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ABSTRACT: We demonstrate a simple rubbing hole
injection layer (HIL) to form surface relief gratings (SRGs)
on the functional layers of polymer solar cells (PSCs). PSCs
studied in this work consist of an ITO/PEDOT:PSS(HIL)/
P3HT:PCBM(photoactive layer)/LiF/Al structure. SRGs are
successfully formed on HIL in an effective rubbing process,
and are over printed on the photoactive layer and cathode
consequently. These triplet SRGs change the morphologies of
interfaces of PSCs, which can increase optical path lengths,
interaction between HIL and P3HT chains, and interface areas
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between electrode and photoactive layer. Both light trapping and electrical improvement are confirmed by theory and
experiments, which lead to overall increase in short-circuit current density, fill factor, and power conversion efficiency (PCE) of
PSCs. An average PCE of 3.8% is achieved from PSCs with SRGs without thermal annealing. Different from the directly rubbing
the donor polymer film, a suitable degree of orientation of P3HT presents a lower dichroic ratio and higher photovoltaic

response in our work.
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1. INTRODUCTION

Polymer solar cells (PSCs) have received considerable attention
as attractive alternatives to silicon-based photovoltaic technol-
ogy due to their unique advantages of low cost, lightweight, and
potential application in flexible large-area devices. The bulk
heterojunction (BHJ) structure based on phase-separated
blends of polymer semiconductors and fullerene derivatives
have become one of the most successful device structures
developed in the field of organic photovoltaic to date." BHJ has
been demonstrated to improve power conversion efficiencies
(PCE) by increasing the interface areas between the electron
donor and electron acceptor through spontaneous phase
separation, which can be obtained using various solution
coating technologies.”® In the past decade, several effective
methods have been developed to optimize the BHJ, including
solvent annealing, thermal annealing, or additives in the
solution of donor/acceptor blends.*”” On the other hand,
because of the low carrier mobility limiting the thickness of
photoactive layer, it is still a hot topic on improving light
absorption of PSCs. Light trapping schemes such as diffraction
gratings, optical spacer layers and folded substrates have been
explored in PSCs where improvements are noted.*’ Periodic
gratings are first used in silicon solar cells and then widely used
in PSCs'® which are formed by soft lithography both at
photoactive and hole injection layer (HIL).'""'* Metallic
gratings or nanoparticles including Ag, Au, or other materials
have been introduced into PSCs as well.*~'® Recently,
significant progress has been reported in 2D-dot nanopatterned
anode of PSCs."” Although these works have been impressive,
there are still lots of space for the extensive investigation as it is
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difficult to optimize the absorption and carrier transport
simultaneously from optical microstructure in the PSCs. Some
work makes great contribution to light absorption, but the
device performance has not been enhanced obviously.

Here we demonstrate a simple method to fabricate PSCs
with surface relief gratings (SRGs) on all functional layers
except for ITO anode. The SRGs are successfully formed on
the HIL in an effective rubbing process, and then overprinted
on photoactive layer and cathode consequently. Unlike the soft
lithography, rubbing process does not decrease the surface
energy of the HIL which will cause difficult film formation of
photoactive layer.”® Furthermore, SRGs formed by rubbing are
more convenient to be fabricated. Rubbing technologies are
widely used in polarized polymer light emitting devices
(PLED),*" but there are few reported on the rubbing PSCs
because of the circularly polarized characteristic of sun light.
For the potential application into LCD, PSCs with high
dichroic ratio are reported by D. Fichou™ and Y. Yang.* In this
work, PSCs with low dichroic ratio and high PCE are achieved
without thermal annealing process for BHJ, which demon-
strates that SRGs in the functional layers of PSCs can induce
higher absorption and electrical improvement.

2. EXPERIMENTAL SECTION

poly(3-hexylthiophene) (P3HT) was obtained from Nichem
Fine Technology Co. Ltd. and [6,6]-phenyl-Cg-butyric acid
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Figure 1. Fabrication process of the PSCs with SRGs in functional layers.
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methyl ester (PCBM) was purchased from Flexible Electronics
Materials. Both materials were used without further purifica-
tion. poly(3,4-ethylenedioxythiophene):poly(4-styrene sulfo-
nate) (PEDOT:PSS) was obtained from Bayer AG and diluted
with deionized water. A solution of a 1:0.8 weight ratio of
P3HT:PCBM in 1,2-dichlorobenzene with a concentration of
25 mg/mL was used. 1, 8-Octanedithiol obtained form Sigma-
Aldrich was also added in this solution with a concentration of
25 mg/mL to improve the interpenetrating network morphol-
ogy of BHJ.® The mixture was then stirred for 8 h before spin-
coating.

A laboratory-made rubbing device was used to inscribe the
SRGs, which consisted of two integral components: an electric-
driven roller covered with chosen velvet and a two-dimensional
mobile platform. Both speeds of the platform and the roller
were adjustable. The SRGs were fabricated at the different
rubbing strength (RS) of the rubbing device.”***

The fabrication process and device scheme of the PSCs with
SRGs are shown in Figure 1. ITO-coating glass substrates
(15Q/[]) were cleaned with detergent, deionized water,
acetone, and isopropyl alcohol orderly and then exposed to
oxygen plasma for 20 min prior to any deposition. PEDOT:
PSS was spin-coated at 2000 rpm on the substrates and
annealed at 120° for 1 h in vacuum, resulting in a thickness of
around 50 nm. Then the PEDOT: PSS layer (used as HIL of
PSCs) was rubbed by the rubbing device. Later, P3HT:PCBM
layer served as photoactive layer was formed by spin-coating
from the dichlorobenzene solution at a speed of 1200 rpm for
30 s on the top of rubbed alignment layer. Finally lithium
fluoride (0.7 nm) and aluminum (120 nm) as the cathode were
deposited by thermal evaporation onto the P3HT:PCBM layer
in a vacuum under 8 X 107* Pa. The unrubbed PSCs with the
same thick HIL (~50 nm) as the rubbed device are studied as
reference PSCs and the unrubbed PSCs with thinner HIL (30—
40 nm) are also studied. The thicknesses for all the photoactive
layers of PSCs are around 100 nm, which are confirmed by
surface profilometer. To fabricate the hole-only devices, the
molybdenum oxide (50 nm) and Al (100 nm) were evaporated
as the top electrode instead of the LiF/Al in the normal devices
(the structure of the hole-only devices is ITO/PEDOT:PSS/
P3HT:PCBM/MoO;/Al). Meanwhile, samples with
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P3HT:PCBM spin-coated on the rubbed and flat HIL were
prepared on glass substrate for the absorption measurement.
The scanning electron microscope (SEM) of Ultra 5SS Carl
Zeiss was used to characterize the morphology of the layers.
The details of SRGs were measured by Atomic force
microscopy (AFM) (SP13800N Seiko). Absorption spectra
were obtained from UV 3101PC spectrometer. The device
performances were measured under 100 mW cm™? illumination
from a 450W Oriel solar 3A simulator with an AM 1.5G filter in
the air. The thicknesses of photoactive layer and HIL were
characterized by Dektak 3M surface profilometer.

3. RESULTS AND DISCUSSION

The grating period and depth are determined by the velvet and
rubbing strength (RS), which is defined as the follows

|
m

Where N is the number of rubbing, M is the contact depth
between the HIL and the roller. » and # are the radius and the
rotational speed of the roller respectively, and v is the speed of
mobile platform. Based on a great amount of experiments, the
parameters were chosen as bellows: N = 1, r = 30 mm, n & 500
r/min, v & 10 mm/s, only using different M to change the RS.
In this work, M was chosen as 0.06 mm with the corresponding
RS of 10 mm. To study the grating parameters of SRGs
fabricated above, the morphologies of the HILs with SRGs are
imaged with SEM and AFM, which are shown in images a and b
in Figure 2, respectively. The SRGs formed in HILs have an
average grating period of around 500 nm and grating depth of
30 nm, which are shown from both images. Stalactite structures
were shown on the surfaces of both the grooves and ridges
where the surface roughness will be larger. As a result, the
incident light could be further bent when it passes through the
SRGs. Consequently, the optical path length increases and
there are much more opportunities for the light to obtain a
total reflection in the rear interface.

Because only the lights absorbed by the photoactive layer
contribute to photovoltaic conversion, absorption of photo-
active layer is studied based on the optical simulation and test.
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Figure 2. (a) SEM image of HIL with SRGs; (b) AFM image of HIL
with SRGs.

With the grating parameters obtained from SEM and AFM
images, FDTD method is used in the simulation. Here all the
optical constants of the four functional layers: ITO, HIL,
photoactive layer, and Al are obtained by a transmission curves
fitting method.*® The PSCs with SRGs in functional layers
present obviously higher absorption than the reference PSCs, as
shown in Figure 3a. With standard sun light condition (AM
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Figure 3. (a) The simulated absorption spectra of PSCs with SRGs
and reference PSCs. Inset: the geometrical parameters for the
simulation. (b) Absorption spectra of samples in TM polarized (dot
line), TE polarized (dash line), natural lights (dash dot line), and the
reference sample (without SRGs) (solid line).

1.5) taken into the calculation, the total photons absorbed by
the cells are calculated according to the formulation 2.

700 JE
Npan = [ 22D
400

h )
N

Here, Nphoton is the number of absorbed photons; 4 is the
photon wavelength; E(4) is the energy density of AML.S
spectrum at wavelength 1; abs(4) is the absorptance of
photoactive layer at wavelength 4; h is the Planck constant.
The absorbed photons per square meter of the PSCs with
SRGs and the reference PSCs are 7.61 X 10*° and 6.74 X 10*°
respectively, 12.9% increase of absorption is attributed to the
light trapping effect of SRGs in functional layers.

Because it is difficult to obtain the absorption spectrum with
Al layer, absorption of photoactive layers is tested based on
samples with P3HT:PCBM spin-coated on the rubbed and flat
HIL. At the same time, the dichroic characteristics of the
photoactive layer are also studied. The absorption spectra of
samples are recorded on polarized light and natural light from
400 to 700 nm (Figure 3b). When the polarization of incident
is perpendicular to the direction of gratings (TE polarized), the
sample with SRGs shows a higher absorption compared to the
reference (without SRGs), and when the polarization of
incident is parallel to the direction of gratings (TM polarized),
the absorption is almost the same as the reference (without
SRGs). Compared with the directly rubbing donor polymers at
high temperature,”® a lower dichroic ratio is shown by the
rubbing HIL without annealing which can prevent the
photoactive layer from mechanical damage. But for natural
light, their superior absorption to the reference sample
demonstrated the light-trapping ability of SRGs. Without the
reabsorption from the reflection of Al and the interference from
ITO layer, there is some deflection between Figure 3a and
Figure 3b, whereas both the enhanced absorption from
simulation and test demonstrate light trapping effect of SRGs
in functional layers of PSCs.

During the film formation by spin-coating, SRGs with
stalactite structure in HIL can lead the orientation of P3HT
chains at certain degree, which is confirmed by the polarized
absorption of photoactive layer (Figure 3a), a low dichroic ratio
shows a low orientation on the plane. Simultaneously, there are
lots of irregular protrusions in SRGs formed by rubbing which
lead the orientation of P3HT chains in the direction of
electrical field. This orientation effect could contribute to the
higher mobility. The hole mobility of the PSCs with and
without SRGs is studied based on hole-only devices. These
devices with electrodes that can suppress injection of electron
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Figure 4. (a) Experimental dark J—V characteristics of PSCs with SRGs and the reference PSCs. Insert: the structure of hole-only devices. (b) The
internal quantum efficiency (IQE) of PSCs with SRGs and the reference PSCs.
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are characterized with current—voltage (J—V) measurement. An
Ohmic contact is formed between PEDOT:PSS and P3HT for
hole injection. On the other hand, MoOj; can strongly suppress
electron injection into PCBM because of the mismatch
between its work function and lowest unoccupied molecular
orbital (LUMO) of PCBM. Figure 4a shows the experimental
dark current densities (J,) of the hole-only devices. This
observation is common for disordered semiconductors with low
mobility and can be used to directly determine the hole

mobility of the PSCs approximately following the formulation
327

Ji 988 0.891 Vv
= — exp| 0. — =
h T g oEHRP WD 3)

where J is the hole current, yy, the zero-field mobility of the
holes, y;, the field activation factor, &, the permittivity of free
space, ¢, the relative permittivity of the material, and L the
thickness of the active layer. The experimental data were fitted
using formulation 3 and the resulting hole mobility for devices
with SRGs was about 1.8 X 107 m*> V! s7!, whereas the hole
mobility of reference devices was around 1.2 X 107" m* V' s,
About a 50% increase in hole mobility can be attributed to the
orientation effect of SRGs.

The electrical process in PSCs can also be studied from
internal quantum efficiency (IQE) data.*® IQE data show the
efficiency of photons absorbed changed into electronics. As
shown in Figure 4b, PSCs with SRG structure show about 10%
increased IQE compared with the reference PSCs in the visible
region. SRGs with stalactite structure in HIL and photoactive
layer can increase the interface areas between electrode and
photoactive layer to improve charge extraction effectively.

The J—V characteristics PCE and fill factors (FF) of all the
PSCs are shown in Figure 5. All PSCs are fabricated without
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Figure S. J—V characteristics of the different devices. Insert: PCE and
FF of the different devices.

thermal annealing,s’6 PCE of the reference PSCs is in the range
of 2.9-3.0%. PSCs with SRGs present enhanced device
performances, and an average PCE of 3.8% is obtained,
which is roughly 27% increments compared with that of
reference PSCs. The high FF (60%) shows little leakage current
from stalactite structure in HIL. Although there were many
large size pillarlike hills in HIL, but the active layer formed on
HIL from solution by spin-coating would smooth hills. It is
widely known that the details of SRG cannot be reproduced
completely in film formation from solution; and there are no
such big pillarlike hills in the active layer. Compared with
reference PSCs, the similar Ry, and lower R, of PSCs with SRGs
confirms that rubbing method would not compromise the
conductivity of HIL. The poorer performances of PSCs with
the thinner HIL***° further confirmed the enhancement of
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device performance resulting from the SRGs on the functional
layers. Light trapping effect of the SRGs has a great
contribution to the enhanced J,. from 9.2 to 10.9 mA/cm?
and the orientation effect of the SRGs leads to the higher FF
from 0.55 to 0.60. Combined theory analysis with experimental
data, it is demonstrated that SRGs in HIL, photoactive layer
and cathode have three advantages in photovoltaic response:
(1) effective light trapping induced by using an periodic grating
without increasing photoactive layer thickness; (2) improved
charge extraction through the increased interface area between
electrode and the photoactive layer; (3) SRGs with stalactite
structure in HIL lead the orientation of P3HT chains at certain
degrees, which leads to a better carrier transport.

4. CONCLUSION

In conclusion, a simple rubbing method is used to fabricate
PSCs with SRGs in HIL, photoactive layer and cathode, which
show an average PCE of 3.8% with a 27% improvement
compared with the reference PSCs. Different from the directly
rubbing donor polymer leading to a high dichroic ratio, the
PSCs built on the rubbed HIL show a lower dichroic ratio for
the polarized light and higher absorption for sun light.
Fortunately, SRGs with stalactite structure lead the orientation
of P3HT chains and increase interface areas between electrode
and photoactive layer, which contribute to a better electrical
properties of PSCs. Due to the advantages in convenience and
nondamage to photoactive layer, triplet SRGs formed by
rubbing HIL will cast light on the realization of high-efficiency
and low-cost PSCs.
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