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Research on polymer solar cells (PSC) using organic p-type
(donor) and n-type (acceptor) semiconductors has attracted
tremendous scientific and industrial interest in recent
years.'?l The charge generation and charge transport play
equally important roles in determining the device efficiency.
To dramatically increase the area of the donor-acceptor
interface for efficient charge separation, a bulk heterojunc-
tion (BHYJ) is adopted to form an interpenetrating network of
donor and acceptor materials."? This configuration decreases
the distance that excitons need to travel to reach the
heterojunction interface, thus reducing exciton recombina-
tion. However, the donor and acceptor are randomly inter-
spersed; pathways for charges to reach the electrodes through
the active layer are disordered. Free charges are likely to
encounter an opposite charge, resulting in charge recombi-
nation and reduced current.>4 Moreover, space charge may
be built up if charges are locally trapped on isolated
domains.”® Furthermore, an increase in the thickness of the
BHIJ layer to enhance absorption is usually accompanied by
deteriorated charge collection.”*! Consequently, controlling
phase separation toward optimal morphology in BHJ by
external treatments, such as thermal or solvent annealing,*!"!
is an important but challenging task.!']

To provide a direct path for charge transport while
maintaining a large interfacial area, the ideal architecture of
the donor and acceptor is the periodic, vertically aligned, and
interpenetrating ordered bulk heterojunction (OBHT).12-14l
The electrons and holes have straight and independent
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pathways to the electrodes to shorten the carrier transport
length and reduce the probability of charge recombination.
Several elegant studies have attempted to demonstrate this
conceptual architecture, for example by a template-assisted
strategy or self-assembly of block copolymer.'"*¢l How-
ever, realization of high-performance OBHJ devices has not
been successful. We envision that designing a system that
combines a BHJ for efficient charge generation with an
OBHLJ for efficient charge transport and collection would be a
more practical strategy. Such a configuration is specifically
suitable for solar cells with inverted architecture, because an
electron-selective layer is required at the bottom of the active
layer for electron extraction and hole blocking."”! For
instance, the upper BHJ active layer of an inverted solar
cell is infiltrated into vertically aligned nanorods extending
from a bottom layer of an inorganic semiconductor (e.g. ZnO
or Ti0,).'? However, owing to the poor electrical coher-
ence at the organic/inorganic interface,?”?!! the improvement
in efficiency is moderate (PCE ranges from 2.1 to 2.7 %).
Recently, we reported a cross-linkable fullerene material,
[6,6]-phenyl-Cg,;-butyric styryl dendron ester (PCBSD). The
formation of a cross-linked PCBSD (C-PCBSD, Figure 1a)
planar layer allows realization of a multilayer inverted device
by all-solution processing.”! By using indene—Cy, bisadduct
(ICBA, Figure 1a) with a higher-lying lowest unoccupied
molecular orbital (LUMO) energy level to serve as the
acceptor in the blend, an inverted solar cell device based on
the ITO/ZnO/C-PCBSD/ICBA :P3HT/PEDOT:PSS/Ag con-
figuration achieved an enhanced power conversion efficiency

(a)

PEDOT:PSS

P3HT:ICBA
C-PCBSD nanorods

ITO-coated glass substrate ‘

Figure 1. a) Chemical structure of C-PCBSD and ICBA. b) Schematic
representation of the nanostructured device architecture used in this
study. PEDOT = poly(3,4-ethyldioxythiophene), PSS = poly(styrene sul-
fonate), P3HT = poly(3-hexylthiophene), ITO =indium tin oxide.
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(PCE) of 6.2% .1 To further magnify the positive effects of
C-PCBSD interlayer on the performance, we present here a
new active-layer configuration where the bulk heterojunction
of the P3HT:ICBA upper layer was deposited on a C-PCBSD
bottom layer with vertically oriented nanorods to create a
well-organized nanostructured interface (Figure 1b). The
resultant device (ITO/ZnO/C-PCBSD nanorods/
ICBA:P3HT/PEDOT:PSS/Ag) not only achieved an
enhanced PCE of 7.3% but also exhibited exceptional
ambient and morphological stability.

The anodic aluminum oxide (AAO) template-assisted
approach has been widely employed to construct ordered
nanostructures.’**! The template-assisted fabrication of
arrays of free-standing C-PCBSD nanorods is schematically
illustrated in Scheme 1. In detail, 1) a solution of PCBSD
(20 mgmL~" in 1,2-dichlorobenzene) was spin-coated on top
of an AAO template (thickness ca. 90 nm, Scheme 1a); 2) a
glass substrate/ITO/ZnO/ultrathin PCBSD film (thickness

(a)
Bare AAO template

v PCBSD coating

p

Removal of AAO
C——

ITO-coated glass

ITO-coated glass

(e) (d)

Scheme 1. Schematic diagram of the AAO template-assisted fabrication of C-PCBSD nanorods. See text for

details.

<5nm) was pressed on the top of the spin-coated AAO
template and the two were laminated together (Scheme 1b);
3) the sample was placed inside a jar (capacity 15 mL)
containing 1 mL 1,2-dichlorobenzene at room temperature
for 24 h and then heated at 80°C for 10 h with an applied
pressure of 200 bar in a vacuum oven to induce the infiltration
of PCBSD into the pores of the AAO template (Scheme 1c¢);
4) PCBSD was cross-linked in the confinement of the AAO
template by heating at 170°C for 1 h (Scheme 1d); 5) after
the applied pressure was released and the samples were
cooled back to room temperature, the AAO template was
removed by treatment with 5 wt. % phosphoric acid without
affecting the cross-linked PCBSD nanorods (Scheme 1le);
6) the nanostructured sample was rinsed with methanol for
several times and then dried in a vacuum oven for 2 h. It
should be noted that a precoated ultrathin PCBSD film used
in step (2) could enhance the adhesion between the nano-
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structure and the ZnO-coated ITO substrate, thus avoiding
the delamination problem upon removing the AAO template.

The AAO template used in this study exhibits a uniform
pore size of approximately 60 nm and an interpore distance
(distance between centers of two neighboring pores) of
approximately 100 nm, as determined from a scanning
electron microscopy (SEM) image (Figure 2a). To provide
the maximum interface for exciton dissociation from C-

Figure 2. SEM images of a) a bare AAO template and b,c) C-PCBSD
nanorods under low magnification (b) and high magnification (c).

®) PCBSD nanorods and to
ensure complete filling of
the space between the rods
with the P3BHT:ICBA layer,
it is essential to obtain ver-
tical nanorods without
aggregation and collapses.
The successful formation of
highly ordered, vertical C-
PCBSD nanorod arrays
over large areas was evi-
denced by low-magnifica-
tion SEM image (Fig-
ure 2b).  High-magnifica-
tion SEM (Figure 2¢) indi-
cated that the C-PCBSD
nanorods exhibited an aver-
age pore size of approxi-
mately 60 nm and an inter-
pore distance of 100 nm,
both of which are consistent
with those of the corresponding AAO template (Figure 2a). It
should be noted that the enhanced robustness of the cross-
linked network allows us to construct nanorods with a
maximum sustainable height of up to about 80 nm. Over
this height, aggregation and collapse of the nanorods into
conical bundles were observable (Figure S1, Supporting
Information). The structural failure is due to the capillary
force exerted on the nanorods upon the evaporative drying of
the solvents used for the removal of the AAO scaffold.””
Furthermore, a solution of P3HT:ICBA in 1,2-dichloroben-
zene was then successfully spin-cast on top of the solvent-
resistant cross-linked nanostructure without destroying it.
Finally, after deposition of PEDOT:PSS solution and subse-
quent vacuum evaporation of silver as the anode, the multi-
layer inverted solar cell device B based on the configuration
ITO/ZnO/C-PCBSD  nanorods/P3HT:ICBA/PEDOT:PSS/
Ag was completed. Under identical fabrication conditions, a
control device A, using ITO/ZnO/planar C-PCBSD/

ITO-coated glass

Infiltration of
PCBSD

ITO-coated glass

(c)
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P3HT:ICBA/PEDOT:PSS/Ag configuration (without the C-
PCBSD nanostructure), was also fabricated for comparison.
Current density—voltage (J-V) characteristics of the devices
are shown in Figure 3, and the device parameters are
summarized in Table 1. Under AM1.5G solar irradiation

—m— Device A
—e— Device B
—A— Device C

-84
-104 l“.':
12 Lotes m—“““

00 02 04 06 08 10
Bias/V

/

Current density/mA cm?
i

Figure 3. J-V characteristics of the as-fabricated devices; see Table 1
for descriptions of the device types.

Table 1: Summary of the device parameters.

is more efficient in the presence of C-PCBSD nanorods. In
addition to the improvement in J,, the experimental device B
also exhibited a higher FF value than the control device A
(72.3% vs. 66.0%, Table 1 and Figure 3), which was attrib-
uted to the improved balance between the electron and hole
mobilities (i.e. a reduced space charge build-up) within the
active layer. As shown in Table 1 and Figure S4 (Supporting
Information), the introduction of C-PCBSD nanorods
enhanced the electron mobility from 9.4x10™* to 2.6x
107 em*V~'s™" while maintaining the hole mobility value of
approximately 3 x 10 cm*V~'s™!, thus leading to more bal-
anced charge transport (the electron-to-hole mobility ratio is
1.1). Such an enhancement in electron mobility has also been
demonstrated in previous studies, showing that nanostruc-
tured organic semiconductors can possess superior charge-
transport properties than their planar counterparts.!!!'1325%]
Considering that the C-PCBSD nanostructure can facil-
itate efficient carrier transport and collection, increasing the
thickness of the active layer to 360 nm (device C) did not
cause significant deterioration in the PCE, overcoming the
trade-off between absorption and charge transport.

As shown in Table 1 and Figure 3, compared with

device B, device C exhibited an enhanced J, of

Device Conditions®! Voo Jie ZF iCE Hole Electron 12.7mAcm™? and a slightly reduced FF of 65%,
MV [mAem™] [%] - [%] mo?"'?’ 4 mOE'l'E)]' _,, leading to a comparable PCE of 6.9%. This thick-
[em*V7's™] [em“V s . . . .
ness-independent property is beneficial for mass
A without, 170 nm 0.84 11.17 66.0 62 3.1x10°  9.4x107* production techniques, such as roll-to-roll fabrica-
B with, 1770nm ~ 0.84 12.07 723 73 28x10°  26x10° tion
C with, 360 nm 0.84 12.70 65.1 6.9 N/AM N/AP!

[a] With or without nanorods, active layer thickness. [b] N/A=not available

with light intensity of 100 mW cm 2, device A exhibited a high
PCE value of 6.2%, with an open-circuit voltage (V,.) of
0.84 V, a short-circuit current density (J.) of 11.17 mAcm 2,
and a fill factor (FF) of 66.0%. Encouragingly, device B
incorporating C-PCBSD nanorods achieved an exceptional
PCE of 7.3%, with V,.=0.84V, J.=12.07 mAcm>, and
FF =72.3%. Note that the J, values are consistent with the
values calculated from integrated incident photon-to-current
conversion efficiency (IPCE) spectra (Figure S2, Supporting
Information), which confirms the accuracy of our reported
PCE values.

Compared to the device characteristics of the control
device A, the PCE improvements in the device B mainly
originated from the higher J value (Table 1 and Figure 3).
This enhancement could be ascribed to the fact that the array
of C-PCBSD nanorods penetrating into the BHJ layer offers
substantial P3HT/C-PCBSD interfacial area for extra exciton
dissociation, thereby generating a higher photocurrent.
Steady-state photoluminescence (PL) measurements were
performed to study the extent of exciton dissociation in the
control sample (i.e. glass/ZnO/planar C-PCBSD/
P3HT:ICBA) and the experimental sample (i.e. glass/ZnO/
C-PCBSD nanorods/P3HT:ICBA; Figure S3, Supporting
Information). A more pronounced quenching of the PL
intensity was observed in the experimental sample than in the
control sample, thus confirming that the exciton dissociation
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The air-stability of the experimental device B
without encapsulation was evaluated by monitoring
the evolution of the PCE as a function of time upon
storage in ambient air (Figure 4). Device B retained
over 90 % of its initial PCE value after being exposed
to ambient conditions for 450 h. Inverted device B exhibits
not only excellent air stability but also superior long-term
thermal stability to the control device A (Figure 4). When
stored in inert atmosphere at elevated temperature (100°C),
the control device A had a half life (defined as the time period
for the PCE to decay to 50% of the initial value) of 220 h,
while the experimental device B had a much improved half
life of more than 689 h (Figure 4). The more significant
reduction in efficiency observed in the control device A is
associated with its macrographic alteration of the morphol-
ogy, which was witnessed by optical microscopy (Figure S5,

100 {8cm g g —m— Device B, 30 °C
—n \
g T e Device A, 100°C
8 80+ A\ —A— Device B, 100 °C
°
2 604 —
5 E—
4
S 40+
8
f=
g 20 \.
o
0

0 200 400 600 800 1000
Storage time/h

Figure 4. Degradation profiles of unencapsulated devices stored at
either 30°C in ambient air or at 100°C in the glove box.
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Supporting Information). After heating the samples at 100°C
for 689 h, the control sample showed the formation of dense,
needle-shaped ICBA clusters, whereas less dense ICBA
clusters were observed in the experimental sample. Consid-
ering that a part of the P3BHT:ICBA BHJ infiltrated into the
C-PCBSD nanorods and is thus surrounded and confined
between the rods on a scale of approximately 40 nm
(determined by the edge-to-edge distance between the
pores shown in the SEM image, Figure 2a), nanostructure-
assisted morphological stability could be rationalized by the
spatial confinement effect, which might suppress the thermal-
driven crystallization of ICBA and P3HT upon thermal
annealing.

In conclusion, we have successfully utilized an AAO
template-assisted strategy in combination with a cross-linking
approach to construct an array of robust and well-organized
C-PCBSD nanorods. A P3BHT:ICBA BHJ upper layer was
deposited on the C-PCBSD bottom layer with the vertically
aligned nanorods to create an organic/organic ordered nano-
structured heterojunction. Owing to the enhanced charge
generation and straight electron transport pathways, the
inverted solar cell incorporating C-PCBSD nanorods ach-
ieved a record high PCE of 7.3 %, which is the highest value
ever reported for P3HT:fullerene-based BHJ solar cells.

Experimental Section

Preparation of AAO templates: High-purity (99.99 %) annealed Al
substrates were electropolished in a mixture HCIO, and C,H;OH (1:5
vol/vol) until the root-mean-square surface roughness of a typical
10 pm x 10 um area was 1 nm, as measured by contact-mode atomic
force microscopy. The polished Al substrate was anodized at 40 V in
2°C oxalic acid (0.3m) for 5 h to grow AAO, which was then removed
by a solution of CrO; (1.5 g) and 6 % H;PO, at 70°C in 3.5 h. The Al
substrate was anodized again under the same conditions for 10 h to
grow AAO. After dissolving the remaining Al underneath by a
solution of CuCl, (2 wt%) in HCI (37.5 wt. %, 50 mL) in 20 min, the
resulting AAO template was etched in 5% H;PO, solution at 40°C
for 40 min to remove its barrier oxide layer and widen its pores
simultaneously.

The device fabrication procedure was follows: 1) ultrasonication
in acetone for 20 min and subsequent rinsing with deionized water;
2) ultrasonication in isopropyl alcohol for 20 min and subsequent
rinsing with deionized water; 3) UV/ozone treatment for 20 min;
4) spin casting of the ZnO precursor from zinc acetylacetonate
hydrate (purchased from Aldrich and used as received) in methanol
(20 mgmL™") and subsequent baking at 130°C for 10 min in air
(thickness 20 nm); 5) spin-casting of PCBSD solution (7 mgmL " in
1,2-dichlorobenzene) on top of the ZnO layer (thickness ca. 10 nm);
6) spin-casting of the active layer from a 1,2-dichlorobenzene solution
of P3HT (17 mgmL~', MW = 50000 gmol~!, purchased from Rieke
Metals and used as received) and ICBA (17 mgmL™', provided by
ICCAS and used as received), and subsequent drying of the films at
room temperature in a closed Petri dish overnight (thickness 170 nm);
7) spin-casting of the PEDOT:PSS layer from CleviosP (H. C.
Starck) diluted with equal volume of 2-propanol and 0.2 wt. %
polyoxyethylene-6-tridecylether (Aldrich) at subsequent baking at
60°C for 10 min (thickness 60 nm); 8) thermal evaporation of the Ag
layer under high vacuum (< 10~® Torr; thickness =200 nm) through a
shadow mask which defined an active area of 0.04 cm*; 9) thermal
annealing of the complete device at 150°C for 7 min.

Characterization: the 1—v characteristics of the PSC devices were
measured with a Keithley 2400 source meter under simulated
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AM1.5G illumination (SAN-EI XES-301S solar simulator with
integrated intensity of 100 mWcm2), which was calibrated with a
Hamamatsu silicon photodiode with KG-5 filter against an NREL-
calibrated solar simulator.”” TPCE spectra were measured using a
lock-in amplifier with a current preamplifier under short-circuit
conditions with illumination of monochromatic light from a 250 W
quartz-halogen lamp (Osram) passing through a monochromator
(Spectral Products CM110). SEM was conducted with a field-
emission SEM instrument (JSM-7401F, JEOL) operated at an
accelerating voltage of 10 kV with the samples coated with approx-
imately 3 nm platinum. The PL spectrum was recorded with Hitachi
F-4500 spectrophotometer equipped with a 150 W xenon lamp at
room temperature. Optical microscopy images were recorded with
Nikon optical microscope (E5000m1) at room temperature. The
single-carrier mobility can be extracted from the dark J-V character-
istics of the hole-only and electron-only devices by using space charge
limited current (SCLC) model.***¥ The hole-only device was
constructed as ITO/Au (40 nm)/MoO; (10 nm)/C-PCBSD inter-
layer/with  or  without = C-PCBSD  nanorods/P3HT:ICBA/
PEDOT:PSS/Ag, and the electron-only device was constructed as
ITO/ZnO/C-PCBSD interlayer/with or without C-PCBSD nanorods/
P3HT:ICBA/Ca (10 nm)/Al (100 nm). The fabrication procedure was
identical to that of solar cell fabrication except for the electrodes.
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