and after

solvent exposure, using 2D grazing-incidence X-ray diffraction

(2D-GIXD), atomic force microscopy (AFM), transmission

electron microscopy (TEM), and electrical measurement tech-

niques. This study revealed that exposure of PCBM films to

alcohols provides a facile route to systematic nanoscale

morphological control, and ethanol is an appropriate benign

solvent for preparing PCBM-based OFETs. The simple process

of exposing the P3HT/PCBM thin films to ethanol for a few

seconds provided optimal phase separation in a BHJ, which

improved the power conversion efficiency (PCE) from 1.56 to

3.25%. The final PCE was higher than that obtained from ther-

mally annealed P3HT/PCBM BHJ OPV cells.
Fig. 1 (a) Chemical structures of the organic semiconducting materials

used in this study: P3HT and PCBM, respectively. (b) Schematic proce-

dure for achieving direct solvent exposure of the active layer.
2. Experimental

Device preparation

We fabricated PCBM-based OFETs using a heavily doped Si

wafer as a gate substrate and a thermally grown 100 nm thick

SiO2 layer as a gate dielectric, previously cleaned in piranha

solution, and washed with distilled water. We modified the gate

dielectric using octadecyltrichlorosilane (OTS, Gelest). PCBM

(Aldrich) in chloroform (1 wt%) was spin-coated at 2000 rpm

onto bare or OTS-treated gate dielectrics in a N2-riched glove

box (H2O and O2 < 0.1 ppm). To complete the top-contact

geometry of the OFETs, we deposited 100 nm thick Al source

and drain electrodes by thermal evaporation under high vacuum

(1 � 10�6 Torr) through a shadow mask (channel length (L),

150 mm; channel width (W), 1500 mm) onto the PCBM. The

devices were annealed at 80 �C for 30 minutes. The BHJ OPVs

were prepared by ultrasonicating the glass substrate pre-

patterned ITO (anode electrode) in detergent, distilled water,

acetone, and isopropanol. The surface of the glass substrate

was modified by UV–ozone treatment for 20 minutes. A 30 nm

thick poly(3,4-ethylenedioxythiophene)–polystyrenesulfonic acid

(PEDOT:PSS) (Bay P VP AI4083, Bayer AG) layer, as a hole

injection layer, was spin-coated at 4000 rpm onto the cleaned

ITO-patterned glass substrate, followed by baking in an oven at

120 �C for one hour. A 20 mg mL�1 chlorobenzene solution of

the P3HT/PCBM electron donor/acceptor active material was

prepared and stirred in a N2-riched glove box for 12 hours.

P3HT was purchased from Rieke Metals. The chemical struc-

tures of P3HT and PCBM are shown in Fig. 1(a). The solutions

were spin-coated at 2000 rpm onto the top of the PEDOT:PSS

layer and baked at 80 �C for 20 minutes to remove the residual

solvent. Finally, LiF(1 nm)/Al(100 nm) cathodes were deposited

by thermal evaporation under high vacuum (1 � 10�6 Torr)

onto the surface of the active layer (over an active layer area of

0.09 cm2).
5544 | J. Mater. Chem., 2012, 22, 5543–5549
Characterization

The field-effect mobility (m) and threshold voltage (Vth) of the

OFET systems were obtained from the slope of a plot of the

square root of the drain current (ID) versus the gate voltage (VG)

in the saturation regime using the following equation: ID ¼
(WCi/2L)m(VG � Vth)

2, where ID is the drain current, and Ci is

the capacitance per unit area of dielectrics (32.4 nF cm�2 at 100

kHz). To examine the effects of the solvents on the PCBM-based

OFETs, PCBM films were exposed, by spin-coating, to deionized

(DI) water, methanol, ethanol, n-propanol (propanol), or

n-butanol (butanol) for 10 seconds. Fig. 1(b) shows a schematic

diagram of the procedure used for solvent exposure. After gath-

ering the initial OFET characteristic measurements, the devices

were exposed to the solvents, and themeasurementswere repeated

under the same conditions. The electrical characteristics of the

OFETsweremeasured using aKeithley 4200unit in aN2-enriched

glove box (H2O and O2 < 0.1 ppm). The capacitances were char-

acterized using a 4284A LCR meter (Agilent Tech). For the 2D-

GIXD experiments, PCBM was deposited onto a modified SiO2

gate dielectric by spin-coating at 2000 rpm. After film formation,

the film surface was exposed to solvent. 2D-GIXD experiments

were performed at the 4C2 beamline (wavelength¼1.38 �A) at the

Pohang Accelerator Laboratory in Korea. The incidence angle of

the X-ray beam was set to 0.16�. Samples were mounted on
This journal is ª The Royal Society of Chemistry 2012
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ahome-built z-axis goniometer equippedwith a vacuumchamber,

and data were typically collected using a two-dimensional charge-

coupled detector (2DCCD:Roper Scientific, Trenton, NJ, USA).

The current density–voltage (J–V) characteristics of the OPV

systemsweremeasured using aKeithley 4200 sourcemeasurement

unit, in the dark or underAM1.5G solar illumination (Oriel 1 kW

solar simulator) with respect to a reference cell PVM 132 cali-

brated at the National Renewable Energy Laboratory at an

intensity of 100 mW cm�2. The effects of the solvents on the

P3HT/PCBM film characteristics were examined by exposing the

P3HT/PCBM films to methanol, ethanol, propanol, or butanol

for 10 seconds by spin coating. UV-Vis (Cary:Varian Co.) and

photoluminescence (PL) (FR 650, JASCO Co.) measurements

were used to analyze the optical properties of the active layers. The

film morphologies of PCBM, P3HT, and P3HT/PCBM were

characterized by tapping-mode AFM (Digital Instruments

Multimode). For TEM imaging, the active layers were prepared

on a water-soluble PEDOT:PSS substrate, which was floated on

the surface of DI water. The active layer could then be picked up

using a 300 mesh copper TEM grid. TEM images were obtained

using a HITACHI-7600 instrument operated at 100 kV.

3. Results and discussion

First, we investigated the effects of direct solvent exposure on the

electrical characteristics of the PCBM-based OFETs. Fig. 2(a)
Fig. 2 (a) The effect of solvent on the electrical characteristics of PCBM-

based OFETs (a: DI-water, b: methanol, c: ethanol, d: propanol, e:

butanol). After initially measuring the OFET characteristics, the devices

were exposed to the solvents and measured at the same positions. (b)

Typical transfer characteristics before and after ethanol exposure.

This journal is ª The Royal Society of Chemistry 2012
plots the values ofmbefore and after exposure to each solvent, and

Fig. 2(b) and S1 show the typical transfer characteristics before

and after solvent exposure. The characteristics of the obtained

OFETs are summarized in Table 1. The m values of the DI water-

and ethanol-exposed devices were almost the same as those of the

non-exposed devices. On the other hand, the values of m for the

propanol- and butanol-exposed devices decreased slightly

compared to those of the non-exposed devices. To further inves-

tigate this behavior, we examined the surface morphology of the

50 nm thick bare and solvent-exposed PCBM films. Fig. 3(a)

shows the AFM topographs and typical cross-sectional height

profiles for the PCBM films before and after exposure to the

solvents (deposition solvent: chloroform). The DI water-exposed

PCBM film did not present distinct PCBM aggregates, as was

observed in the bare films, but the PCBM molecules in the other

solvent-exposed films formed large aggregates. Note that as the

solubility parameter (d) of the exposed solvent decreased (see

Table 2), the PCBM aggregates and surface roughness increased,

in agreement with previous reports describing the properties of

6,13-bis(triisopropylsilylethynyl) pentacene.22,29

Why did the performance of the butanol-exposed OFETs

degrade, even though the grain size increased? To answer this

question, we analyzed the structure of the bare (as-spun) and

solvent-exposed PCBM grains by 2D-GIXD. Fig. 3(b)–(g) show

the 2D-GIXD patterns and typical cross-sectional intensity

profiles along the qz (out-of-plane) direction at a given qxy (in-

plane) for the PCBM films before and after solvent exposure. As

shown in the GIXD patterns, all PCBM thin films showed crystal

reflections along the Debye rings, which suggested that the

PCBM crystals were randomly oriented, as in the case of the C60

thin films.30 The ring-shaped crystal reflection of the water-

exposed PCBM films showed a brightness level over the whole

qz � qxy region that was comparable to that of the bare films.

That is, the intensity at a given point (qz: 1.0–1.5 and qxy: 0.0) was

similar to the intensity of the corresponding point for the bare

films, as confirmed by the intensity profiles (Fig. 3(g)). The

reflection half-circle of the butanol-exposed film, however, was

indistinct and dispersed, with a lower intensity at any given

point. These results strongly suggest that the crystallinity of the

PCBM thin films decreased after exposure to butanol, despite the

increased grain size. In other words, the molecular ordering of

PCBM in the water- or ethanol-exposed films was better than the

ordering of molecules in the butanol-exposed films. The
Table 1 Summary of the electrical characteristics of PCBM-based
OFETs before and after solvent exposure

Treatment

OFETs performance

m/cm2 V�1 s�1 Vth/V SS/V dec�1 Ion/Ioff

Water Before 0.054 2.18 0.38 1.3 � 106

After 0.052 2.7 0.47 1.9 � 106

Methanol Before 0.041 2.6 0.54 1.2 � 106

After 0.040 5.5 0.62 1.1 � 106

Ethanol Before 0.042 2.9 0.42 1.2 � 106

After 0.040 2.8 0.48 1.7 � 106

Propanol Before 0.044 2.8 0.51 2.2 � 106

After 0.028 2.2 1.02 8.0 � 105

Butanol Before 0.043 2.8 0.69 1.0 � 106

After 0.024 2.4 0.84 8.5 � 105

J. Mater. Chem., 2012, 22, 5543–5549 | 5545
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Fig. 3 (a) AFM topographs of bare, DI water-exposed, ethanol-exposed, propanol-exposed, and butanol-exposed PCBM films (depositing solvent:

chloroform), respectively. The bottom panels show the typical cross-sectional height profiles of as-spun and solvent-exposed PCBM films prepared on

the gate dielectrics. The root mean square roughness values were 0.37, 0.33, 3.23, 6.7, and 6.9 nm, respectively. GIXD patterns along the qz (out-of-plane)

direction at a given qxy (in-plane) of (b) the as-spun, (c) DI water-exposed, (d) ethanol-exposed, (e) propanol-exposed, or (f) butanol-exposed PCBM

films. (g) Typical cross-sectional intensity profiles at a given point (qz: 1.0–1.5 and qxy: 0.0) for the PCBM films before and after exposure to the solvents.

Pu
bl

is
he

d 
on

 0
8 

Fe
br

ua
ry

 2
01

2.
 D

ow
nl

oa
de

d 
by

 H
an

ya
ng

 U
ni

ve
rs

ity
 o

n 
1/

7/
20

22
 6

:1
7:

23
 A

M
. 

View Article Online
increased grain boundary and the decreased molecular ordering

in the grain appeared to be the main reasons for the decreased

electrical performances after propanol or butanol exposure.

Labram et al. also have observed a drop in electrical character-

istics attributed to the clustering of PCBM at elevated tempera-

tures, which was detected by using in situmobility measurements

of P3HT/PCBM blend films.31

The systematic variations in the PCBM morphology upon

direct exposure to alcohols with different alkyl chain lengths

provide an opportunity to finely control the morphologies of the

P3HT/PCBM blend films, with the goal of achieving high-

performance OPV cells. P3HT/PCBM blend films were exposed

to alcohol solvents (methanol, ethanol, propanol, or butanol) for

a few seconds, and their morphologies were characterized.

Fig. 4(a) and (b) show, respectively, AFM topographs and TEM
Table 2 Summary of the various solvent parameters. CHF and CHB mean

Parameter CHF CHB DI water

Boiling point/�C 61.2 131 100
d (MPa1/2) 18.7 19.3 47.9

5546 | J. Mater. Chem., 2012, 22, 5543–5549
images of the P3HT/PCBM blend films before and after exposure

to the alcohol solvents. It should be noted that the morphological

trends of the P3HT/PCBM blend as a function of solvent expo-

sure were similar to those of the single PCBM films. As can be

seen in Fig. 4(b), the propanol- or butanol-exposed P3HT/

PCBM films contained larger PCBM aggregates (dark regions)

than the bare or ethanol-exposed films, which corresponded to

the AFM topography results shown in Fig. 4(a).32 To gain

further insight into the morphological changes occurring in the

blend films, we independently deposited single P3HT or PCBM

films (deposition solvent: chlorobenzene) and investigated the

effects of exposure to the three alcohols. Fig. 4(c) shows the

AFM topographs of the P3HT films before and after solvent

exposure. As shown in the images and the inset height profiles, no

significant morphological differences were observed among the
chloroform and chlorobenzene, respectively

Methanol Ethanol Propanol Butanol

65 78 97 118
29.7 26.0 24.3 23.3

This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 (a) AFM and (b) TEM images for P3HT/PCBMblend films before and after solvent exposure, respectively. (c) AFM topographs for P3HT films.

(d) AFM and (e) TEM images of the PCBM films (depositing solvent: chlorobenzene). The inset shows the height profiles of the P3HT and PCBM films.
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images gathered before or after solvent exposure. These results

indicate that a few seconds of alcohol solvents exposure did not

provide a sufficient driving force for remodeling the morphol-

ogies of the P3HT films, possibly because the polymer is rela-

tively long and heavy compared to a small molecule. On the other

hand, the AFM topographs and TEM images (shown in Fig. 4(d)

and (e), respectively) of PCBM films (deposition solvent: chlo-

robenzene) clearly showed morphological trends similar to those

observed for the P3HT/PCBM blend films upon direct solvent

exposure. As d decreased from ethanol to butanol, 10–100 nm

PCBM aggregates were formed, and the film surface became

rough (see the height profiles in the insets of Fig. 4(d)). These

morphology studies suggest that the morphological variations of

the P3HT/PCBM blend films upon direct solvent exposure were

derived from the PCBM molecules rather than the P3HT chains.

To support this hypothesis, UV-Vis absorption experiments

were performed for the single P3HT, single PCBM, and P3HT/

PCBM blend films. As shown in Fig. 5(a), the absorption spectra

of P3HT around 550 nm did not change significantly upon

solvent exposure, consistent with the results of AFM analysis.

The absorption peaks of the single PCBM films (Fig. 5(b)),

however, decreased in intensity in going from methanol to

butanol exposure, indicating the formation of PCBM aggregates.

The absorption spectra of P3HT (500–550 nm) and PCBM (250–

350 nm) in the blend films remained separate, as shown in

Fig. 5(c).33 As was observed in single P3HT films, the P3HT

peaks were negligibly altered upon solvent exposure. The PCBM

peaks in the P3HT/PCBM blend also followed the same trend as
This journal is ª The Royal Society of Chemistry 2012
was observed in the single PCBM films upon solvent exposure.

The UV-Vis absorption results permit us to conclude that the

morphological changes in the P3HT/PCBM blend films upon

direct solvent exposure mainly arose from the formation of

PCBM aggregates rather than from changes in the crystalline

ordering of the P3HT chains. High-temperature thermal treat-

ment induces a red shift and an increase in the absorption peak

intensity due to the sufficiently increased chain motion for

crystalline ordering, unlike the results observed upon direct

alcohol exposure (see Fig. S2†).28,34 Although, a negligible

change was observed in UV-Vis spectra in P3HT films after

direct solvent exposure, the corresponding PL spectra might be

more sensitive to the degree of crystalline ordering in the films.

Fig. S3 shows the PL spectra for P3HT and P3HT/PCBM blend

films before and after solvent exposure. For single P3HT films,

the intensities were increased after solvent exposure, suggesting

a reduction in non-radiative quenching pathways in the ‘slightly’

ordered P3HT films after solvent exposures.12,35 For the P3HT/

PCBM blend, all the solvent-exposed and bare films show drastic

quenching compared to single P3HT films, which indicates still

efficient exciton dissociation after solvent exposure.

To identify the correlation between the optoelectronic prop-

erties and the morphological variations of the P3HT/PCBM

films discussed above, we fabricated P3HT/PCBM BHJ OPV

cells and investigated the device performance upon solvent

exposure. The current–voltage (J–V) curves of the OPV devices

are shown in Fig. 6(a), and the device parameters are summa-

rized in Table 3. For this device characteristics measurement, we
J. Mater. Chem., 2012, 22, 5543–5549 | 5547
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Fig. 5 The UV-Vis absorption spectra of (a) P3HT, (b) PCBM, and (c) P3HT/PCBM blend films before and after solvent exposure.
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included heat-treated (150 �C for 10 min) P3HT/PCBM films (the

AFM topographs and TEM images are shown in Fig. S4) for

comparison. The bare device without solvent exposure or heat-

treatment displayed a poor PCE of 1.56%. Exposure to the

alcohols dramatically improved the device performance. The

ethanol-exposed device showed the highest PCE of 3.25%, which

was even higher than the PCE measured for devices post-heat

annealed (PCE of 3.0%). The ethanol-exposed device displayed

a high short-circuit current density of 10.2 mA cm�2, an open-

circuit voltage of 0.64 V, and a fill factor (FF) of 56.4% under
Fig. 6 (a) Typical J–V curves of the photovoltaic devices for various

P3HT/PCBM blend films (as-spun (-), methanol (,), ethanol (B),

propanol (=), butanol (>), and 150 �C heat (C)). (b) The IPCE spectra

of the as-spun and ethanol-exposed P3HT/PCBM devices.

5548 | J. Mater. Chem., 2012, 22, 5543–5549
AM 1.5 illumination with a light intensity of 100 mW cm�2. As

discussed above, the d of the alcohols is a key factor for

controlling the film morphologies. The d of P3HT and PCBM

(and their blend) was inferred to be around 18–19MPa1/2 because

they dissolved well in the deposition solvents (chloroform or

chlorobenzene) (see Table 2).29 Therefore, water (d of 47.9

MPa1/2) was almost a ‘‘non-solvent’’, and the alcohols were ‘‘poor

solvents’’ for the active layers. As some of the alcohol molecules

penetrated the active layer, PCBM aggregates formed to reduce

the contact areas with the alcohols.22 As a result, solvent-

dependent PCBM migration in the presence of the P3HT chains

enabled control over the nanoscale morphology of the P3HT/

PCBM films. The J–V curves of the OPV cells revealed that

ethanol exposure induced the optimal morphology and phase

separation for achieving efficient exciton diffusion and charge

transport. Because the difference of d for the active layer and

propanol or for the active layer and butanol is small, more

propanol or butanol molecules penetrated the active layer

compared to ethanol, which increased the PCBM aggregate size

and decreased the device performance.36,37 Conversely, water or

methanol barely penetrated the active layer and did not induce

significant morphological changes due to the high value of d.

Because the electron mobility of P3HT/PCBM blend films is

generally far higher than the hole mobility, the increase in hole

mobility is crucial for balanced charge-carrier mobilities and thus

efficient OPV cells.38–40 We already confirmed that the ethanol-

exposed PCBM samples do not show mobility drop and retain

crystallinity despite slight aggregation formation. Therefore, we

fabricated hole-only device (ITO/PEDOT:PSS/P3HT and

PCBM/Au) and measured hole mobility of the blend films

before/after ethanol exposure to confirm the enhanced charge

transport and charge collection properties. As shown in Fig. S5,

hole mobility of the blend films shows a more than two-fold
Table 3 Summary of the photovoltaic device characteristics for the
P3HT/PCBM blend before and after solvent exposure

Treatment

OPVs performance

Voc/V Jsc/mA cm�2 FF (%) PCE (%)

None 0.65 5.24 44.7 1.56
Methanol 0.63 9.4 52.5 2.9
Ethanol 0.64 10.2 56.4 3.25
Propanol 0.64 9.26 47.0 2.7
Butanol 0.64 9.27 45.3 2.76
Heat (150 �C) 0.65 9.6 55.1 3.0
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increase (from 2.30 � 10�6 to 5.08 � 10�6 cm2 V�1 s�1, detailed

procedure of mobility extraction is explained in the ESI), which

suggests an enhanced hole pathway in the P3HT domains due to

the formation of PCBM aggregation. Despite the enhanced

mobility, it is lower than those of the blend films annealed with

relatively long-term solvent vapor exposure or thermal treat-

ment.40,41 Although these fully annealed samples exhibit better

hole mobility due to the increased P3HT crystallinity, they show

substantial decrease in PL quenching because the domain size of

P3HT and PCBM clusters exceeds the typical exciton diffusion

length (�10 nm).12,40,41 From these experimental results, we can

conclude that the enhanced PCE of our ethanol-exposed devices

originated from the optimal phase separation leading to

increased hole mobility without the loss in electron mobility and

PL quenching. Fig. 6(b) shows the incident photon-to-current

conversion efficiency (IPCE) spectra of the bare and ethanol-

exposed devices. As expected, the ethanol-exposed devices

exhibited superior IPCE than the bare devices. These device

measurements showed that direct exposure of the active layers to

ethanol constitutes a simple but powerful method for fabricating

bicontinuous donor/acceptor networks for high-performance

OPV cells.

4. Conclusions

We investigated the effects of direct solvent exposure (water and

select alcohols) of PCBM or P3HT/PCBM blend films, used as

the active layers of OFETs and OPVs, on the films’ morpho-

logical, optical, and electrical properties. Direct solvent exposure

was found to significantly affect the crystallinity, morphology,

and OFET property of PCBM thin-films. We demonstrated

nanoscale morphological control in the P3HT/PCBM blend films

via direct solvent exposure, thereby providing a simple route to

obtaining high-performance BHJ OPV cells. The results of both

the PCBM-based OFET and OPV studies revealed that ethanol

is the most appropriate solvent for the solution-processing of

devices. Our work provides important guidelines for choosing

solution-processing solvents for PCBM-based organic active

layers. This technique is applicable to the solution-processed

encapsulation or deposition of gate dielectrics to achieve top-

gate-structured OFETs.
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