Improved Power Conversion Efficiency
in Bulk Heterojunction Organic Solar
Cells with Radial Electron Contacts

Jonathan E. Allen and Charles T. Black™*

Center for Functional Nanomaterials, Brookhaven National Laboratory, Upton, New York 11973, United States

rganic semiconductors can effec-

tively convert solar radiation to

electrical energy, and the most
successful organic photovoltaic devices
are based on a bulk heterojunction archi-
tecture.! Organic semiconductor solar cells
offer significant benefits over their inorganic
counterparts, including strong optical ab-
sorption, scalable processing, and the ability
to fabricate devices on flexible substrates.
However, the best reported devices offer
power conversion efficiencies in the range
5-9%2 % due to limitations of the organic
semiconductor materials. For example, a
widely used organic solar cell active layer
is a 1:1 blend of the polymer poly(3-hexyl-
thiophene) (P3HT) and the small molecule
[6,6]-phenyl-Cg;-butyric acid methyl ester
(PCBM), which can yield device power con-
version efficiencies as high as ~5%.> How-
ever, straightforward materials considera-
tions suggest a maximum performance of
these materials of at least 10%,” indicating
that there are opportunities for optimizing
even this well-studied structure.

The performance of bulk heterojunction
solar cells can be improved by limiting the
loss of photogenerated charge carriers dur-
ing collection. Charge transport through
organic materials is typically several orders
of magnitude slower than in inorganic thin
films, an especially unfortunate reality in
bulk heterojunction devices because car-
riers are subject to interfacial recombination
along the entire internal collection pathway.
Significant research efforts have focused on
realizing an ordered bulk heterojunction
architecture aimed at optimizing the active
layer morphology for effective charge col-
lection.®~"® Nanostructured electrodes pe-
netrating the device active layer provide
another approach for improving charge
collection in randomly blended bulk het-
erojunction architectures."'? Simulations
of solar cells with photogenerated carrier
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ABSTRACT We incorporate radial electrical contacts penetrating a blended organic semicon-
ductor active layer to shorten the electron collection pathway in poly(3-hexylthiophene):[6,6]-
phenyl-Cg;-butyric acid methyl ester bulk heterojunction solar cells and simultaneously confine the
blend material within nanometer-scale volumes. This architecture improves the active material
performance by more than 50% compared to its performance in a bulk heterojunction with planar
contacts, consistent with accelerated electron extraction. The radial contact solar cell achieves
similar overall photovoltaic power conversion efficiency to control bulk heterojunction devices with
planar contacts, despite containing less than half the volume of light-absorbing semiconductor
material.
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collection in a radial direction (i.e., orthogo-
nal to the incident light direction) suggest
that this architecture can enhance the per-
formance of poorly conducting active layer
materials (Figure 1)."> Here we demonstrate
this concept in an organic bulk heterojunc-
tion solar cell using a fabrication scheme
that allows us to independently evaluate
the effects of nanoscale confinement and
radial charge collection.

RESULTS AND DISCUSSION

In a blended P3HT:PCBM solar cell archi-
tecture, charge collection may be limited by
the more poorly conducting of the two
blend components when a discrepancy in
their transport properties exists.'*'> Mea-
surements of the charge carrier mobility of
each component material for our device
structure show approximately equal elec-
tron and hole mobility in PCBM and P3HT,

respectively. Our thin-film devices for mea-  *Address correspondence to

suring mobility sandwich the organic semi-
conductor between a bottom indium tin
oxide (ITO) (200 nm)/TiO, (20 nm) elec-
tron-collecting contact and either a top
aluminum contact (for PCBM devices) or a
poly(3,4-ethylenedioxythiophene) poly(sty-
renesulfonate) (PEDOT:PSS) (40 nm)/Au
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Figure 1. Schematic comparing charge collection in a bulk
heterojunction solar cell with planar electrical contacts and
a bulk hetereojunction with a radial electron contact.

(80 nm) contact (for P3HT devices) (Figure 2a)."*'%7 In
both devices, the forward bias current—voltage rela-
tion (I-V) displays a quadratic V-dependence cha-
racteristic of space-charge limited current (SCLC)
(Figure 2b). Using the trap-free parallel plate model
for SCLC,'® we estimate an average PCBM electron
mobility of ~(9 + 3) x 107*cm? V™' s™" and average
P3HT hole mobility of 2 x 103+ 4 x 10 *ecm?V 's ',
comparable values given the statistical uncertainty in
our measurement (Figure 2c). Both these average
values (based on measurements of four devices of
each type) fall within the previously reported mobility
ranges for P3HT and PCBM.'*"®

Our device architecture simultaneously introduces
radial charge-collecting contacts and also confines the
P3HT:PCBM blend material to nanometer-scale vo-
lumes, which is known to increase P3HT hole mobility
by disrupting perpendicular lamellar stacking.'”*° Pre-
viously, we demonstrated that such confinement im-
proves the performance of solar cell active layers
formed on V,0s, which are limited by P3HT hole
mobility."” Here, because we expect a similar P3HT
hole mobility enhancement due to confinement, we
anticipate the device performance to be limited by
electron transport through the PCBM. By introducing
radial TiO, electron-collecting pathways into the de-
vice architecture, electron transport distances within
the PCBM are shortened. Previous studies of solar cells
based on blended organic bulk heterojunctions and
TiO, nanotubes have shown that this structure can
produce promising power conversion efficiencies of
4.1%, with device photocurrents as high as 12.4 mA/
cm?2"?2 Our device fabrication scheme allows us to
separate the beneficial effects of nanometer-scale
confinement of the blended organic active layer and
radial charge collection. We confine the P3HT:PCBM
blend within the hexagonally arranged pores of an
anodized aluminum oxide template (two weight per-
cent chlorobenzene solution spin coated in ambient
air), positioned between a bottom transparent ITO
(200 Nnm)/TiO, (20 nm) electron-collecting contact
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Figure 2. SCLC mobility measurements of P3HT and PCBM.
(a) Energy band diagrams for devices fabricated to measure
SCLC mobility in single-component P3HT and PCBM.

(b) I—V? plots showing quadratic dependence of current on
voltage in P3HT (red circles) and PCBM (blue triangles).

(c) Hole (electron) mobilities for P3HT (PCBM) on TiO,-
coated substrates. Values are averages across four devices
for each material with standard deviation indicated by the
error bars.

and a top PEDOT:PSS (40 nm)/Au (80 nm) hole-collect-
ing contact (Figure 3). The confining aluminum oxide
template has a mean pore diameter of 70 nm and
nearest-neighbor separation of 110 nm, so that a com-
pletely filled template contains 38% as much P3HT:
PCBM compared to a planar blend film of the same
thickness. Conformally lining the confining aluminum
oxide with the radial electron contact material (11 nm
TiO, (anatase), deposited by atomic layer deposition)
prior to template infiltration with the P3HT:PCBM
blend allows a direct comparison between confined
blend devices and those having an additional radial
electron contact. The radial contact reduces the aver-
age pore diameter by approximately 20 nm, potentially
having consequences on the confined organic material
structure and therefore electronic mobility and light
absorption. While our experiments cannot distinguish
these changes from the effect of the radial electron
contact, previous studies suggest that such a reduction
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Figure 3. Fabrication process for inverted, confined bulk heterojunction solar cells. Top row: Control devices with planar
contacts fabricated on TiO,-coated ITO/glass substrates. Middle row: Confined devices fabricated by infiltrating the P3HT:
PCBM blend into nanoporous aluminum oxide. Bottom row: Radial contact devices fabricated by infiltrating the blend into

TiO,-coated nanoporous aluminum oxide.

in confining pore diameter has a relatively smallimpact
on these device parameters.'”*°

Introducing radial TiO, electron-collecting contacts
into the confined P3HT:PCBM blend active layer
(160 nm thick) increases the device power conversion
efficiency by 70% on average, compared to confined
devices without radial contacts, from 1.1% =+ 0.1% to
1.9% =+ 0.2%. Both confined and radial contact devices
achieve these efficiency values despite utilizing less
than 50% of the active material compared to control
bulk heterojunction devices utilizing planar contacts
(due to space wasted by the confining Al,03 template).
We measured all devices in ambient conditions under
100 mW/cm? simulated AM1.5G illumination, cali-
brated using a certified KG5 filtered silicon reference
cell.?® At least four devices of each type were mea-
sured. llluminated J—V characteristics of the confined
and radial contact devices (Figure 4a) have short-circuit
photocurrent densities, Jsc = 3.2 £+ 0.1 and 6.2 +
0.4 mA/cm? for the confined and radial contact de-
vices, respectively, and approximately the same open
circuit voltage of 0.57—0.59 V. Despite containing less
than half the amount of semiconductor blend com-
pared to a sample of the same thickness with planar
contacts, both confined and radial contact devices
display significantly enhanced forward biased conduc-
tivity (Figure 4a inset), most likely due to improved hole
mobility in the confined P3HT.'”2° As well, the radial
collection devices have a very short channel near the
template top, where only a thin residual P3HT:PCBM
blend layer separates the TiO, and PEDOT:PSS contact
layers.

Optical transmission measurements show that both
the confined and radial contact P3HT:PCBM active
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layer samples absorb significantly less incident light
compared to a planar blend film of the same thickness
(Figure 4b). We converted optical transmission spectra
to absorption by assuming that all untransmitted light
was absorbed (i.e., neglecting reflection and scattering),
and thus our measurements represent an upper bound
on absorption. The integrated absorption over the
measured range (350 to 900 nm) in the planar blend
film was 2.2 times larger than that of a P3HT:PCBM film
confined in a template with TiO, radial contact, in
reasonable agreement with the difference in volume
of organic material of the two samples. Accounting for
the porosity of the TiO,-coated Al,O3 template as well
as a 20—30 nm film of excess blend material on top, we
can estimate that radial contact devices contain ~40%
as much active material as a control device with planar
contacts (giving an expected absorption difference of
2.5 times). We can therefore reasonably rule out any
significant light-scattering contribution that would
increase the active layer absorption in the confined
and radial contact devices. Devices with radial contacts
output 70% as much photocurrent compared to the
control, despite absorbing 45% as much light, con-
sistent with a 55% improvement in total internal
quantum efficiency integrated across the absorption
spectrum.

Normalizing the measured device current density by
the relative light absorption of the different active
layers gives an effective current density that more
clearly highlights the enhanced charge collection in
devices having radial electron contacts (Figure 4c) and
provides a comparison of the P3HT:PCBM material
performance in the three different device archi-
tectures: a bulk heterojunction with planar contacts,
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Figure 4. Photovoltaic device performance. (a) Current
density versus voltage for confined (blue circles) and radial
contact (red triangles) devices under illumination. Active
layer thickness for both devices is ~160 nm. Inset: Dark J—V
in forward bias for planar contact (green, solid), confined
(blue, dotted), and radial contact (red, dashed) devices.

(b) Light absorption versus wavelength for planar contact
(green, solid) and radial contact (red, dashed) films, 220 nm
thick. (c) Effective current density versus voltage data under
illumination after normalizing for light absorption for pla-
nar (green squares), confined (blue circles), and radial
contact (red triangles) devices.

a confined bulk heterojunction, and a confined bulk
heterojunction with radial electron contacts. The
blend material in confined devices performs slightly
better than when it is placed in a control device
with planar contacts; however, we do not measure
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Figure 5. Solar cell performance versus active layer thick-
ness for (a) radial contact and (b) planar contact devices.
(c) Jsc versus active layer thickness for planar contact (green
squares) and radial contact (red triangles) devices. Each
data point represents an average from 3 to 5 devices with
standard deviation indicated by error bars.

any improvement in the effective short-circuit current
density. Because we expect an improved P3HT hole
mobility in these devices,'”° this observation further
supports that hole mobility does not limit charge
collection in bulk heterojunctions fabricated on TiO,.
The small material performance enhancement in the
confined device instead comes from an improved fill
factor likely arising from the reduced series resistance.
However, the same P3HT:PCBM blend material in a
confined device with radial contacts shows a 95%
improvement in power conversion efficiency com-
pared to the material in a bulk heterojunction with
planar contacts, due to improved fill factor (from 0.45
to 0.55) and a 55% increase in the effective short-circuit
current density (from 9.4 to 14.6 mA/cm?). A radial
contact device of this type without any wasted tem-
plate area would perform with power conversion effi-
ciency of ~4.5%, generating ~80% of the maximum
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possible photocurrent for a 1.85 eV band-gap light
absorber.” These values are in good agreement with
the performance of previous P3HT:PCBM devices in-
corporating TiO, nanotubes into the architecture.?'
Increasing the confined P3HT:PCBM thickness of
devices with radial electron contacts from 115 to
180 nm results in little change in photovoltaic perfor-
mance, despite increased light absorption by the
thicker active layer (Figure 5a,b). Beyond 180 nm, we
measure a significant decrease in power conversion
efficiency (due to reduced Jsc and fill factor) (Figure 5a,
c). We have confirmed complete template filling by
the organic material using cross sectional scanning
electron microscopy of the measured devices, thus
ruling out effects due to nonuniform organic material
thicknesses. The observed behavior is consistent
with internal electric field screening by the radial
electrical contact geometry, leading to reduced photo-
current output from blend material located deeper
within the template pores. Further increases in active
layer thickness reduce fill factor and V¢ because of

METHODS

Fabrication of Nanoporous Aluminum Oxide Templates. A two-step
anodization processes using high-purity (99.999%) aluminum
sheets (ESPI Metals) yielded highly ordered nanoporous alumi-
num oxide films. All anodization was performed at 40 V at room
temperature in 0.4 M oxalic acid. After anodizing for one hour,
the resulting oxide layer (~12 um thick) was stripped using a 0.4
M phosphoric acid/0.2 M chromic acid solution heated at 85 °C
for 45 min. The substrates were anodized a second time for
42-90 s, depending on the desired template thickness (100—
300 nm). All templates were then etched in 5 wt % phosphoric
acid for 30 min at room temperature in order to widen the pore
diameters to ~50—60 nm.

Nanoporous Aluminum Oxide Pattern Transfer Procedure. The com-
pleted, hexagonally ordered aluminum oxide templates were
transferred to device substrates using the following procedure.
A protective PMMA layer (Microchem 950PMMA C4) was spin-
cast on top of the template at 1000 rpm and subsequently
baked on a hot plate at 180 °C for 90 s. The aluminum substrate
was removed using a solution of 20 mL of H,0, 20 mL of HCl, and
1 g of CuCl,, leaving only the aluminum oxide template and the
protective PMMA layer. After rinsing in water, the structure was
then etched in 5 wt % phosphoric acid for 2 h to expose the pore
bottoms. During this step the PMMA layer protected the pore
interiors until the pore bottoms were opened. There is addi-
tional pore widening after the etchant enters the template and
begins to etch the pore interiors. This typically results in ~10 nm
of additional pore widening. Finally, the templates are trans-
ferred to an acetone bath, where the PMMA is dissolved, leaving
only the template behind. The templates are physically trans-
ferred to the desired device substrate and blown dry using
nitrogen.

Solar Cell Fabrication: Planar Contact Devices. Commercial ITO-
coated glass substrates were first coated with 20 nm of TiO, by
atomic layer deposition followed by spin coating of a 1:1 blend
of P3HT:PCBM (2% in chlorobenzene) in ambient air. Spin speed
was varied between 400 and 1300 rpm to vary the film thick-
ness. The top contact consisted of a 40 nm layer of PEDOT:PSS
(33% in IPA to aid wetting on the organic active layer, spin-
coated at 3000 rpm for 45 s) and an 80 nm Au film deposited by
thermal evaporation. Confined Devices: Devices with confined
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recombination within the active material and also at
the TiO,/P3HT interface. In contrast, control P3HT:
PCBM blend devices with planar contacts show a stea-
dily increasing Jsc with increasing active layer thick-
ness from 50 to 200 nm, accompanied by steady
decreases in fill factor and Vo because of increased
series resistance and recombination (Figure 5b,c).%*

We have improved the photovoltaic performance of
a blended P3HT:PCBM material by confining it to
nanometer-scale volumes and introducing radial elec-
tron-collecting contacts into the device active layer.
Our device fabrication scheme allows us to separate
the beneficial effects of confining the blend and
incorporating radial contacts into the bulk hetero-
junction architecture. Confining the active material
significantly improves its conductivity, consistent with
improved P3HT mobility and resulting in improved
device fill factor. Introducing a radial TiO, electron
contact increases the device total internal quantum
efficiency more than 50% by improving electron col-
lection efficiency.

active layers were fabricated in the same way except that a
nanoporous aluminum oxide template was first transferred to
the TiO,-coated substrate before spin coating the active ma-
terial using the procedure listed above. Spin speed was kept
constant at 1300 rpm regardless of template height, allowing
the blend to completely fill the template while leaving minimal
excess material on the top surface. Radial Contact Devices:
Inverted devices with radial contacts were made by transferring
the aluminum oxide templates to substrates with 9 nm thick
layers of TiO, and subsequently depositing an additional 11 nm
of TiO, by ALD before filling the template with the active
material. We note that the confined devices and radial contact
devices were fabricated in parallel. Templates for both types of
devices were fabricated at the same time, and the TiO, films
were deposited in the same ALD runs. Therefore the 20 nm TiO,
film in the uncoated confined device was actually deposited in
two ALD runs (one 9 nm deposition and one 11 nm deposition).
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