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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. 
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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 
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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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