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Quantitative Analysis of the Size Effect of Room Temperature
Nanoimprinted P3HT Nanopillar Arrays on Photovoltaic
Performance

Guangzhu Ding,* € Chao Li,” Xiaohui Li,® Yangjiang Wu,® Jieping Liu,® Yaowen Li,”* Zhijun Hu
>*Yongfang Li*°

We develop a solvent-assistant room temperature nanoimprint lithography (SART-NIL) technique to fabricate ideal activ :
layer consisting of poly(3-hexylthiophene) nanopillar arrays surrounded by [6,6]-phenyl-C61-butyric acid methyl ester.
Characterization of scanning electron microscopy, two-dimensional grazing incidence wide angle X-rays diffrac
conducting atomic force microscopy reveals that the SART-NIL technique can precisely control the size of P3HT nanopil'~
arrays. With the decrease in diameters of P3HT nanopillar arrays, the P3HT nanopillar arrays exhibit a more preferavie
face-on molecular orientation, enhanced UV-vis absorption and higher conducting ability along the direction perpendicular
to the substrate. The ordered bulk heterojunction film consisting of P3HT nanopillar arrays with diameter of ~45 nr.
(OBHJ-45) gives face-on orientation, high interfacial areas of 2.87, high conducting ability of ~130 pA and efficient excito:.
diffusion and dissociation. The polymer solar cell (PSC) based on OBHJ-45 film exhibits significantly improved devic

performance compared with those of PSCs based on the P3HT nanoapillar arrays with diameters ~100 nm and ~60 nm. W«

believe that the SART-NIL technique is a powerful tool for fabricating ideal active layer for high performance P~

1. Introduction

Bulk heterojunction (BHJ) polymer solar cells (PSCs)1 have
been the focus of research in the past decade due to some
advantages, such as simple preparation under ambient
temperature and pressure conditions, light weight, low cost
and ﬂexibility.z'5 The highest power conversion efficiencies
(PCEs) of organic solar cells have been increased to 10%.5®
Despite significant progress, further increase the PCE to
theoretically anticipated level’ is needed to compete with
silicon solar cells and other types thin-film photovoltaic
technologies for commercialization. According to the working
mechanism of PSCs, the excitons (holes-electron pairs) are
dissociated at the interface of donor and acceptor materials,
the separated holes and electrons then transport to the anode
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and cathode through the continuous donor and acceptc-
phase, respectively, forming the external circuit. Therefore, an
ordered bulk heterojunction (OBHJ) morphology consisting ¢ f
vertically aligned conjugated polymer nanopillar arrays
surrounded by the acceptor materials with nanoscale phas:
separation, moderate crystallized components are particularlv
important to achieve high performance of PSCs.'*”
Meanwhile, the molecular orientation of organic materials in
active layer should also be considered, because the conduc*’ o
ability is anisotropic along the organic materials backbones or
17 However, due to the weak
crystallization and complex miscibility of organic materials i
blending active layer, it is difficult to obtain well-controlle.
morphology and microstructure of the blend f©
quantitatively, which can be used to systematically investigat
structure of active layer influence on the performance of PSCs
A slight change in speed or duration of spin cast can eve
substantially affect the microstructures of heterojunctions anc
thus the performance of pPScs.'® 1° Therefore, an effectiv
method of fabricating active layer and constructing a precis
picture of the relationship between structure and photovoltai
performance are in urgent need to accelerate the efficienc,
improvement of PSCs.

Previous report has demonstrated the n-wt stacking directio:
of alternating ester-substituted thieno[3,4-b]-thiophene and
benzodithiophene units (PTB) took a vertical (out-of planc!\
direction in PTB:[6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) solar cells.”® This so-called “face-on” (or “plane-on™
molecular orientation enhanced the vertical charge transp...

-t stacking directions.™
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and photovoltaic performance in comparison to that of poly(3-
hexylthiophene):PCBM (P3HT:PCBM) devices where an “edge-
on” molecular orientation is dominating.21 This indicates that
the face-on molecular orientation is beneficial for the
improvement of PSCs. On the other hand, the thermal
nanoimprint lithography (NIL) has been proposed as a
promising technique not only can be used to fabricate
nanopillar arrays due to its high resolution, effective cost and
simple process,zz’ 2 put also to induce the crystallization and
face-on molecular orientation of organic materials due to the
effects of self-organization, nanoconfinement, pressure,
rheological chain alignment and so on.'® *?7 However, the
thermal imprinted organic materials are easily oxidized and
decomposed at elevated temperatures by the thermal NIL
technique,zs’ 2 which is potentially detrimental to the
performance of PSCs. Furthermore, the unclear size effect of
nanopillar arrays on the molecular orientation
photophysical process in active layer limits the further
development of thermal NIL technique for the application in
high performance PSCs. Recently, we have developed a simple
and cost-effective solvent-assistant room-temperature NIL
(SART-NIL) technique, making it possible not only to precisely
control the size of P3HT nanopillar arrays, but also to induce
the face-on orientation of P3HT at room
temperature.®

In this work, we successfully fabricated ideal OBHJ active layers
consisting of vertically aligned P3HT nanopillar arrays with varied
diameters and filled PCBM by the SART-NIL method. We
systematically investigate the size effect of P3HT nanopillar arrays
on the microstructure of active layer and photophysical process of
PSCs. A clear relationship between size of P3HT nanopillar arrays,
molecular orientation, optical properties, exciton separation and
dissociation, electrical conductivity and photovoltaic performance
has been established. The PSC based on OBHJ-45 film (with smallest
diameter of P3HT nanoapillar arrays, ~45 nm) exhibits the
significantly improved photovoltaic performance, especially for the
short circuit current density (Jsc) and fill factor (FF).

and

molecular

2. Experimental section

Regioregular conjugated polymer P3HT (M,,50 000 g mol_l;
regioregularity 98%) was purchased from Rieke Metals Inc. and
PCBM (purity 99.5%) was obtained from Solenne B. V. Co..

2.1 P3HT nanopillar arrays preparation

Anodic aluminum oxide (AAO) templates were prepared by
a two-step anodization method as described on our previous
report.soln order to obtain flat aluminum sheets, the cleaned
aluminum foils were pressed at room temperature under a
pressure of 60 bar with a presser. The anodization was
performed in 0.3 M oxalic acid solution (40 V or 50 V voltage)
or in 0.2 M sulphuric acid solution (20 V voltage) to obtain
nanopores with different periods. Finally, the AAO templates
were coated with a monolayer of perfluorooctyltrichlorosilane
in order to facilitate template separation after nanoimprinting.

2| J. Name., 2012, 00, 1-3

P3HT was dissolved in chlorobenzene at a concentration of 20 mg
mL™" and filtered with 0.25 pum polytetrafluoroethylene filters. P3HT
thin films were prepared by spin coating the chlorobenze
solution onto the PEDOT:PSS-coated ITO/glass substrates at
constant speed (1600 rpm) for 10 seconds in ambient air (25°C
and then immediately transferred to a nanoimprinter syst2r
(Obducat, Eitre 3) and covered with AAO templates. We note thi
some solvent remains in the P3HT thin films and thus P3HT is
swollen by the remaining solvent. Next, the AAO templates wer @
pressed again the films under pressure (up to 60 bar) at room
temperature (25°C) and held for 15 min. During the solven -
assistant room temperature nanoimprinting (SART-NIL) and further
solvent evaporation, the morphologies of P3HT thin films are forcea
by the AAO templates and are not thermodynamically stable.
Therefore, after releasing the pressure, vertically aligned P3F
nanopillar arrays were finally obtained.

2.2 Device fabrication

The PSC devices were prepared with P3HT and PCBM as dc
and acceptor materials, respectively. First, ITO-coated glass was
cleaned with ultrasonication treatment in deionized water, etha.._,
acetone and isopropyl alcohol. After drying the glass, PEDOT:PSS
(about 30 nm thickness) was spin cast onto the ITO surface trec._.
with ultraviolet ozone. The substrates were then annealed at 125 © ©
for 20 min in air. P3HT thin films were obtained by spin-coatin~
from chlorobenzene solution onto the PEDOT:PSS-coated ITO/gla:
substrates for a short time at room temperature (25 °C). The th'»
films were immediately transferred to a nanoimprinter for the
SART-NIL process. After the AAO template was removed from th
substrate, vertically aligned P3HT nanopillar arrays were obtained.
After that, PCBM in dichloromethane solution (15 mg ml_l) Wi s
spin-coated on top of P3HT nanopillar arrays under ambient
atmosphere for 60 sec. The rotation speed ranged from 900 to 14( )
rpm depending on the feature sizes of P3HT nanopillar arrays. For
the contrast devices, planar heterojunction (PHJ) solar cells wel »
also prepared by spin-coating PCBM onto the unprocessed P3HT
thin films. The preparation of devices were completed ',
evaporating a 0.8 nm thickness LiF layer protected by 100 nm
aluminum electrode at a base pressure of 4x10™ Pa. The effective
photovoltaic area defined by the geometrical overlap between th~
bottom ITO electrode and the top cathode was 12 mm®.

2.3 Morphology and Microstructure Characterization

The morphology of samples was characterized with scanning
electron microscopy (SEM) (Hitachi S-4800) operating at 15 kV. 1
thin layer of Au was deposited onto the sample surfaces by
sputtering. Two-dimensional grazing incidence wide angle X-ra' >
diffraction (2D-GIWAXD) measurements were carried out at the
BL14B1 Beam Line at the Shanghai Synchrotron Radiation Facility ™
China. The wavelength and the incident angle of the X-ray bean.
were 0.12398 nm and 0.18°, respectively. A beam stop was pt .
down to block the primary beam during the two dimension:
imaging. Data conversion to q space was achieved by calibratio:
using LaBg powder. Conducting atomic force microscopy (C-AFN '
(MFP-3D-SA, Asylum Research) was used to simultaneously ob™ *
topographical and current images in a contact mod-

This journal is © The Royal Society of Chemistry 20xx
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Platinum/iridium-coated cantilevers (0.2 N m™* spring constant,
Nanosensors) were used for the current imaging. The bias voltage
applied between the ITO substrate and conducting cantilever (Vy;as)
was 1.2 V for all the measurements. The C-AFM experiments were
carried out at atmosphere environments. UV-vis absorption spectra
were measured with UV3600 spectrometer (Shimadzu) in
transmission mode. Photoluminescence (PL) measurements were
conducted with the aid of a HORIBA Fluoromax-4
spectrofluorometer (HORIBA Jobin Yvon) where the excitation
wavelength is 450 nm. Current-voltage characteristics of solar cells
were investigated under illumination of 100 mW cm™ white light
from a Hg-Xe lamp filtered by a Newport 81094 Air Mass Filter,
using a Gwinstek SFG-1023 source meter. The external quantum
efficiency (EQE) measurements were performed  with
monochromatic light from Hg-Xe lamp (Newport 67005) in
combination with monochromator (Oriel, Cornerstone 260). The
response was recorded as the voltage over a 50 Q resistance, using
a lock-in amplifier (Newport 70104 Merlin). A calibrated Si cell was
used as reference. All the measurements were performed at
ambient atmosphere.

3. Results and discussion

The fabrication procedure of OBHJ PSC based on SART-NIL
technique is illustrated in Scheme 1, where P3HT and PCBM
were used as donor and acceptor material, respectively. P3HT
nanopillar arrays were achieved by pressing porous anodic
aluminum oxide (AAO) mold against P3HT thin film at room
temperature, which was obtained by spin-coating P3HT
chlorobenzene solution onto PEDOT:PSS coated ITO/glass
substrate. Subsequently, PCBM was spin-coated onto the
surfaces of P3HT nanopillar arrays under ambient atmosphere.
LiF and electrode were finally deposited onto the PCBM

surface, successively, to complete the fabrication of OBHJ PSCs.

In order to obtain a well-defined and stable active layer with
bicontinuous pathways, fabrication of highly reproducible and
well-controlled P3HT nanopillar arrays is very important. Here,
we successfully obtain the nanoimprinted OBHJ active layer
with well-defined P3HT nanopillar arrays by taking advantage
of the residual solvent remained in the P3HT thin film after a
short time spin-coating, which lower the rigidity of the
polymers during the NIL process.28 To facilitate template
separation after imprinting, the AAO mold was also treated
with fluorinated silane in gas phase to obtain lower energy
surface.* Moreover, dichloromethane was chosen as a solvent
of PCBM due to much better solubility for PCBM than P3HT,
allowing us successfully depositing PCBM layer without
destroying the underlying P3HT nanopillar arrays. Finally,
OBHJ films bearing P3HT nanopillar arrays with varied
diameters of ~100 nm (named OBHJ-100), ~60 nm (OBHJ-60)
and ~45 nm (OBHJ-45) were successfully fabricated by changing
the sizes of AAO molds.

3.1 Morphology and Microstructure of P3HT nanopillar arrays

Fig.1 shows the top-down SEM images of P3HT films bearing
nanopillar arrays, and PCBM films deposited on the surface of

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. Procedure for the fabrication of OBHJ PSCs by SART-NIL technique.

P3HT nanopillar arrays, respectively. The P3HT thin film-
shown in Fig.1a-c contain well-defined and regular hexagonali -
packed nanopillar arrays with the varied diameters of ~45 -
~60 nm and ~100 nm, which are uniformly disperseu
throughout the films. To gain a good contact between do
and acceptor materials accompanying a higher coverage of
PCBM, we carefully controlled the deposition conditions °
PCBM such as the selection of solvent, solution concentratio
and spin-coating speed. As shown in Fig. 1d, the P3HT
nanopillar arrays with a diameter of ~ 60 nm are fully covere '
by PCBM and the thin film surface shows no obvious defec’
We note that some fissures may be observed in the SEM
images, which arise from the metal (Au) deposited onto th :
surfaces.

In our previous study, we have demonstrated that the SART -
NIL method can be used not only to fabricate P3HT nanopillar
arrays with varied diameters, but also to induce preferenti:
molecular orientation in P3HT nanopillar arrays30 at room
temperature. In order to reveal the molecular orientation in

Fig.1. Top-down SEM images of P3HT nanopillar arrays with varied diameters « £
(a) ~45 nm, (b) ~60 nm, and (c) ~100 nm. (d) Top-down SEM image of PCBM
surface deposited on the surface of P3HT nanopillar arrays with a diametc. .
~60 nm.

J. Name., 2013, 00, 1-3 | 3
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P3HT nanopillar arrays after deposition of PCBM (OBHJ) and
the size effect of P3HT nanopillar arrays on the molecular
orientation, 2D-GIWAXD experiments were performed and the
corresponding images are presented in Fig. 2b-d. Meanwhile, a
planar heterojunction-bilayer (PHJ), which was fabricated by
spin-coating PCBM solution on the surface of an unprocessed
P3HT thin film under the same conditions, was also shown in
Fig. 2a for comparison. The one dimensional integrated
intensity profiles extracted from the 2D-GIWAXD images along
the g, and qy, directions were also shown in Fig. S1 (Supporting
Information). We define here the diffraction vector gy, and q,
pointing along and normal to the substrate plane. As shown in
Fig. 2a and d, both the PHJ film and OBHJ film bearing P3HT
nanopillar arrays of 100 nm diameter exhibit the (h00) and
(010) reflections in the q, and q,,, respectively, indicating that
edge-on molecular orientation of P3HT dominates these thin
films. Moreover, the 2D-GIWAXD images of unprocessed P3HT
films with varied thicknesses (120, 50 and 20 nm) exhibit
similar reflections with that of above PHIJ film with thickness of
100 nm (Fig. S2). This indicates that the unprocessed P3HT
films without external-treatment like SART-NIL method, are
dominated by the edge-on molecular orientation of P3HT,
which is independent of film thickness. In contrast, the OBHJ
films with P3HT nanopillar arrays of ~45 nm (OBHJ-45) and ~60
nm (OBHJ-60) in diameters (Fig. 2b and c) display additional
reflections of (010) plane and (100) plane along the g, direction
and q,, direction, respectively. These results confirm that the
face-on molecular orientation is prevalent in the P3HT
nanopillar arrays with smaller diameters (45 nm and 60 nm),
which are consistent with our previous report.30 Meanwhile,
the process of PCBM depositing on the P3HT nanopillar arrays

This journal is © The Royal Society of Chemistry 20xx
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face-on

OBHJ-60 and OBHJ-45

Fig. 2. 2D-GIWAXD images of heterojunction films: (a) PHJ with thickness of 100 nm; OBHJ bearing P3HT nanopillar arrays with the varied diameters of 45 nm (b), €}
nm (c) and 100 nm (d). (e) Schematics of OBHJ film structure and size effect on the molecular orientation of P3HT nanopillar arrays.

“edge-on
PHJ and OBHJ-100

do not affect the P3HT molecular orientation as well. The
preferential face-on molecular orientation in OBHJ-45 &~ '
OBHJ-60 films changing from the edge-on molecula~
orientation in OBHJ-100 film is mainly resulted from the mor.
confinement of rod-like crystals with the decrease in diameter
of P3HT nanopillar arrays giving their m-nt stacking directic »
along the rod axis. As shown in Fig. 2e, the size effect of P3HT
nanopillar arrays on the molecular orientation can be observe !
more clearly. Notably, the diffractions arising from PCBM
material are also observed at q=13.8 nm™in the OBHJ and P !
films, > indicating again that the acceptor material PCBM is
indeed deposited on the surface of P3HT nanopillar arrays.

3.2 Optical Properties of OBHJ

To further investigate the influence of P3HT nanopille
arrays fabricated by the SART-NIL technique on the optica.
absorption, UV-vis absorption spectra (Fig. 3a) of OBHJ fi.....
with varied diameters of P3HT nanopillar arrays and PHJ filr .
with the same thickness for comparison were measured. A..
the absorption spectra show peaks at around 335 nm (typici .
absorption of PCBM), 517 nm and 552 nm (P3HT =n-m
transitions), and a clear vibronic shoulder at near 600 nr.
(P3HT inter-chain m-m interaction). The peaks of P3HT a.
around 517 nm, 552 nm and 600 nm are the typical absorptio
peaks of the crystallized P3HT,33'35 indicating that P3H
exhibits ordered arrangement to a certain extent. In additior
the absorption intensity of P3HT is generally enhanced afte
the SART-NIL process. It is particularly noteworthy that the
absorption intensity of P3HT nanopillar arrays in OBHJ films
gradually increased with the decrease in diameters of P2HT
nanopillar arrays. As the amount of materials is not changed

J. Name., 2013, 00,1-3 | 4
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Fig. 3. Unprocessed P3HT film, PHJ film and OBHJ films with varied diameters of

P3HT nanopillar arrays (45 nm, 60 nm and 100 nm): (a) UV-vis absorption spectra;

(b) PL spectra.

after the SART-NIL process, the enhancement of UV-vis
absorption intensity can be attributed to several effects such
as light trapping and preferential face-on molecular
orientation. The periodic structures can enhance light trapping
and thereby increase the absorption by increasing the optical
pass Iength.%"39 The preferential face-on molecular orientation
of crystallized P3HT may also contribute to the enhancement
of UV-vis absorption.40 The higher degree of face-on
orientation accompanying the enhancement of UV-vis
absorption intensity can be quantitatively confirmed by the
ratio of P3HT diffraction intensity at (010) position to (300)
location in the g, direction of the 2D-GIWAXD measurements.
The increased diffraction intensity ratios from 0.35 to 0.70 for
OBHJ-60 and OBHJ-45 films (as shown in Fig. S1 of Supporting
Information), respectively, confirms the higher degree of face-
on molecular orientation in OBHJ-45 film, which can enhance
the UV-vis absorption intensity of OBHJ film due to the vertical
angle between plane of face-on molecules and the incident
sunlight.

Photoluminescence (PL) spectra of unprocessed P3HT film,
PHJ film and OBHJ films with varied diameters of nanopillar
arrays are measured and compared in Fig. 3b, which are used
to investigate the size effect of P3HT nanopillar arrays on the
exciton diffusion and dissociation. The unprocessed P3HT film
exhibit a strong emission peak in the range of 600-750 nm,
suggesting a radiative decay pathway. After spin-coating PCBM

This journal is © The Royal Society of Chemistry 20xx
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on the unprocessed P3HT film composing PBHJ film, the
emission intensity is obviously decreased to ca. 15%. The
incomplete emission quenching indicates both the radiat’
and nonradiative decay pathways existing in the PBHJ film, as -
result of the insufficient charge transfer (CT) occurs betwee*
P3HT and PCBM interface originated from the smz'e~
interfacial area of planar interface. Furthermore, the OB} i
films give continuously descending emission intensity with the
decrease in diameters of P3HT nanopillar arrays. For the OBH -
45 film, both the visible emission and the band-edge emission
are almost completely quenched. Such a dramatic quenchir
in PL emission indicates a prevalent nonradiative decay
pathway, owing to the larger interfacial area and smaller
spacing between nanopillar arrays (less than 15 nm) giving o
nanoscale phase separation, which are beneficial for th .
exciton dissociation rate and exciton diffusion due to th
limited exciton diffusion length of polymers (< 15 nm).“’ 2

3.3 Conducting ability of OBHJ

In order to investigate the size effect of P3HT nanopillar
arrays on the conducting ability. C-AFM was used
investigate the in situ conducting ability of P3HT film in the
vertical direction. Fig. 4 shows the typical C-AFM heig...
current images and corresponding cross-sectional currer.
graphs of P3HT nanopillar arrays with varied diameters anr
unprocessed P3HT film for comparison. A flat film an'
hexagonal P3HT nanopillar arrays with varied diameters can h
clearly observed from the unprocessed P3HT film and
imprinted nanopillar arrays films (Fig. 4 al-d1), respectively
which are identical to the SEM images in Fig. 1. As shown in Fig.
4 a2, by applying 1.2 V bias between the conductive substrat @
and cantilever, a mean current of 25 pA, which uniformlv
distributed over the entire thin film, was observed in th:
unprocessed P3HT thin films (~ 50 nm thickness). Moreover.
the unprocessed P3HT films with different thicknesses (froi
~20 nm to ~120 nm) give a close current around 25 pA (Fig. S3),
which indicates that the conducting ability is independent
thickness. The similar conducting ability in the unprocesseu
P3HT films with varied thicknesses is mainly determined by
their unanimous edge-on molecular orientation. Thi-
conclusion can be further confirmed by the edge-on molecula
orientation dominating P3HT nanopillar arrays with diame"
of ~100 nm, which also exhibits similar conducting abilit:
(current of ca. 25 pA, Fig. 4 b3) with those of unprocesse.’
P3HT films. Furthermore, the P3HT nanopillar arrays wit'
diameter of ~60 nm gives a current of ca. 70 pA, about 2 time.
higher than that of the unprocessed film. The significantl
improved conducting ability could be attributed to it
preferential face-on molecular orientation, which allows m-~
stacking orientation perpendicular to the substrate. Due to th
favorable electron delocalization along the m-m stackine
direction compared to the side chain direction, the face-o.
orientation of P3HT molecules is desirable for
transportation along the direction perpendicular to th:
substrate, leading to an enhancement in conducting abilitv.
Importantly, this superior conducting ability is desired for the
charge carrier transportation in BHJ PSCs. By further

charge
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decreasing the diameter of P3HT nanopillar arrays to ~45 nm,
the average current (~130 pA) flowing through the P3HT
nanopillar arrays is raised about 2 times higher than that of
P3HT nanopillar arrays with diameter of ~60 nm. Because the
P3HT nanopillar arrays with smaller diameters are dominated
by a higher face-on orientation ratio. Therefore, it further
confirms that the face-on molecular orientation is able to
enhance the charge transportation along the direction
perpendicular to the substrate.

3.4 Photovoltaic cells

We studied how these OBHJ film bearing P3HT nanopillar
arrays with varied diameters (OBHJ-100, OBHJ-60 and OBHJ-
45), which were fabricated by SART-NIL technique, impact the
performance of photovoltaic devices. The photovoltaic
properties of active layers based on OBHJ and PHJ for
comparison were evaluated by fabricating PSCs with a
conventional device structure (ITO/PEDOT:PSS/PHJ or

This journal is © The Royal Society of Chemistry 20xx

OBHJ/LiF/Al). Fig. 5a and b show the current density-voltage (J-
V) curves and EQE curves of the PSCs, respectively. Th:
corresponding parameters are given in Table 1. All the
measurements were performed under ambient atmospheie
and at room temperature. All the devices show a similar ope .
circuit voltage (V,., 0.50-0.51 V) values, which are approaching
those of BHJ PSCs based on P3HT:PCBM blend film (0.55 V),"
confirming that current generation from exciton dissociation at
the interfaces between P3HT nanopillar arrays and PCBI
occurs in all of the devices.” The slightly lower V,s are
attributed to the relatively higher leakage current (Figure S4',
which may be caused by the imperfect OBHJ film due to the
slight solubility of dichloromethane in P3HT nanopillar array

when spin-coating dichloromethane solution of PCBM. |

contrast to the similar V,. values, the PSCs based on OBHJ filr
show significantly improved J;. (from 3.80 to 6.94 mA/cmz) du

to the formation of bicontinuous transportation pathways
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Table 1. Characteristic Photovoltaic Parameters from Device under the Illumination of
AM 1.5G, 100 mW /cm?2.

Active A/AS Voc Jsc FF PCE
layer VI [mA/em’] (%)
PHJ 1.00 0.50 3.80 0.46 0.88
OBHJ-100 2.42 0.50 4.80 0.46 1.08
OBHJ-60 2.71 0.51 5.95 0.54 1.66
OBHJ-45 2.87 0.51 6.94 0.59 2.11

®A/A, is the calculated interfacial area ratio of active layer in OBHJ PSCs.

(P3HT nanopillar arrays and filled PCBM) by SART-NIL
technique. One reason for the improved J,. is attributed to the
enhanced absorption intensity of P3HT nanopillar arrays based
OBHJ films, which can absorb more photons from sunlight.
Another reason for the significantly improved J. is attributed
to the vertically aligned P3HT nanopillar arrays in OBHJ film,
which can effectively raise the interfacial area. The OBHJ-100
based active layer shows 2.42 times interfacial area than that
of PHJ based active layer, which can efficiently increase the
exciton dissociation efficiency, therefore leading to the
improvement of J,. It is noteworthy that although the
interfacial area of the OBHJ-45 based active layers is only 18%
higher than that of OBHJ-100, the PSC based on OBHJ-45

2 ¢ =PHJ
> 0l@): oy
-E = == OBHJ-60
5 NE 2. == 0BHJ-45
T O
e
< a
5E”
5 61
o 1]
-8 + T T
00 02 04 06
Voltage (V)
50 5
40-
= 30-
<
o 207) —puy
== 0BHJ-100
10 == (0OBHJ-60
0 '—OBHJ.-45

400 500 600
Wavelength (nm)

700

Fig. 5. PSCs based on PHJ film and OBHJ film: (a) J-V curves and (b) EQE
curves.
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exhibits 45% improved J,. (6.94 mA/cmz). This indicates that
the Js.of PSCs based on OBHIJ film are not only determined by
the interfacial area, but also by some other factors.

Considering about the mechanism of bulk heterojunctic .
PSCs, the shorter pathway of exciton diffusion and hig..
efficiency of exciton transportation can facilitate . he
photocurrent generation. With the decrease in diameters ¢
P3HT nanopillar arrays, the excitons can more easily reach the
interface between P3HT and PCBM due to the decrease '
spacing of nanopillar arrays, which can shorten the pathway of
exicton diffusion and then raise the amount of dissociate |
Therefore, in diameter of P3HT
nanopillar arrays contributes to the improvement of J, in
certain extent, especially for PSCs based on the smaller
diameters of P3HT nanopillar arrays (OBHJ-60 and OBHJ-45 .
Meanwhile, the alteration of molecular orientation from edge-
on to face-on giving an improved conducting ability favors fc -

excitons. the decrease

reducing exciton recombination rate, which can facilitate the
further improvement of J,. for the PSCs based on OBHJ-60 . -~
OBHJ-45.

In the case of FF, with the decrease in diameters of P3H1
nanopillar arrays, the FFs were gradually improved from 0.46
to 0.59. The increased FFs are mainly attributed to th:
enhanced conducting ability (hole mobility of P3HT nanopilla:
arrays), which is dependent on the prevalent face-o .
orientation, and hence reduce the exciton recombination rate.
Furthermore, the improved exciton dissociation efficier
resulting from the increased interfacial areas can also help t
reduce the exciton recombination rate during the’
dissociation process. Notably, the PSCs based on OBHJ-4F
showed the highest FF (0.59), indicating the
recombination losses, owing to the more prevalent face-or
molecular orientation and high interfacial areas in OBHJ-4 °
film. Overall, these results firmly confirm that SART-N/
technique is an effective method to fabricate the ideal activ
layer bearing bicontinuous transportation pathways and
prevalent by precii v
controlling the size of nanopillar arrays, which can provide the
large interfacial areas, high conducting ability, efficient exciton
and dissociation, leading to the significar .
improvement of photovoltaic performance.

The EQE curves of PSCs based on PHJ and OBHJ are showii in
Fig. 5b. The EQE curves exhibit a broad response covering 30C -
700 nm wavelength and the calculated Jy. values from the
integrals of EQE curves are consistent with J,. of J-~/

lowes -

face-on molecular orientation

diffusion

measurement. The EQE spectra show the similar shape with
their corresponding absorption spectra, indicating that bot .
components (P3HT and PCBM) contribute to the photocurrent.
Furthermore, the OBHJ films with varied diameters of P3H
nanopillar arrays also influence the photocurrent contribution.
The PSC based on OBHIJ-45 with smaller diameter shows
larger EQE value and broader response region, especially in th
visible region, owing to the more efficient exciton
transportation and dissociation.
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4, Conclusion

In summary, PSCs based on bicontinous nanopillar arrays
consisting of P3HT as donor and PCBM as acceptor were
fabricated by the simple and cost-efficient SART-NIL technique.
The SART-NIL process was able to not only transfer
topographical nanostructure from the template to a P3HT thin
film but also precisely control the size of nanopillar arrays at
room temperature. We have systematically investigated the
relationship between size of P3HT nanopillar arrays and
molecular orientation in the P3HT nanopillar arrays. With the
decrease of diameter of P3HT nanopillar arrays, the molecular
orientation can be changed from edge-on to face on, which
can enhance UV-vis absorption and conducting ability along
the direction perpendicular to the substrate. Combining the
size effect of P3HT nanopillar arrays and preferable face-on
molecular orientation, the OBHJ-45 film with
diameter of P3HT nanoapillar arrays gives larger interfacial

smallest

areas, higher conducting ability, efficient excitons diffusion and
dissociation. The PSCs based on OBHJ-45 film exhibit
significantly improved device performance, especially for the
Jscand FF. The SART-NIL is a powerful tool for fabricating ideal
active layer for high performance PSCs at room temperature.
This paper provides new insight and guidance for
understanding the structure-property relationships of organic
semi-conducting materials.
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