
Organic Solar Cells 

近年來的發展與應用

National Taiwan UniversityNational Taiwan University

National Taiwan UniversityNational Taiwan University

 



National Taiwan UniversityNational Taiwan University

 

 
 

National Taiwan UniversityNational Taiwan University

 



National Taiwan UniversityNational Taiwan University

 

 
 

 



National Taiwan UniversityNational Taiwan University

 

 
 

National Taiwan UniversityNational Taiwan University

 



National Taiwan UniversityNational Taiwan University

 

 
 

 



Ref:  Prof. Yoshida’s Lecture

National Taiwan UniversityNational Taiwan University

 

 
 

Ref:  Prof. Yoshida’s Lecture  



Ref:  http://apchem.gifu u.ac.jp/~pcl/special/frame1.htm  

 
 

National Taiwan UniversityNational Taiwan University

 



 

 
 

Source：Photon International, November 2005



 

 
 

 
 



2007巴塞隆納車展 ─ 最佳創意科技大獎

http://sun-red.com/

 
 

On a roll: Cheap nano solar 
cells can be made using rolls
of plastic sheets, like this one 
at Konarka.

Handheld power: Konarka’s
solar film is light and flexible
and could be laminated onto
portable devices. 

150

National Taiwan UniversityNational Taiwan University

 



National Taiwan UniversityNational Taiwan University

 

 
 

 



Dynamic Article LinksC<Soft Matter

Cite this: Soft Matter, 2012, 8, 1467

www.rsc.org/softmatter PAPER
Self-assembled multilayers of modified ITO in polymer solar cells by
soft-imprinting

Li-Chen Huang,ab Hung-Wei Liu,c Chin-Wei Liang,c Tsu-Ruey Chou,ab Leeyih Wang*cd and Chih-Yu Chao*ab

Received 27th September 2011, Accepted 7th November 2011

DOI: 10.1039/c1sm06837g
Optimized performances of polymer solar cells has been of magnificent interest in recent years. A

variety of approaches have been reported to alter or replace the polymer buffer layers in solar device

structures. In this present work, surface modification of indium tin oxide (ITO)-coated substrates

through the use of self-assembled multilayers by the soft-imprinting method has been applied to adjust

the anode work function and device performance in polymer solar cells based on a P3HT:PCBM

heterojunction. The efficiency and morphology of the solar device with CF3-terminal group materials

as a buffer layer have been measured and investigated. These results demonstrate that the soft-

imprinting method is an effective and rapid procedure that enhances the quality of polymer solar cells

and indicates potential implications for other organic devices containing an interface between a blended

organic active layer and an electrode layer.
1. Introduction

Organic photovoltaic (OPV) cells hold great promise for clean

energy generation by converting sunlight into electricity since

solar power is an abundant energy source and can be used

anywhere.1 In particular, it provides relatively inexpensive

materials and simple solution processable substitutes to inor-

ganic-based photovoltaic devices.2 In addition, the advantages of

using solar cell devices made from organic systems are that they

possess mechanical flexibility, are light weight, and can be

produced using roll-to-roll manufacturing methods at low

temperatures. One of the most representative OPV cells is the

device based on a blend of poly(3-hexylthiophene) (P3HT) as an

electron donor and a soluble C60 derivative, [6,6]-phenyl-C61-

butyric acid methyl ester (PCBM) as an electron acceptor.

Although the conversion efficiency of the conventional bulk-

heterojunction (BHJ) solar cell architecture consisting of P3HT:

PCBM has reached over 4–6% by a variety of processes,3 its

performance is still restrained by a relatively poor carrier transfer

property, which has also impeded the path towards commer-

cialization. Good photovoltaic devices require the optimization

of phase separation and morphology formation in a blended film

and also the development of new materials to allow improved
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interfacial contact in a balanced hole and electron charge

transport. Generally, the efficiency of organic devices can be

enhanced significantly when a poly(3,4-ethylenedioxythiophene):

poly(styrenesulfonate) (PEDOT:PSS) layer is introduced to

facilitate hole transport/injection in light-emitting diodes4 or as

a buffer layer in solar cells.5 Nevertheless, it is well known that

the indium tin oxide (ITO) glass is very sensitive to acidic envi-

ronments. Due to the strong acidic nature of PSS, the aqueous

solution from which the PEDOT:PSS films are cast can also be

expected to etch the ITO.6 Also, this polymer buffer layer in the

organic electronic device structure can be easily oxidized in air,

which leads to a deterioration in performance.

To date, many approaches, such as oxygen-plasma etching,

UV-ozone treatments,7 and self-assembling of monolayers of

dipolar molecules,8 have been delicately tailored to improve the

properties of ITO substrates. Self-assembled monolayer (SAM)

modification, one of the most promising methods, has been

employed to alleviate this problem. It is used to insert a less air-

sensitive buffer layer between the active layer and electrode in

order to reduce the amount of degradation and the amount of

oxygen and moisture diffusion inside the organic active layer.9

Self-assembled monolayers of organic compounds on inorganic

or metal surfaces are becoming increasingly important in many

areas of material science.10 Moreover, some research groups

utilized self-organized layers as buffer layers to control the

surface energy of the materials11 and to alter the work function of

the charge collecting electrodes in molecular solar cells.12

However, the regular immersion method is incapable of

producing various patterns that are designed.13 A new strategy is

desirable for the mass production of layer structures on a wide

variety of substrates, which can be applicable to various fields of

manufacturing, for example, microelectronics, micro-optics, and
Soft Matter, 2012, 8, 1467–1472 | 1467
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Fig. 1 Schematic representation of the formation of self-assembled

multilayers by the soft-imprinting method. (a) The CF3–silane solution

was deposited on the surface of the PDMS film. (b) The CF3–silane-

coated PDMS film was inversely attached onto the ITO surface. (c) The

top transparent PDMS film is peeled off from the ITO substrate. (d) After

the removal of the stamp, the self-assembled multilayers of CF3 were

formed onto the ITO surface. (e) Chemical structure of the CF3–silane

material. (f) The polymer solar cell device structure consisting of ITO/

CF3-layer/P3HT:PCBM/Ca/Al.
organic photovoltaics. The soft-imprinting method is one very

important technique to fulfil this requirement since this system

provides suitable and fast experimental simplicity and flexibility

for some complex work, such as organic photovoltaic devices.

Furthermore, the soft-imprinting method offers a remarkable

ability to form as many diverse patterns as possible.14

In this paper, we employed self-assembled multilayers with

terminal –CF3 groups to modify the surface characteristics of

ITO substrates by the soft-imprinting method, and investigated

the effects of these treatments on the morphology of the active

layer, the work function of the ITO electrode and the resultant

OPV performance. In BHJ solar cells using P3HT:PCBM,

adjustment of surface energy and work function of ITO may lead

to a tuneable morphology for the active layer and hole injection

barrier reduction. As-modified ITO substrates were character-

ized with contact angle measurements, ultraviolet photoemission

spectroscopy, UV-vis optical measurements and atomic force

microscope imaging. The obtained results show that the work

function of the modified ITO substrates is close to the highest

occupied molecular orbital level (HOMO) of P3HT, and thus

helps to reduce the barrier of hole injection. By means of

CF3-material modification, the device performances including

the short-circuit current density (Jsc) and fill factor (F.F.) are

enhanced. As a result, the CF3-material treated sample has

improved the efficiency of hole injection into the ITO and

exhibited a higher power conversion efficiency, which is

comparable to that of the device with a PEDOT:PSS insertion

layer. Moreover, we found the soft-imprinting method which can

be applied to adjust the anode work function is an efficient and

fast approach for large scale flexible polymer solar cells.
2. Experimental section

A schematic diagram of the soft-imprinting method for fabri-

cating self-assembled multilayers is illustrated in Fig. 1, and can

be mainly described by the following steps. First of all, this

process uses a stamp to print self-assembled multilayers onto the

ITO glass in order to modify the surface properties of the ITO

substrate. The soft stamp, poly(dimethylsiloxane) (PDMS), plays

a crucial role in standard microcontact printing (mCP) techniques

and can easily make conformal contact with different surfaces. In

Fig. 1(a), wetting of the elastomeric stamp was accomplished by

exposing the stamp to a 0.5 wt% solution of trimethoxy(3,3,3-

trifluoropropyl)silane ( CF3–silane for short) in hexane, either by

pouring the solution over the surface of the stamp or by rubbing

the stamp moderately with a Q-tip which has been saturated with

the CF3–silane solution. Hydroxyl groups were introduced to the

ITO substrate by carrying out O2-plasma treatment for 15 min

previously. Following the wetting step, the stamp was slowly

brought into contact with the surface of ITO glass substrate in an

ambient environment, as shown in Fig. 1(b). Typically, very light

pressure is applied by hand in order to help complete the contact

between the stamp and the surface, and to squeeze out any air

bubbles. Then, the stamp was gently peeled off from the surface,

as seen in Fig. 1(c). After the removal of the stamp, the CF3–

silane materials were transferred from the stamp to the ITO upon

contact, and covalently bonded to the underlying ITO surface.15

Then, the substrate was rinsed with hexane to remove the

residual molecules. Eventually, the ITO substrate was sheerly
1468 | Soft Matter, 2012, 8, 1467–1472
modified with CF3–silane materials, as shown in Fig. 1(d). Also,

the procedure can be conducted under atmospheric pressure in

an unprotected laboratory environment. The chemical structure

of the CF3–silane material is shown in Fig. 1(e). Furthermore,

CF3–silane materials exhibit many positive characteristics: ease

of preparation, good stability under ambient conditions, rela-

tively low densities of defects in the final structures, and

amenability to applications in controlling interfacial properties.

Herein, CF3-layers with electron-withdrawing groups can

increase the work function of the ITO/active layer interface and

causes the hole injection barrier of ITO to become closer to the

highest occupied molecular orbital level (HOMO) of the active

layer. In many such applications, the work function of ITO has

a profound effect on device performance because it affects the

energy barrier height at the heterojunction interface. Subse-

quently, the CF3-layer treated ITO was coated with a P3HT:

PCBM blend in 1,2-dichlrobenzene (ODCB) to analyze the

electrical properties of the modified ITO surfaces. Finally,

a cathode comprised of stacked Ca (20 nm) and Al (100 nm)

layers was evaporated onto the surface of the active layer to

achieve a polymer solar cell. The complete device structure of

a polymer solar cell is illustrated in Fig. 1(f).

An elastomeric stamp applied to the ITO surface is the key to

the soft-imprinting method. In addition to its elasticity, the

PDMS elastomer has many other benefits that make it extremely

useful in the soft-imprinting process: (a) the PDMS has good

chemical stability and makes conformal contact with rigid

surfaces over relatively large areas. (b) The PDMS is not

hydroscopic; it does not swell with humidity. (c) The PDMS

elastomer has good thermal stability; prepolymers being easily

molded can be cured thermally. (d) The elastomeric PDMS is
This journal is ª The Royal Society of Chemistry 2012



Fig. 2 (a) UPS spectra of the bare ITO and CF3–silane modified ITO

surfaces. (b) Close-up of the secondary electron edge (15–17 eV). Shift in

binding energy is indicated as the dotted line, which is 0.42 eV. (c) The

contact angle (�0�) of the O2-plasma treated ITO substrate. (d) The

contact angle of the CF3–silane modified ITO substrate by the soft-

imprinting method is 96�.
durable when it is used as a stamp; we can use a PDMS stamp

many times over a period of several months without observing

any degradation in performance. Therefore, we chose to use the

elastomeric PDMS polymer for our soft-imprinting experiments.

The PDMS stamps were prepared by cast molding: a mixture

of Sylgard 184 silicon elastomer (Dow Corning) and a curing

agent (10 : 1 ratio by volume). The raw material is supplied as

a two-part kit: a liquid silicon rubber base (i.e. a vinyl-termi-

nated PDMS) and a curing agent (i.e. dimethylsiloxane).16 The

two compounds were stirred in a vessel for 20 min and degassed

in a centrifuge for 5 min before it was mildly poured onto the

flat substrate to be solidified. In order to make a smooth

surface stamp, the liquid mixture was poured onto a silicon

wafer which was formerly deposited with an anti-stick solution

and then it was cured at 70 �C in an oven for 4 h. The anti-stick

solution is (tridecafluoro-1,1,2,2-tetrahydrooctyl)dimethul-

chlorosilane (FOTS) which is purchased from the Gelest

company. The PDMS stamps were peeled away from the

FOTS-coated silicon wafer after cooling and placed on a glass

surface, they were then cut into pieces (1 cm � 1 cm). The

thickness of the PDMS was around 2 to 4 mm.

For the sake of the soft-imprinting procedure, the PDMS

stamps wetted with the CF3–silane solution were usually lifted

with tweezers, and softly attached to the ITO substrate to

transfer the CF3–silane materials. The 0.5 wt% CF3–silane

(Aldrich) solution was completely dissolved in a hexane solution.

The ITO was first cleaned by scrubbing in a detergent, then

thoroughly rinsed in deionized water, and finally sonicated in

acetone and IPA. The ITO glass substrate was treated with O2-

plasma before the coating of the buffer layers in order to improve

the adhesion between the ITO surface and the CF3–silane film.

For comparison, the CF3–silane film was also replaced by

PEDOT:PSS in our system as a control sample. The thickness of

the CF3–silane layer is �6 nm which was characterized by

a spectroscopic ellipsometer (J. A. Woollam VASE).

Polymer solar cells were fabricated via a combination of spin-

coating and the soft-imprinting method on ITO glass substrates

(2 cm � 2 cm). For comparison with the device using CF3–

silane treated ITO, a commonly used PEDOT:PSS (Baytron P

VP AI4083) was spin-coated (40 nm) on the ITO glass, followed

by heating at 140 �C for 10 min. The mixtures of P3HT (15 mg

ml�1) and PCBM (Nano-C, 12 mg ml�1) were soluble in 1,2-

dichlorobenzene (ODCB). Meanwhile, those substrates were

delivered into a nitrogen-filled glove box and the P3HT:PCBM

layer was later spin-coated on top of the PEDOT:PSS pre-

coated ITO substrate (15 U ,�1). The thickness of the active

layer was ca. 200 nm and the device area was 0.06 cm2, which

was defined by a shadow mask. Metallic cathodes of Ca (20 nm)

and Al (100 nm) were successively evaporated on it under high

vacuum conditions of 10�6 Torr. Thermal annealing was per-

formed at 110 �C for 10 min under a N2 atmosphere after the

deposition of the cathode. To study the performances of solar

cells applying these modified ITO substrates, the current

density–voltage (J–V) characteristics were measured in the dark

and under AM1.5G solar illumination at an intensity of 100

mW cm�2, which was obtained from a 300 W Xe lamp solar

simulator (Oriel 91160) utilizing a programmable Keithley

mode 2400 instrument. Light intensity was calibrated by

a mono-Si reference with a KG5 filter (PV Measurements, Inc.),
This journal is ª The Royal Society of Chemistry 2012
which was calibrated by the National Renewable Energy

Laboratory.

After the imprinting process, the sample for ultraviolet

photoelectron spectroscopy (UPS) measurements was stored in

a vacuum desiccator and exposed briefly to the air before being

placed into an ultra-high-vacuum (UHV) chamber equipped

with an angle-resolved electron energy analyzer. The UPS

(Thermo VG-Scientific) measurements were performed using the

He I photo line (hy ¼ 21.22 eV) of a He discharge lamp under

UHV conditions (2 � 10�11Torr). When the data was collected,

the samples were biased at �5 V in order to measure the onset of

the photoemission spectra, which was used to determine the

position of the work function of the modified ITO surface. The

as-treated ITO surface was also characterized by taking multiple

advanced contact angle measurements (First Ten Angstron)

from various locations on the substrate, which was modified with

or without the CF3–silane materials. The absorption and trans-

mission spectra of the active layer and CF3–silane thin film were

visualized with the aid of a UV-vis spectrometer (JASCO). The

morphology of the active layer surface coated on the top of the

PEDOT:PSS and CF3–silane-coated ITO was investigated under

the atomic force microscope (PSIA XE-100).
3. Results and discussions

3.1 Electrode work function and surface wettability

Examples of He I UPS spectra of modified ITO substrates are

revealed in Fig. 2, where the first derivative of the secondary-

cutoff region of the UPS spectrum is shown in Fig. 2(b). The

spectrum in Fig. 2(a) was taken for a sample with a �5 V bias so

that the sample inelastic cutoff could be distinguished from the

spectrometer. This cutoff, also called the photoemission onset, is

related to the vacuum level (Evac) because no electrons with less
Soft Matter, 2012, 8, 1467–1472 | 1469



energy can escape from the solid surface.17 The onset of photo-

emission corresponds to the changes in the work function at the

ITO surface. The main cutoff of the secondary electron edge was

used to determine the work function after each preparation step.

Therefore, the work function can be calculated by subtracting the

binding energy of the secondary electron edge form the He I

excitation energy (21.22 eV).18 As a result, through the addition

of the CF3-layer to the ITO glass substrate, a work function shift

was observed. The work function of the ITO substrate in our

experiment is 4.7 eV, after the O2-plasma process. In the case of

the CF3-terminated layer, the onset of secondary electrons is 0.42

eV higher than that of the plasma treated ITO. The CF3-layer

being deposited through the soft-imprinting method, obtained

a work function which is increased by 0.42 eV, to a value of 5.12

eV, which is close to the HOMO level of the active layer (�5.2

eV), and thus the hole injection barrier from the active layer to

the anode is reduced. The onset of secondary electrons was

determined by extrapolating two solid lines from the background

and the straight onset in each spectrum. The absolute error in the

determination of cut-off is estimated to be �100 meV, while the

error of spectra recorded here, relative to each other, is estimated

to be smaller (about �50 meV).

Surface modification with the CF3–silane materials can also

change the wettability of the substrate surface by replacing –OH

terminal groups with fluorocarbon molecular units. Changes in

wettability can affect the way it is subsequently coated with

organic layers. Improved wettability results can be confirmed by

measuring the static contact angle of water on treated substrates.

Table 1 presents the average contact angles with �3� uncertainty
on the different ITO surfaces. The bare ITO substrate has a low

water contact angle of 35�, whereas angles of nearly 0� were

measured from the O2-plasma treated ITO, as seen in Fig. 2(c).

The CF3–silane imprinted sample shows a contact angle of 96� in
Fig. 2(d). An obvious increase in contact angle after the modi-

fication of ITO with the CF3–silane materials, which primarily

comes from the highly hydrophobic nature of the –CF3 moieties,

which indicates the existence of CF3–silane on the ITO surface.
3.2 Device current–voltage characteristics

One of the critical issues concerning the high-efficiency of OPV

cells, is to decrease the contact resistances of the anode and the

cathode. For example, an ultrathin insulating interlayer, such as

LiF, is commonly inserted between the organic active layer and

the Al cathode to enhance the efficiency of electron collection.19

In order to investigate the electrical properties of the CF3–silane

treated ITO surface, an organic solar cell composed of ITO/CF3-

layer/P3HT:PCBM blend (1 : 0.8)/Ca/Al was fabricated. The

ITO substrates were modified with a layer of CF3–silane by the

soft-imprinting method. For the control device, aqueous
Table 1 Static contact angle measured for ITO anodes treated in
a variety of processes

Anode Contact angle [�]

Untreated 35
O2 plasma �0
CF3–silane imprinted 96

1470 | Soft Matter, 2012, 8, 1467–1472
dispersions of PEDOT:PSS after passing through a 0.45 mm

PVDF filter were spun at 3500 rpm for 30 s on top of clean ITO

substrates. The subsequent active layer was prepared the same

way as the sample with a CF3–silane buffer layer. All electrical

measurements and active layer fabrications were conducted

inside a glove box in which the condition is less than 1 ppm O2

and 1 ppm H2O. Fig. 3 shows the illuminated current density–

voltage (J–V) curves of the P3HT:PCBM material devices

fabricated on ITO (w/o buffer layer), PEDOT:PSS-coated ITO

and CF3–silane modified substrates.

Without the aid of the inserted buffer layers, such as PEDOT:

PSS or CF3–silane, the device performance shows poor results

compared with the devices with buffer layers. On the other hand,

the series resistance (Rs) of different buffer layers at a given

voltage (c.a. 1 V) decreases from 8.4U cm2 (PEDOT:PSS) to 3.4U

cm2 (CF3–silane), which emphasized that the interfacial forma-

tion is enhanced in the CF3-layer devices. The corresponding

power conversion efficiency (PCE) increases from 3.18 � 0.16%

(PEDOT:PSS) to 3.42 � 0.27% (imprinted). The performance

parameters of all samples are summarized in Table 2. As

expected, the F.F. value increases from 60.4 � 0.5 for the

PEDOT:PSS-coated device to 63.4 � 0.5 for the CF3–silane

imprinted device, indicating a reduction in the effective series

resistance, whilst the open-circuit voltage remains almost the

same. Moreover, work function shifts have virtually no effect on

the open-circuit voltage (Voc), which is in accordance with the

idea that Voc is controlled intrinsically by the difference between

the lowest unoccupied molecular orbital (LUMO) energy level of

the acceptor and the HOMO energy level of the donor, and is

insensitive to the electrode work functions.20As both Jsc and F.F.

values increase with decreasing interfacial energy differences for

the CF3–silane modified device, this energetic behavior is very

likely to be responsible for the behavior observed here. The J–V

curves of all devices under simulated AM 1.5 illumination show

Jsc and F.F. increase in the CF3–silane imprinted sample. This

again corresponds to the decreased Rs value. As a result, the

CF3–silane treated sample has improved the efficiency of hole

injection into the ITO and exhibited a higher power conversion

efficiency comparable to that of the device with a PEDOT:PSS

insertion layer.
Fig. 3 J–V characteristics of P3HT:PCBM bulk heterojunction devices

w/o a buffer layer (circle line), with PEDOT:PSS (square line) and

the CF3-layer (triangle line) under simulated AM 1.5 irradiance

(100 mW cm�2).

This journal is ª The Royal Society of Chemistry 2012



Table 2 Summary of the performance parameters of the P3HT:PCBM
based solar cells with and without a PEDOT:PSS layer compared with
the CF3-layer device

Buffer materials Voc (V) Jsc (mA cm�2) F.F. (%) PCE (%)

w/o 0.17 7.37 35.1 0.44
PEDOT:PSS 0.55 9.48 60.4 3.18
CF3-layer 0.55 9.83 63.4 3.42
3.3 Absorption/transmission spectra and morphology of the

active layer

The optical density of the P3HT:PCBM film and the trans-

mission for the CF3–silane modified ITO substrate are shown in

Fig. 4. The transmission of the CF3–silane treated ITO is slightly

higher than that of the PEDOT:PSS layer in the range of 600 to

800 nm. Transparency is increased in the wavelength range where

P3HT:PCBM absorbs, which makes this device suitable for

applications which make full use of the solar illumination spec-

trum. The UV-vis spectrum is clearly illustrated in Fig. 4(b).

Compared to the PEDOT:PSS-coated ITO glass, the CF3–silane

treated samples exhibit better light transmission characteristics in

the visible light spectrum and can efficiently reduce the loss of

light passing through the solar device. In addition to reaching

relatively low optical absorption, the fluorocarbon surfaces
Fig. 4 Transmission of various buffer layers and absorbance of the

P3HT:PCBM material in UV-vis spectra. (a) The left axis represents the

transmission ratios of different buffer layers; the right axis is the UV-vis

absorption spectra for the film of P3HT:PCBM (in 1 : 0.8 wt/wt ratios).

(b) The transmission spectrum for the fluorocarbon layer between 610

and 800 nm is larger than that of the PEDOT:PSS-coated surface.

This journal is ª The Royal Society of Chemistry 2012
exhibit quite high transparency values throughout the visible

light range, which is important for the application of a trans-

parent electrode material.

In order to further validate the surface modified imprinting

process, the phase image and topography of the subsequently

coated active layer is investigated. In Fig. 5, the morphology of

the active layers on the CF3–silane treated ITO substrates shows

a more uniform distribution of P3HT and PCBM than on the

PEDOT:PSS surface after annealing. As can be seen in Fig. 5(a)

and (b), the CF3–silane treated surface could provide optimized

phase separation of the P3HT:PCBM blend film due to the

hydrophobic surface of the CF3 film. The dark region refers to

PCBM-rich areas; the bright area indicates the P3HT materials.

As a result, the surface roughness of each sample is 4.57 nm

(PEDOT:PSS/ITO) and 3.62 nm (CF3–silane treated ITO),

respectively, as shown in Fig. 5(c) and (d). The lower surface

roughness indicates an increase in the number of interfaces

between the donor and the acceptor. The increased interfaces are

beneficial to the exciton charge separation and charge trans-

portation which mostly contributes to the Jsc. The rough surface

is a signature of P3HT self-organization, which increases the

ordered structure formation in the active film.2 Consequently,

there is no excessive phase separation observed in the

CF3-sample, which means a better device performance using

CF3–silane imprinting is plausible. Rough surface morphology

of the blend film may induce poorer contact between the active

layer and cathode. Therefore, the CF3–silane treated sample has

optimised the active layer morphology and was found to have

better performance than that of the device with a PEDOT:PSS

insertion layer. The CF3-layer serves as a passivation of inor-

ganic surface trap states, improving the exciton dissociation

efficiency at the polymer/active interface, as well as a template to

influence the overlayer BHJ distribution of phase morphology,

leading to better charge selectivity and enhanced solar cell

performance.21
Fig. 5 Phase images of the P3HT:PCBM layer after annealing were

observed under an AFM system. (a), (b): The phase images. (c), (d):The

surface roughness of the active layers coated on the standard (PEDOT:

PSS) and CF3–silane treated ITO surfaces, respectively. (AFM image

dimensions: 5 mm � 5 mm).

Soft Matter, 2012, 8, 1467–1472 | 1471



4. Conclusions

The soft-imprinting method offers immediate and fast advan-

tages in applications in which photolithography falters or fails.

In summary, we have successfully proved the feasibility of the

soft-imprinting method which we applied to organic solar cell

devices. We note that some of these SAM-treated devices cannot

easily be fabricated using existing techniques based on the

conventional immersion method. In our work, the obtained

power conversion efficiency (PCE) in the absence of a PEDOT:

PSS layer was 3.42% for a CF3–silane treated surface, which is

higher than the corresponding PCE 3.18% of OPV cells (with

PEDOT:PSS). As a result, a significant decrease in series resis-

tance was observed in the device with a CF3-layer. We also found

that, by means of such CF3–silane modification, both the Jsc and

F.F. values are enhanced as compared to those of common OPV

devices with PEDOT:PSS as a buffer layer. By carrying out

further investigations into applications for this technique, we

expect to extend this fast fabrication technique to the large scale

fabrication of layer structures and to the flexible polymer solar

cell industry.
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Abstract: OPV (Organic photovoltaic) cells represent a compelling candidate for renewable energy by solar energy conversion. In 
recent years, versatile light-trapping measures via structures have been intensively explored to optimize photovoltaic performance. In 
this work, a unique rubbing technique is demonstrated to create nanoscale grooves on the PEDOT:PSS 
[poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)] surface and the grating-like features are 500 nm wide and 10 nm deep. 
The PEDOT:PSS film with grooved surface is used as buffer layers for OPV cell devices based on a P3HT:PCBM bulk 
heterojunction. The patterned surface has a profound effect on carrier mobility, light trapping, and hole collection efficiency, leading 
to an increase in the short circuit density, filling factor, and power conversion efficiency. These results indicate the feasibility of the 
rubbing method can be applicable to high-efficiency OPV cells. 
 
Key words: Rubbing technique, grooved surface, organic photovoltaic cells, bulk heterojunction solar cells. 
 

1. Introduction  

OPV (Organic photovoltaic) cells have been fleetly 
developed in the past years since the solar energy is one 
of the most abundant sources in the earth and could be 
regarded as a prevailing technology to convert sunlight 
into electricity [1]. In particular, it provides relatively 
inexpensive materials and simple solution processable 
substitutes to inorganic-based photovoltaic devices [2]. 
In addition, the advantages of using solar cell devices 
over organic systems are mechanical flexibility, light 
weight, and can be using roll-to-roll manufacturing 
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method at low temperatures. One of the most 
representative polymer solar cells is the device based 
on a blend of P3HT [poly (3-hexylthiophene)] as an 
electron donor and a soluble C60 derivative, PCBM 
(6,6-phenyl-C61-butyric acid methyl ester) as an 
electron acceptor. Although the PCE (power 
conversion efficiency) of the conventional BHJ 
(bulk-heterojunction) solar cell architecture consisting 
of P3HT:PCBM blends has reached 4%~6% by a 
variety of processes [3-5], its performance is still 
restrained by a relatively poor carrier transfer property, 
which has also impeded the path toward 
commercialization. Many studies have demonstrated 
that appropriate conjugated conducting polymers are 
attractive alternatives for applications in organic 
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electronic devices in order to obtain a high-efficiency 
performance [6, 7]. Accordingly, one of the commonly 
used semiconductive conjugated polymers is poly 
(3,4-ethylenedioxythiophene):poly (styrenesulfonate) 
(PEDOT:PSS) which is favorably available as an 
aqueous dispersion and often utilized as hole injection 
layer in polymer electronic devices. PEDOT:PSS also 
has many functions in electronic devices to enhance the 
electrode performance by adjusting the work function 
of an electrode [8, 9], modifying the defects on ITO 
surface and for implication as a flexible anode [10]. 
Recently, some research groups have investigated film 
morphology and electrical properties of PEDOT:PSS 
by several techniques such as conductive atomic force 
microscopy (C-AFM) [11], micromolding in 
capillaries (MIMIC) [12], and nanoimprinting 
(soft-embossing) method [13]. Although the 
aforementioned techniques can produce micro/nano 
scale grating structures of the polymer surfaces, some 
of these techniques are adverse in some ways. For 
example, in C-AFM case, the conducting probe 
demands rather a long time to texture the surface 
features and causes decrease of local film conductivity 
owing to mass transport of PSS-rich regions to the 
surface under applied bias. The effective area is also 
limited by the inherent trait of tip size. As for the 
MIMIC process, it preferably creates edge thickening 
arising from a meniscus at the interface between the 
PDMS mold wall and the polymer solution. The very 
slow filling rate of small capillaries may hinder the 
possibility of MIMIC in many types of fabrication 
system. In addition, the nanoimprinting method 
requires a sophisticated and elaborate mold to duplicate 
and transfer grating patterns during direct contact with 
the polymer surface. Furthermore, the heating 
procedure results in unnecessary or additional 
annealing effect on the photoactive layer in organic 
electronic devices. In most conditions, however, 
conducting polymers have to be modified to work with 
these techniques. 

In the present work, we demonstrate the 

implementation of the rubbing method in the 
fabrication of an organic-based bulk heterojunction 
solar cell. The rubbing procedure is the most widely 
used industrial technique for rapid, simple and 
inexpensive formation of alignment polymer film over 
large areas in LCDs (liquid crystal displays) [14]. As a 
result of previous reports and other papers [15, 16], it is 
well known that the director of nematic LC (liquid 
crystal) tends to assume an orientation parallel to the 
direction in which an adjacent solid surface has 
previously been rubbed. A crucial concept is that LC 
molecules could be uniformly oriented by the grooves 
(wavy surface) of the organic material layer which is 
caused in the rubbing action. In these studies, these 
grooves had periods in the range of micrometers to 
hundreds of nanometers, with relief depths between a 
few tens and a few hundreds of nanometers. The 
surface properties of different surface roughness 
induced by rubbing method were related to polymer 
structural, morphological and optical properties. 
Therefore, the employment of periodic structures as an 
efficient light-trapping plot was investigated for high 
performance OPV (organic photovoltaic) cells based 
on P3HT and PCBM bulk heterojunction. The 
nanoscale grooves of PEDOT:PSS layer were achieved 
by a lithography free method, so called rubbing process. 
With this configuration, the periodic grooves increase 
light absorption in consequence of scattering light 
occurring within the hole carrier transporting interface 
between the rubbed PEDOT:PSS and the photoactive 
layer. Moreover, the morphology of the rubbed 
PEDOT:PSS surface facilitates the hole carrier 
collection rate owing to the increased surface area of 
the interfaces. Most important of all, there are no 
further modification or treatment on the PEDOT:PSS 
solution, for example dilution and extra additives. The 
PCE of polymer solar cells inserted with a grooved 
PEDOT:PSS layer was enhanced by a simple and fast 
rubbing treatment. The related measurements and 
results of this rubbed buffer layer in BHJ solar cell 
devices suggest the feasibility of this renowned 
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rubbing method can be applicable to large scale 
fabrication of polymer based solar cells. 

2. Experiments 

Here we demonstrate an unprecedented approach, 
namely rubbing method, of using wavelength scale 
structure to increase the incident light absorption in 
organic photovoltaic cells. Fig. 1 shows the flow chart 
of the fabrication process. First, the ITO glass substrate 
was cleaned with detergent, acetone and isopropyl 
alcohol in an ultrasonic bath, before being dried under 
nitrogen flow. The PEDOT:PSS (Clevios P VP AI4083, 
H.C. Starck) was spin-coated (40 nm) on the ITO 
surface, followed by heating at 140 °C for 10 min. In 
general, the rubbing process is performed by contacting 
and moving a rotating cylinder (covered with a rubbing 
cloth) over a polymer-coated substrate at a constant 
velocity which is shown in Fig. 1a. The grooves 
(grating-like features) were produced on the 
PEDOT:PSS surface by the rubbing procedure. The 
rubbing treatment which is a physical activity was done 
using a machine whose drum was wrapped with a 
velvet cloth. Rubbing the surface scribes small grooves 
(or threads) on the PEDOT:PSS surface as presented in 
Fig. 1b. The grooves produced during rubbing process 
are grating-like structure with a periodicity of 500 nm. 
All the rubbing steps were performed in ambient 
conditions. The rubbed or un-rubbed PEDOT: 
PSS-coated substrates were prepared for the next step 
of active layer coating. Regioregular P3HT was 
prepared using the Grignard Metathesis approach [17], 
providing regiocontrol in each coupling step in the 
polymeric reaction. The regioregularity was 
characterized by 1H NMR to be greater than 96%. The 
mixtures of P3HT (15 mg·mL-1) and PCBM (Nano-C, 
12 mg·mL-1) were dissolved in 1 mL of chlorobenzene. 
Meanwhile, those PEDOT:PSS-coated substrates were 
transferred into a nitrogen-filled glove box. Then the 
P3HT:PCBM blend was spin-coated on top of the 
PEDOT:PSS pre-coated ITO substrate (15 Ω·□-1), and 
a P3HT:PCBM active layer of about 130 nm was 

formed. Subsequently, metallic cathodes of Ca (20 nm) 
and Al (100 nm) were deposited on top of the active 
layer by thermal evaporation at a pressure of 
approximately 10-6 Torr. The complete solar cell device 
is exhibited in Fig. 1c. The device area was 0.06 cm2 
which was defined through a shadow mask allowing 
the realization of four cells onto the same substrate. 
Devices to be annealed were placed on a digitally 
controlled hot plate at 150 °C for 10 min under N2 
atmosphere after the cathode was evaporated. 

To study the performances of solar cells with or 
without rubbed PEDOT:PSS layer, current 
density-voltage (J-V) characteristics were measured using 
a programmable Keithley mode 2400 instrument. The 
solar simulator (Oriel 91160) consists of an Oriel xenon 
arc lamp with an AM 1.5G solar filter and the 100 
mW·cm-2 intensity was calibrated with a mono-Si 
reference cell with a KG5 filter (PV Measurements, Inc.), 
which was calibrated by National Renewable     
Energy Laboratory (NREL), according to the procedure  
 

 
Fig. 1  Schematic representation of the flow chart of the 
rubbing process applied in the formation of nanoscale 
grooves on the PEDOT:PSS surface. (a) The 
PEDOT:PSS-coated film is rubbed by a rotating cylinder 
which is covered with velvet cloth. (b) The rubbed grooves 
produced during rubbing process is a wavy-like structure 
with a periodicity of 500 nm and around 10 nm deep. (c) The 
polymer solar cell device structure consists of ITO/rubbed 
PEDOT:PSS/P3HT:PCBM/Ca/Al. (d) Schematic diagram of 
a larger interface area made by the rubbing process and 
continuous hole carrier transporting pathways to the ITO 
electrode.  
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along the rubbing direction. The profile of the rubbed 
structure shows that the periodicity of the wavy-like 
grooves is ~ 500 nm, and the depth of the feature is  
~10 nm. Wavelength scale structures can modify the 
generation and propagation of light in materials [23]. In 
addition, small-scale corrugation enables large-area 
PEDOT:PSS/active layer interfaces, the surface 
roughness (mean roughness) of PEDOT:PSS layer 
increases from 0.80 nm to 7.63 nm after rubbing 
treatment. The interface area of the rubbed sample 
increases ~ 1.10% compared with the planar sample. 
The enhanced interface makes hole carriers 
transportation extensive as depicted in Fig. 1d. The 
expected effect of increased surface area is to reduce 
the distance which newly separated charge carriers will 
migrate through organic semiconductors before 
extraction from the device. Such structuring of the 
buffer layer would potentially increase the light 
absorbed within the active layer, since the optical path 
length is increased for light diffracted at angles other 
than normal to incident. By means of the rubbing 
process, polymorphism control of organic 
semiconductor films could greatly affect photovoltaic 
device performance. In contrast with photolithographic 
processes, the approach used in this study is a 
non-destructive and non-complex approach for 
patterning polymers. Furthermore, the use of rubbing 
process has several advantages such as a one-step 
process, feasible duplication and ease of fabrication. 

To further characterize the thin film morphologies, 
we extracted the values of the hole mobility from the 
dark current density-voltage characteristics of the 
hole-only devices. We fabricated these devices using a 
high work-function material, gold (Au), as cathode to 
block the injection of electrons. The hole mobility was 
calculated precisely by fitting the dark J-V curves for 
single carrier devices using SCLC (space charge-limited 
current) model at low voltages, where the current is 
given by the equation [24]: 

J = 9ε0ερμV2(8L)-3            (2) 
where, ε0ερ is the permittivity of the polymer, μ is the 

carrier mobility, and L is the device thickness. From the 
dark J-V curves, the obtained hole mobility of the 
device with the planar PEDOT:PSS layer is (6.19 ± 
0.13) × 10-5 cm2·V-1·s-1. On the other hand, for the 
devices treated with rubbed process, the hole mobility 
increases to (7.58 ± 0.37) × 10-5 cm2·V-1·s-1. The 
increased hole mobility observed upon rubbed 
PEDOT:PSS layer suggests that the rubbing process 
benefits to increase the interface area between 
PEDOT:PSS and the photoactive layer which 
facilitates hole carrier transportation. Since the electron 
mobility of PCBM is larger than the hole mobility of 
conjugated polymer, hole accumulation often occurs in 
the device and the photocurrent is space-charge limited, 
leading to a lower fill factor [25]. In our experiments, 
the hole mobility in the polymer increases by almost 
22% so that the electron/hole transport becomes fairly 
balanced. As a result, the relatively high hole mobility 
of the rubbed PEDOT:PSS sample increases as a 
consequence of efficient hole collection via increased 
contact area, leading to a better device efficiency. 

The photovoltaic performance of the P3HT:PCBM 
based organic photovoltaic cells inserted with planar 
and rubbed PEDOT:PSS films, under the AM 1.5 G 
illumination at an incident intensity of 100 mW·cm-2  
is shown in Fig. 3. The planar device exhibits       
an open-circuit voltage (Voc) of 0.59 V, a short-circuit 
 

 
Fig. 3  J-V characteristics (AM 1.5 G, 100 mW·cm-2) of 
P3HT:PCBM based solar cells inserted with the planar and 
the rubbed PEDOT:PSS films.  
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current density (Jsc) of 10.05 ± 0.08 mA·cm-2, a fill 
factor (F.F.) of 58.7% ± 0.4%, and a power conversion 
efficiency (PCE) of 3.45% ± 0.05%. As expected, the 
effect of rubbing treatment on PEDOT:PSS surface, we 
have achieved improved solar cell device performance 
with an increased Jsc of 10.70 ± 0.07 mA·cm-2, a raised 
F.F. of 61.6% ± 0.1% and an enhanced PCE of 3.82 ± 
0.03%. To determine the effect on the film internal 
resistance caused by grating morphology, Rs (device 
series resistances) and Rsh (shunt resistances) were 
derived from the slopes of the J-V curves. The Rs of the 
rubbed device is reduced by rubbing method (to values 
as low as 8.44 Ω·cm2), which is consistent with the 
increased Jsc. Also, the rubbed device shows an 
increased Rsh (~ 0.55 kΩ·cm2) which corresponds to 
less chance of charge recombination. Previous work 
has demonstrated that pentacene preferentially grows 
on an inclined plane (the hillside of a grain boundary) 
which was used to induce the bulk phase forming in the 
early stage of pentacene film growth [26, 27]. Herein, 
we speculate that the rubbed buffer layer is able to 
influence the formation of the P3HT bulk phase at 
small thickness (< 10 nm) on nanoscale undulated 
PEDOT:PSS surface and align the P3HT polymer 
chains. The detailed organic photovoltaic performance 
parameters of the P3HT:PCBM based solar cells 
with/without the aid of rubbing process are 
summarized in Table 1. 

Photocurrent generation is mainly governed by three 
major factors: they are the number of absorbed 
photons; the numbers of carriers generated by the 
charge separation of excitons at the donor and acceptor 
interface and the charge-collection efficiency [28]. In 
order to characterize the optical performance of planar 
and rubbed PEDOT:PSS samples, the absorption 
spectra of P3HT:PCBM films on each sample were 
examined. Fig. 4 shows the absorption spectra of 

P3HT:PCBM films on the planar and rubbed 
PEDOT:PSS layer. There are three vibronic absorption 
shoulders at 525, 555 and 600 nm, respectively, in the 
visible region for the P3HT:PCBM blend films, which 
can be ascribed to the absorption of P3HT. The peak at 
525 nm is the absorption of P3HT main chain, and the 
other two peaks in the longer wavelength are due to the 
interchain interactions in the ordered P3HT crystalline 
regions in the films [29]. Comparing two samples with 
the same active layer thickness, an obvious 
enhancement in absorption around 525 and 555 nm is 
observed in the sample with the rubbed PEDOT:PSS 
layer. The features of rubbed PEDOT:PSS layer can be 
used as subwavelength scattering elements to couple 
and trap freely propagating light into an active layer, by 
diffracting the light into the photon absorber [30]. The 
scattered light has longer pathways in the active layer 
and thus increases the possibility of photon absorption. 
This method could be regarded as a promising 
approach to improve light absorption without 
increasing photoactive-layer thickness. Moreover, the 
rubbed PEDOT:PSS surface shows higher reflectance 
relative to the planar sample (Fig. 5), which leads to 
more photons reflected from metal cathode reflected 
back to the active layer, results in more possibility of 
photon absorption. Irregularities in grooves will assist 
the rubbed device to make a broadband collection of 
photons in order to increase the photocurrent. 

The photoluminescence spectra of devices with 
different PEDOT:PSS films were measured at an 
excitation wavelength of 550 nm and shown in Fig. 6. 
The photoluminescence intensity of the P3HT:PCBM 
film on the planar PEDOT:PSS layer exceeds that of 
the one on the rubbed surface although the latter has 
higher absorbance at the excitation wavelength. This 
finding supports the presence of the grooving structure 
can greatly  increase the  interfacial  area between  the 

 

Table 1  The performance parameters of P3HT:PCBM based solar cells with/without the aid of rubbing process are 
summarized.  

 Voc (V)  Jsc (mA·cm-2) F.F. (%)  PCE (%)  Rs (Ω·cm2) Rsh (kΩ·cm2) 
Planar 0.59 10.05 58.7 3.45 9.06 0.51 
Rubbed 0.58 10.70 61.6 3.82 8.44 0.55 



Patterning of Poly(3,4-Ethylenedioxythiophene):  
Poly(Styrenesulfonate) Films via the Rubbing Method in Organic Photovoltaic Cells 

  

481

 

 
Fig. 4  UV-vis absorption spectra of the active films 
(P3HT:PCBM = 1:0.8) deposited on the planar and the 
rubbed PEDOT:PSS layers.  
 

 
Fig. 5  Reflectance spectra of the planar and the rubbed 
PEDOT:PSS layers on glass substrates.  
 

blend materials and the buffer layer and the efficiency 
of photoinduced carrier transfer. Besides, it has been 
shown that the amount of PCBM in active layer is 
richer than P3HT near the surface of PEDOT:PSS layer, 
which increases the possibility of electron/hole 
recombination when hole carriers transport toward 
buffer layer [31]. Therefore, the undulated surface of 
PEDOT:PSS layer, which can be viewed as a 
protrusion sticking out into the active layer, could 
further enhanced the interface between PEDOT:PSS 
and the P3HT-rich part in the active layer as Fig. 6b 
illustrated. As a result, controlling the surface 
morphology can facilitate extraction of holes as it will 
in some regions shorten the distance they have to travel 

to the electrode. The rubbing method induced 
performance improvement is attributed to the increased 
number of absorbed photons and promoting carrier 
transport behavior. 

Consequently, as shown in Fig. 7, the device with 
the rubbed layer demonstrates higher IPCE throughout 
the visible range compared with the device without the 
rubbed layer. Because the integration of the product of 
the IPCE with the AM 1.5G solar spectrum is equal to 
Jsc, the higher Jsc (Fig. 3) of the device with rubbed 
layer is consistent with the higher IPCE values. All 
IPCE curves closely follow the absorption spectra of 
the P3HT:PCBM blend and maximum efficiency 
wavelength of the IPCE located at around 525 nm. 
Enhancement of PCE inherently coupled with enhanced 
 

 
Fig. 6  (a) Photoluminescence spectra of the active films 
(P3HT:PCBM = 1:0.8) deposited on the planar and the 
rubbed PEDOT:PSS layers and (b) schematic diagram of 
the interface enhancement between PEDOT:PSS and the 
P3HT-rich part in the active layer.  
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