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ABSTRACT: A simple approach to fabricate high-efficiency
annealing-free poly(3-hexylthiophene): [6,6]-phenyl C¢;-buty-
ric acid methyl ester (P3HT:PCBM) solar cells is reported by
using p-type Cul to substitute PEDOT:PSS as anode buffer
layer. It is found that the P3HT:PCBM blend films deposited
on Cul surface show different orientation of crystalline P3HT
domains and phase separation from those deposited on
PEDOT:PSS surface. A nanoscale phase separation of P3HT
and PCBM with domain sizes about 10—30 nm is formed for
the P3HT:PCBM blend films deposited on Cul surface.
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Absorption and grazing incidence X-ray diffraction (GIXRD) experiments indicate that the Cul layer not only induces the self-
organization of P3HT chains into well-ordered structure but also results in the vertical orientation of 7—7 stacking planes of
P3HT with respect to the substrate which is favorable for the hole collection in polymer solar cells. Hole-transport investigation
discloses that hole mobility of the as-spincast P3HT:PCBM blend film on Cul surface is increased with 3 orders of magnitude
compared to the P3HT:PCBM film deposited on PEDOT:PSS. A power conversion efficiency of 3.1% for the as-spincast
P3HT:PCBM solar cell with Cul buffer layer is about 4-fold enhancement compared to 0.83% of the control device with
PEDOT:PSS, and is comparable to the reported P3HT:PCBM solar cells subjected to post thermal treatments. This work
implies that interfacial engineering is a promising approach for manipulating morphology of active layer and can potentially
simplify the process and shorten the fabrication time of polymer solar cells in low-cost roll-to-roll manufacturing.
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1. INTRODUCTION

Polymer solar cells (PSCs) have been regarded as a promising
candidate for renewable energy sources because of their
potential advantages of flexible and low-cost fabrication through
roll-to-roll processing technology.' "> Bulk heterojunction
(BHJ), based on blends of electron-donating conjugated
polymers and high-electron-affinity fullerene derivatives, has
become the most successful device structure for PSCs in order
for efficient exciton dissociation due to short exciton diffusion
length in conjugated polymers.">~"” In addition to the efficient
exciton dissociation, the collection of photogenerated holes and
electrons is another major issue in determining the final
photovoltaic performance of the cells. Because of the
disordered structure of the blends, the donor and acceptor
domains in BHJ active layer are required to form percolated
networks with few charge-trapping sites or “dead ends” for
realizing the effective transport and collection of separated
holes and electrons. Low charge mobility or large mobility
difference of holes and electrons in the BH]J active layer would
result in sever charge recombination, leading to a low power
conversion efficiency (PCE)."®"® Therefore, the BHJ morphol-
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ogy needs to be well-optimized to trade-off the two issues. As a
widely investigated blend of Regioregular poly(3-hexylthio-
phene) (P3HT) and [6,6]-phenyl Cg;-butyric acid methyl ester
(PCBM), some strategies toward constructing the nanoscale
donor and acceptor percolated networks with high hole and
electron mobilities have been well developed, including post
thermal annealing, solvent-vapor annealing, controlling the
solvent evaporation rate, adding high-boiling-point processing
additives, etc.’®™>” As a potential low-cost photovoltaic
technology, these kinds of approaches would increase the
complexity of fabricating the PSCs in large-area roll-to-roll
manufacturing.

Water-soluble poly(3,4-ethylenedioxythiophene):poly-
(styrene sulfonate) (PEDOT:PSS) has been widely used as
an anode buffer layer to modify indium—tin oxide (ITO) anode
in order for facilitating hole extraction in a typical device
structure. However, it was reported that a high content of
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insulating species (i.e,, PSS) was formed on top surface of the
PEDOT:PSS film due to higher surface free energy of PSS than
PEDOT, resulting in increased interfacial resistance.”® Campoy-
Quiles et al. modeled the vertical composition profile of
P3HT:PCBM blend films on PEDOT:PSS surface by using
angle-variable spectroscopic ellipsometry and found a concen-
tration gradient varying from PCBM-rich near PEDOT:PSS
side to P3HT-rich adjacent to the free surface, which is not an
ideal composition profile for efficient charge collection in
regular-configuration PSCs.”® Moreover, PEDOT:PSS is also
concerned with the inherent device instability due to its
hygroscopic and hydrophilic nature.**~>* Research by Norrman
et al. showed fast degradation of inverted polymer solar cell in
humidity atmosphere.® Recent studies by Dupont et al.
demonstrated poor adhesion between hydrophobic active
layer and hydrophilic PEDOT:PSS layer, which is unfavorable
for mechanical stability of the device.>” Transition metal oxides,
such as NiO, MoOj;, and V,0;, etc.,, have been widely used as
anode buffer layers in PSCs to replace PEDOT:PSS, and
comparable or even higher PCEs have been achieved.**° It
has been demonstrated that the crystalline ordering and
molecular orientation of P3HT can be tuned by modifying
the surface property of underneath substrate.’”>° However,
little work has been done to investigate the effect of surface
properties of the anode buffer layer on the crystalline ordering
and phase separation of P3HT:PCBM blend and final
photovoltaic performance.

Cul is a p-type inorganic semiconductor material with a large
bandgap of 3.1 eV and can be potentially applied as transparent
anode buffer layer in PSCs. Herein, Cul is used to replace
PEDOT:PSS as the anode buffer layer to fabricate
P3HT:PCBM blend solar cells and its effect on the
P3HT:PCBM morphology and the photovoltaic performance
of the resulted solar cells is studied in detail. It is found that the
Cul buffer layer not only provides an ohmic contact with the
active layer, but also causes different orientation of crystalline
P3HT domains and nanoscale phase separation of
P3HT:PCBM blend as compared to the PEDOT:PSS layer.
A nanoscale phase separation of P3HT and PCBM with
domain sizes about 10—30 nm is formed for the P3HT:PCBM
blend film deposited on Cul surface without thermal or solvent
annealing. The Cul layer not only induces the self-organization
of P3HT chains into well-ordered structure, but also results in
the vertical orientation of 7—x stacking planes of P3HT with
respect to the substrate, which is favorable for facilitating hole
collection in polymer photovoltaic cells. The hole mobility of
the as-spincast P3HT:PCBM blend film deposited on Cul
surface is increased with 3 orders of magnitude compared to
the as-spincast PZHT:PCBM film deposited on PEDOT:PSS. A
PCE of 3.1% for the as-spincast P3HT:PCBM solar cell with
Cul buffer layer is about 4-fold enhancement compared to
0.83% of the control device with PEDOT:PSS, and is
comparable to the reported P3HT:PCBM solar cells subjected
to post treatments. This work implies that interfacial engineer-
ing is a promising approach for manipulating morphology of
active layer and can potentially simplify the process and shorten
the fabrication time of PSCs in low-cost roll-to-roll
manufacturing.

2. EXPEIMENTAL SECTION

Materials. P3HT with a weight-average molecular weight
(M,,) of 3.0 X 10* (regioregularity >96%) was purchased from
Solarmer Energy Co. and PCBM with a purity of 99% was

5705

purchased from American Dye Source Co. Cul (purity >99%)
was purchased from Sigma-Aldrich Co. All the materials are
used as received.

Fabrication and Measurement of PSCs. The ITO-coated
glass substrate with a sheet resistance of 10 Ohm/square was
cleaned with detergent and deionized water in sequence and
then dried at 120 °C for 30 min in an oven. The cleaned ITO
substrate was treated with UV-ozone cleaner for 10 min. For
the Cul-based PSCs, the Cul buffer layer with different
thicknesses was evaporated atop the ITO substrate in vacuum
at a base pressure of 7 X 107* Pa. For the PEDOT:PSS-based
PSCs, a 40-nm-thick PEDOT:PSS (Baytron P4083) layer was
spin coated onto the ITO substrate and baked at 120 °C for 30
min in ambient atmosphere. A chlorobenzene solution
comprising P3HT (11 mg mL™") and PCBM (11 mg mL™")
was spin-coated on top of the PEDOT:PSS or Cul layers to
produce a 110-nm-thick active layer. Finally, the devices were
completed by depositing a bilayer of LiF (1 nm) and Al (100
nm) cathode on top of the active layer in vacuum under base
pressure of 4 X 10~* Pa. The PSCs with solution-processed Cul
anode buffer layer was obtained by spin-coating Cul nano-
particle dispersion (0.25 mg/mL) in ethanol on top of the ITO
substrate. The illuminated current density—voltage (J—V)
characteristics of the photovoltaic cells were tested using a
Keithley 236 source meter under 100 mW cm™ AM 1.5G
simulated solar light. An Oriel 150W solar simulator with an
AM 1.5G filter was used to provide an intensity of 100 mW
cm™? for illumination of the photovoltaic cells. The light
intensity was determined by a calibrated silicon diode with KG-
S visible color filter. The external quantum efficiency (EQE)
was measured under short-circuit condition with a lock-in
amplifier (SR830, Stanford Research System) at a chopping
frequency of 280 Hz during illumination with the mono-
chromatic light from a Xenon lamp.

Thin Film Characterization. Scanning electron micros-
copy (SEM) observation was conducted on XL 30ESEM-FEG
scanning electron microscope operated at an acceleration
voltage of 150 kV. Water contact angle test was performed on a
DSA10 Control UNIT. Transmission electron microscopy
(TEM) of the P3HT:PCBM blend films was performed on
JEOL JEM-1011 transmission electron microscope operated at
an acceleration voltage of 100 kV. The samples for TEM
observation were obtained by stripping the active layer off the
underlying PEDOT:PSS layer and then transferred onto a
carbon-coated copper grid. UV—vis spectra were recorded on a
Perkin-Elmer 35UV—vis spectrophotometer on quartz sub-
strates. The out-of-plane grazing incident X-ray diffraction was
measured by using Bruker D8 Discover X-ray diffractometer.
The in-plane grazing incident X-ray diffraction were measured
at Shanghai Synchrotron Radiation Facility on beamline 14B (4
0.124 nm) using Huber diffractometer with scintillation
counter and Mar34S detector.

3. RESULTS AND DISCUSSION

An ideal anode buffer layer material should be highly
transparent in visible region to ensure eflicient solar absorption
of the active layer and highly conductive to reduce the series
resistance. Cul is a kind of p-type inorganic semiconductor with
a band gap of 3.1 eV and has been applied as hole collector in
dye-sensitized solar cells (DSSCs) because of its good
conductivity and proper energy level.**~* For polymer-based
solar cells, the work function (WF) of the anode buffer layer
should be well matched with the highest occupied molecular
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orbital (HOMO) level of the polymer donor in order to
facilitate hole collection. Herein, the ITO/Cul interfacial
electronic structure is investigated via the ultraviolet photo-
electron spectroscopy (UPS) measurement. Three different
Cul layers with thicknesses of 1.3, 5.4, and 8.1 nm (i.e,, Cul-A,
Cul-B, and Cul-C, respectively) were thermally deposited on
ITO substrates for the measurement. These kinds of Cul films
are highly transparent in visible region (see Figure Sl in the
Supporting Information). The UPS spectra of the Cul layers
deposited on ITO substrate together with the ITO sample are
shown in Figure 1. The WF of ITO is estimated to be —4.5 eV.
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Figure 1. (a) High binding energy and (b) low binding energy panel
of UPS spectra of the ITO and different Cul films deposited on top of
ITO substrate.

When the Cul films with different thicknesses were deposited
onto the ITO surface, the secondary electron cutoft of the Cul
films shifts toward lower binding energies about 0.9 eV
compared to that of ITO, suggesting a higher WF of Cul. The
WE of Cul films is estimated to be about —5.4 eV. The WF of
Cul ensures an Ohmic contact between Cul and HOMO of
P3HT, and thus facilitates the hole extraction. It is also noticed
that the UPS spectra of the three Cul samples have nearly
identical shape and position, indicating that 1.3-nm-thick Cul
(Cul-A) completely covers the ITO surface.

Scanning electron microscopy (SEM) measurements were
carried out to observe the surface morphologies of different Cul
films. Figure 2 shows the SEM images of different Cul layers

Figure 2. SEM images of different anode buffer layers deposited on
ITO substate: (a) PEDOT:PSS (40 nm), (b) Cul-A, (c) Cul-B, and
(d) Cul-C.
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(Cul-A, Cul-B, and Cul-C) along with the PEDOT deposited
on ITO substrate. As shown in Figure 2a, the spincoated
PEDOT:PSS film exhibits a very smooth surface. In contrast to
spincoated PEDOT:PSS film, the thermally deposited Cul films
shows a different morphology. At the initial stage of Cul
deposition, the Cul molecules can form a continuous smooth
film on the ITO surface. When Cul is further deposited, the
discontinuous Cul islands are formed on the smooth Cul films
as shown in Figure 2c-d. With the increase of the token
thicknesses of Cul, the number of Cul islands increases. The
height of these Cul islands is ranged at 20—60 nm estimated by
atomic force microscopy (AFM) measurement (see Figure S2
in the Supporting Information). The thicknesses of the
underneath continuous Cul layer is determined by fitting the
ellipsometry measurement. The thicknesses of the underneath
continuous Cul layers were calculated to be 1.3, 5.4, and 8.1 nm
for the Cul-A, Cul-B, and Cul-C films, respectively. Water
contact angle experiment was carried out on ITO/PEDOT:PSS
and ITO/Cul—B substrates to explore the surface properties of
PEDOT:PSS and Cul films (see Figure S3 in the Supporting
Information). Water contact angles of 93.6 and 49.3° are
measured at the Cul-B and PEDOT:PSS surfaces, indicating a
highly hydrophobic surface of the Cul films.

Figure 3 shows transmission electron microscopy (TEM)
images of P3HT:PCBM blend films deposited on PEDOT:PSS

| '.; ;5-00 nn.l
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Figure 3. TEM images of the P3HT:PCBM blend films deposited on
different anode buffer layer layers: (a) PEDOT:PSS, (b) Cul-A, (c)
Cul-B, and (d) Cul-C.

or Cul buffer layers. The light and gray regions in the images
were assigned to the P3HT-rich and PCBM:-rich domains,
respectively. Some dark spots presented in Cul-based
P3HT:PCBM films were attributed to residual Cul nanocrystals
when the P3HT:PCBM blend layer was stripped off the buffer
layer, which was verified by (111) and (220) reflection rings in
the selected area electron diffraction (SAED) pattern.*** As
shown in Figure 3a, the P3HT:PCBM layer atop PEDOT:PSS
layer demonstrates an almost featureless film morphology,
indicating intimate mixing of P3HT and PCBM molecules.
This kind of morphology would result in poor charge collection
and hence poor photovoltaic performance. In contrast, the
P3HT:PCBM films deposited atop Cul buffer layers present
obvious phase separation of P3HT and PCBM. As shown in
Figure 3¢, a clear P3HT and PCBM phase separation in
P3HT:PCBM film deposited atop the Cul-B buffer layer with
domain size of 10—30 nm is formed, which would be favorable
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Figure 4. (a) Out-of-plane and (b) in-plane GIXRD patterns of the pristine P3HT:PCBM films spin-coated on PEDOT:PSS or Cul buffer layers.
Schematic of edge-on (c) or face-on orientation of P3HT chains with respect to the substrate.

for exciton dissociation and charge collection. Previous studies
have shown the surface properties of the substrate have great
impact on the crystallization and orientation of the above
P3HT film.*”*® Herein, the chlorobenzene solution of
P3HT:PCBM blend was spincoated on different anode buffer
layers and the resultant P3HT:PCBM film was not subject to
any solvent or thermal treatment. Therefore, the morphology
difference of P3HT:PCBM blend atop the PEDOT:PSS and
Cul layer can be attributed to different interaction between the
buffer layer and the P3HT:PCBM active layer. The absorption
of the P3BHT:PCBM films on the PEDOT:PSS and Cul buffer
layers were also measured (see Figure S4 in the Supporting
Information). The P3HT:PCBM films deposited atop the Cul
buffer layer show stronger vibronic absorption of P3HT at 559
and 606 nm than that of the P3HT:PCBM film deposited atop
the PEDOT:PSS layer, indicating improved P3HT chain
packing with Cul as the buffer layer.”’

To learn more about the effect of interfacial layer on the
ordering and orientation of P3HT, we performed grazing
incidence X-ray diffraction (GIXRD) for the P3HT:PCBM
blend layers deposited atop PEDOT:PSS or Cul—B layers.
Figure 4a displays out-of-plane GIXRD pattern of
P3HT:PCBM films deposited on PEDOT:PSS and Cul buffer
layers. Both the samples show strong (100) plane reflection
corresponding to lamellar structure of P3HT, implying edge-on
orientation of P3HT chains with hexyl side chains perpendic-
ular to the substrate as depicted in Figure 4c. It is noted in
Figure 4a that the P3HT:PCBM film deposited on Cul buffer
layer also shows (010) plane reflection in out-of-plane pattern,
indicating a face-on orientation of P3HT backbones with 7—x
stacking planes perpendicular to the substrate as depicted in
Figure 4d. Figure 4b displays in-plane GIXRD pattern of
P3HT:PCBM films deposited on PEDOT:PSS and Cul buffer
layers. The P3HT:PCBM film deposited on PEDOT:PSS layer
shows negligible in-plane (100) reflection, implying that P3HT
chains are preferentially oriented with edge-on structure. The
absence of (010) reflection demonstrates poor 7—7 stacking of
P3HT chains in the blend film deposited on PEDOT:PSS layer.
It is consistent with the absorption results shown in Figure S4
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in the Supporting Information. The sharp in-plane (100)
reflection for the blend film deposited on Cul substrate further
confirms existence of face-on orientation of P3HT. Both in-
and out-of-plane (010) reflections verify that crystalline P3HT
domains with edge-on and face-on orientation coexist in
P3HT:PCBM blend film deposited on Cul layer. The different
P3HT orientation in P3HT:PCBM blend film deposited atop
the PEDOT:PSS or Cul surfaces may be attributed to different
interactions between P3HT and the underlying surfaces. The
repulsive interaction between the 7 electron clouds of P3HT
backbone and unshared electron pairs of hydrophilic surface of
PEDOT:PSS allows P3HT to form thermodynamically
favorable edge-on orientation. Although the strong coordinated
interaction between 7 electrons of P3HT backbones and
atomic orbitals of Cu ions causes P3HT chains to lie down on
the surface of Cul layer. These lying-down P3HT chains on the
Cul surface may act as nucleus to induce P3HT crystallization
with face-on orientation. Thus, both the edge-on orientation
and surface-induced face-on orientation of P3HT crystals
coexist in the P3HT:PCBM blend film deposited atop the Cul
bufter layer.

Because the photogenerated charge carriers are collected
along the vertical direction of the active layer via donor and
acceptor pathways in PSCs, the crystalline P3HT domains with
face-on orientation is favorable for hole transport and collection
due to the higher hole mobility of P3HT along 7—7 stacking
direction than that along the lamellar direction.*® Herein, the
effect of different morphology of P3HT:PCBM blend atop
PEDOT:PSS or Cul buffer layers on the hole transport is
further investigated via the space charge limited current
(SCLC) method. Hole-only devices with structures of ITO/
PEDOT:PSS/P3HT:PCBM/Mo0QO;/Al and ITO/Cul-B/
P3HT:PCBM/MoO;/Al were fabricated with MoOj as cathode
interfacial layer to suppress electron injection. The dark -V
curves of the hole-only devices with PEDOT:PSS or Cul—B
buffer layers at room temperature are shown in Figure S. The
electric field-dependent hole mobilities in P3HT:PCBM blends
were calculated through the following equation'”
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Figure S. Dark J—V curves of the hole-only devices with a structure of
ITO/PEDOT:PSS(40 nm) or Cul-B/P3HT:PCBM (110 nm, as-
spincoated)/MoQ;(6 nm)/Al (100 nm) measured at room temper-
ature. Black lines represent the fitting results using a model of single-
carrier space-charge-limited current with field-dependent mobility.
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Where ¢, is the permittivity of free space, €, the relative
permittivity of the material, and L the thickness of the active
layer. A low room-temperature zero-field hole mobility of 1.0 X
1077 em®> V7' s7' was obtained for the as-spincoated
P3HT:PCBM blend deposited on PEDOT:PSS substrates
due to amorphous morphology of P3HT and intimate mixing
of P3HT and PCBM molecules. The calculated hole mobility is
comparable to the value reported by Mihailetchi et al.'"” The
reported electron mobility of the pristine PSHT:PCBM blends
is estimated to be 2—5 X 107 cm? V™! s71.'5%* The difference
of 3 orders of magnitude between electron and hole mobilities
indicates a strongly unbalanced transport of electrons and holes
in the pristine P3HT:PCBM blend films deposited on
PEDOT:PSS buffer layer, resulting in severe charge recombi-
nation in polymer solar cells.'”*” The pristine P3HT:PCBM
blend film deposited on Cul buffer layer shows a hole mobility
of 22 X 107* cm® V™! 57!, 3 orders of magnitude higher than
that of the pristine P3HT:PCBM blend film deposited on
PEDOT:PSS buffer layer. The dramatic enhancement of hole
mobility in the pristine P3HT:PCBM blend film deposited on
Cul buffer layer is attributed to presence of crystalline P3HT
domains with face-on orientation that improves the hole
transport perpendicular to the substrate and a large nanoscale
phase separation between P3HT and PCBM induced by the
Cul buffer layer. Thus, a more balanced hole and electron
transport is realized in the pristine P3HT:PCBM BH] layer
deposited on Cul buffer layer, which is helpful to restrain
possible bimolecular charge recombination and improve charge
collection."”

PSCs with a structure of ITO/Cul-A, Cul-B and Cul-C/
P3HT:PCBM (110 nm)/LiF (1 nm)/Al were fabricated to
examine the effects of Cul anode buffer layers on photovoltaic
performance. A reference cell with a structure of ITO/
PEDOT:PSS (40 nm)/P3HT:PCBM (110 nm)/LiF (1 nm)/
Al was also fabricated for comparison study. It should be
mentioned here that all the devices were fabricated without any
pre- or post-thermal treatment after the P3HT:PCBM active
layer was spincoated from chlorobenzene solution. The
illuminated J—V curves of devices with different anode buffer
layers under 100 mW cm™> AM 1.5G simulated solar light are
shown in Figure 6a and the photovoltaic parameters of the
devices are summarized in Table 1. It can be seen that, the
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Figure 6. (a) Illuminated J—V characteristics and (b) EQE curves of
the P3HT:PCBM (as-spincoated) solar cells with different anode
buffer layers.

Table 1. Photovoltaic Parameters of the P3HT:PCBM (as-
spincoated) Solar Cells with Different Anode Buffer Layers
under AM 1.5G 100 mW cm™ Irradiation

anode buffer layer Ve (V) Joc (mA ecm™)  FF (%)  PCE (%)
PEDOT:PSS 0.69 2.85 42 0.83
Cul-A 0.57 6.06 59 2.02
Cul-B 0.58 8.21 65 3.10
Cul-C 0.58 7.10 57 2.02

control device with PEDOT:PSS as anode buffer layer
demonstrates a short-circuit current (Jgc) of 2.85 mA cm™,
an open-circuit voltage (Voc) of 0.69 V, and a fill factor (FF) of
0.42, giving a PCE of 0.83%. The low Jsc and FF are mainly
attributed to the intimate mixing of P3HT:PCBM blend and
low hole mobility of P3HT networks, resulting in a poor charge
collection efficiency. On the contrary, the devices with Cul
anode buffer layer show considerably improved Jsc, FF, and the
final PCE. The device with Cul-B buffer layer shows a Jsc of
821 mA cm 2 and a FF of 0.65, and a PCE of 3.1%,
respectively, almost a 4-fold increase in PCE compared to that
of the device with PEDOT:PSS buffer layer. The considerably
enhanced Jgc and FF are mainly attributed to the favorable
nanoscale P3HT:PCBM morphology induced by Cul buffer
layer as shown in Figure 3c that improves the exciton
dissociation and charge collection. Furthermore, the face-on
orientation of P3HT domains on Cul buffer layer may also
facilitate hole extraction to the anode and results in a decreased
interfacial resistance. It is noted that the PEDOT:PSS-based
cell shows a large V¢ of 0.69 V, which is commonly presented
in the pristine P3HT:PCBM solar cells due to homogeneous
morphology of P3HT:PCBM blends.** When Cul is used to
replace the PEDOT:PSS layer, the V¢ of the resulted solar cell
is decreased to 0.58 V, comparable to that of the postannealed
P3HT:PCBM solar cells. Figure 6b shows the external quantum
efficiency (EQE) curves of the photovoltaic cells with

dx.doi.org/10.1021/am3017653 | ACS Appl. Mater. Interfaces 2012, 4, 5704—5710
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PEDOT:PSS or Cul anode buffer layers. The pristine
P3HT:PCBM solar cell exhibits an EQE peak of 30% at a
wavelength of 500 nm. When the PEDOT:PSS is replaced by
Cul, the EQE of the resultant solar cells is greatly improved.
The cell with Cul-B buffer layer shows an EQE peak of 60% at
510 nm with obvious shoulders around 559 and 606 nm
attributed to the more ordered structure of P3HT.

We also explored the possibility of preparing the Cul buffer
layer with solution-processing technology, which is desirable in
large-area roll-to-roll manufacturing. Solution-processable Cul
nanoparticles with diameter about 10 nm are easily synthesized
following the reference (see Figure SS in the Supporting
Information).*”** The P3HT:PCBM blend film deposited atop
the solution-processed Cul buffer layer shows strong
absorption of P3HT at 559 and 606 nm (see Figure S6 in
the Supporting Information), similar to that of the
P3HT:PCBM blend film deposited atop the thermally
evaporated Cul buffer layer, indicating that the solution-
processed Cul can also induce P3HT chain packing and phase
separation. The illuminated J-V characteristics of the pristine
P3HT:PCBM solar cell with solution-processed Cul buffer
layer is shown in Figure S7 in the Supporting Information. The
PSC with solution-processed Cul buffer layer exhibits a FF of
0.63 and a Jsc of 7.65 mA cm™2, comparable to 0.65 and 8.21
mA cm ™2 of the PSC with thermally deposited Cul buffer layer.
However, the Vioc drops to 0.54 V, resulting in a PCE of 2.6%.
The PCE is about 3-fold higher than that of the device with
PEDOT:PSS buffer layer.

4. CONCLUSIONS

In summary, a simple approach to fabricate high-efficiency
annealing-free P3HT:PCBM solar cells is reported by using p-
type Cul to substitute PEDOT:PSS as anode buffer layer. It is
found that the P3HT:PCBM blend films deposited on Cul
surface show different orientation of crystalline P3HT domains
and phase separation from those deposited on PEDOT:PSS
surface. A nanoscale phase separation of P3HT and PCBM with
domain sizes about 10—30 nm is formed in the P3HT:PCBM
blend films deposited on Cul surface without thermal or
solvent annealing. Furthermore, the Cul layer not only induces
the self-organization of P3HT chains into well-ordered
structure, but also results in the vertical orientation of 7—rx
stacking planes of P3HT because of strong coordinate
interaction between 7 electrons of P3HT backbones and Cul
buffer layer. The hole mobility of the as-spincast P3HT:PCBM
blend film on Cul surface are increased with 3 orders of
magnitude compared to the as-spincast P3HT:PCBM film
deposited on PEDOT:PSS due to the face-on orientation of
crystalline P3HT domains and nanoscale P3HT:PCBM
morphology induced by Cul. The power conversion efficiency
of 3.1% for the as-spincast P3HT:PCBM solar cell with Cul
buffer layer is about 4-fold enhancement compared to 0.83% of
the control device with PEDOT:PSS, and is comparable to
those of reported P3HT:PCBM solar cells subjected to post
treatments. This work implies that interfacial engineering is a
promising approach for manipulating morphology of active
layer and can potentially simplify the process and shorten the
fabrication time of polymer solar cells in low-cost roll-to-roll
manufacturing.
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