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We present one- �1D� and two-dimensional �2D� periodic nanostructured designs for organic
photovoltaics where a photonic crystal is formed between blended poly-3-hexylthiophene/
�6,6�-phenyl-C61-butyric acid methyl ester �P3HT:PCBM� and nanocrystalline zinc oxide.
Absorption enhancements over the full absorption range of P3HT:PCBM of 20% �one polarization�
and 14% are shown for the 1D and 2D structures, respectively. These improvements result in part
from band edge excitation of quasiguided modes. The geometries are also shown to create excitons
26% �1D� and 11% �2D� closer to P3HT:PCBM exit interfaces indicating further photovoltaic
improvement. © 2009 American Institute of Physics. �DOI: 10.1063/1.3075053�

Inexpensive, organic, semiconducting photovoltaic �PV�
materials have been actively explored since Tang1 reported
1% efficiency energy conversion in an organic solar cell in
1986. Currently, attention is focused on bulk heterojunction
devices2 wherein the organic donor-acceptor pair is phase
separated on a scale of tens of nanometers to facilitate the
splitting of the exciton, a bound electron-hole pair, into free
carriers. Along with the bound exciton, organic PV materials
have an intrinsic drawback relative to inorganic semiconduc-
tors: poor electron-hole transport.3 Furthermore, PV conver-
sion is especially low near the band edge due to weak ab-
sorption. Hence, a geometry that could simultaneously
enhance band edge absorption and electronic transport would
be very advantageous in this class of PV materials.

In this letter, we posit designs for one- �1D� and two-
dimensional �2D� periodic nanostructured photonic crystal
�PC� photoactive layers that could boost performance
through enhanced optical absorption and a beneficial redis-
tribution of exciton formation. We demonstrate our design
with a popular organic PV material, the bulk heterojunction
blend of poly-3-hexylthiophene �P3HT� and �6,6�-phenyl-
C61-butyric acid methyl ester �PCBM�, but our rationale
could be applied to other organic and inorganic PV materials.
Our design features a broad enhancement over the full spec-
tral range of P3HT:PCBM with substantial increases closer
to the band edge where the extinction coefficient is smallest.

Light trapping schemes �diffraction gratings,4 optical
spacer layers,5 and folded substrates6� have been explored in
organic PV devices where improvements were noted. Cell
designs that incorporate well-ordered PCs have also shown
promise for inorganics7,8 because specifically desired regions
of the solar spectrum can be targeted for enhancement. This
was explored in theoretical9 and experimental10 studies of a
PC composed of an ordered heterojunction of an electron
donating polymer and PCBM, but the currently accessible
length scale of the PC �hundreds of nanometers� is not com-
mensurate with the length scale for exciton migration �tens
of nanometers11�. Furthermore, photonic properties depend
greatly on the index of refraction contrast between the two

PC materials,12 and there is a relatively small contrast be-
tween the electron donor, P3HT, and PCBM.9 Herein, we
propose a PC photoactive layer consisting of the
P3HT:PCBM bulk heterojunction blend and a porous form of
nanocrystalline zinc oxide �nc-ZnO� with an index of refrac-
tion around 1.4. We further show that this geometry is able to
create excitons closer to the P3HT:PCBM exit interfaces.
After exciton harvesting in the P3HT:PCBM, free carriers
may be more suited to readily escape from the photoactive
blend resulting in enhanced electrical performance.

Consider the nanostructured PC device designs shown in
Fig. 1. Both p- and s-polarized light are incident on the rela-
tively thick glass substrate where reflection from the air-glass
interface is disregarded. Light then enters the stack/PC and
may be trapped as a quasiguided mode.13 The latter is a
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FIG. 1. �Color online� Illustration of three organic PV device designs: �a�
conventional planar PV stack �control device�, �b� square posts with 395 nm
2D square periodicity, and �c� channels with 400 nm 1D periodicity. �d�
Optical properties of the two PC materials, P3HT:PCBM and nc-ZnO.
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partially trapped or leaky mode excited in the photoactive
region leading to sharp enhancements in absorption as shown
near the band edge of Fig. 2. Excitation of these modes is
solely a consequence of the PC topography of the PV layer
with high index of refraction contrast. Furthermore, there
are enhancements across the whole spectrum ��
=400–685 nm� for both the 1D and 2D periodic device de-
signs that result in integrated 20% �s-polarization� and 14%
�both polarizations� enhancements, respectively. Multiplying
the absorption by the AM 1.5 solar spectrum14 in this spec-
tral range and integrating causes essentially no change in the
enhancement factors.

Exploiting the light management offered by a PC, the
height and periodicity are chosen to provide enhancements
near the band edge of P3HT:PCBM. The polarization also
has a strong dependence as shown in Fig. 2�a� for the 1D
periodic device where there is only a 2% integrated spectral
increase for incident light that is p-polarized �electric field
perpendicular to the periodicity in the x-direction� compared
to 20% enhancement for s-polarization. Furthermore, the in-
cident angle plays a role in quasiguided mode excitation as
shown in Fig. 2�b� where s-polarized absorption is calculated
at 2° incidence. It is clear that mode excitation is dependent
on the incident parameters and device optical and physical
properties. As a rough estimate, the spectral location of
quasiguided modes can be determined using an empty lattice
approximation for the photonic band structure.13

The absorption models presented above and the local
exciton creation profiles presented later were computed using
the scattering matrix formulism.13 The complex dielectric
functions of each cell material in Fig. 1 are used as input in
the model and were measured using spectroscopic ellipsom-
etry. The optical parameters for the two PC materials,
P3HT:PCBM and nc-ZnO, are given in Fig. 1�d�. The mea-
sured optical properties agree closely with literature
�P3HT:PCBM;15 glass, indium tin oxide �ITO�,
poly�3,4-ethylenedioxythiophene�:poly�styrenesulfonate�
�PEDOT:PSS�;16 aluminum �Al�17�. The porous form of nc-
ZnO was synthesized following Ref. 18. The glass substrate,
ITO, PEDOT:PSS, and nc-ZnO are taken to be transparent
over the entire spectral range, so the presented absorption
only includes optical losses in the blend that lead to exciton
formation. The Al back reflector/electrode is a slightly lossy
material, so even greater absorption could be realized using
an optimized back reflector, such as a PC stack.7

In order to make true comparisons between PC and pla-
nar control designs, we require each to have equivalent vol-

umes of P3HT:PCBM blend. The 1D and 2D periodic de-
signs were tailored to improve performance over control
devices with blend thicknesses of �110 nm, which is the
approximate thickness previously studied for planar devices
with an optical spacer.5 The effect of interference on absorp-
tion is also important when defining the control device. We
account for interference effects by increasing the nc-ZnO
flash layer thickness �the pure nc-ZnO layer below the nano-
structured layer� and the nc-ZnO film thickness for the con-
trol device up to 500 nm while integrating the spectral ab-
sorption at each step. We only compare absorption spectra
that show maximum integrated absorption for both the PC
and control devices.

Along with the absorption enhancements previously
shown �Fig. 2�, we also show that excitons are created closer
to nanostructured P3HT:PCBM exit interfaces �with either
the PEDOT:PSS or nc-ZnO� than in a planar device. The
exciton creation profile is the final step in an optics model
before electronic processes such as exciton splitting and free
carrier transport occur.19 Calculating the proximity of exciton
creation to exit interfaces provides a rough estimate of po-
tential electronic transport enhancements in the PC device
even though no electronic processes are considered. In gen-
eral, the exciton creation profile is given by the time-
averaged monochromatic pointwise energy dissipation per
unit time per unit area �Q�,

�Q� =
�c�0�2�E� �2

�
, �1�

where �2 is the imaginary part of the spatially dependent
dielectric function, �0 is the permittivity of vacuum, c is the
speed of light in vacuum, � is the free space wavelength, and

�E� � is the magnitude of the spatially dependent complex elec-
tric field. For the photoactive layer in conventional planar

device stacks, both �E� � and �Q� are adequately taken to be
only functions of depth z, while �2 is a constant.19 The exci-
ton creation profile for one unit cell for the 1D periodic PC
device for �=550 nm at a depth of z=150 nm into the 300
nm nanostructured layer is given in Fig. 3�a� to show how
local absorption varies over the lateral directions, x and y.

FIG. 2. �Color online� �a� Theoretical spectral absorption at normal inci-
dence for 400 nm 1D periodic PC device compared to planar control cell for
both s- and p-polarized light. �b� Spectral absorption for 395 nm 2D periodic
posts at both normal incidence �both polarizations� and 2° incidence
�s-polarization only�.

FIG. 3. �Color online� �a� Exciton creation profile of one unit cell for the 1D
periodic device at a depth of 150 nm with an incident p-polarized wave-
length of 550 nm at normal incidence. �b� Spectral ECD for the 1D periodic
device and planar control at normal incidence.
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There is no absorption around each channel because they are
surrounded by transparent nc-ZnO. By weighting the profile
against the shortest distance l, to a P3HT:PCBM blend exit
interface with either the PEDOT:PSS or nc-ZnO, the exciton
creation distance �ECD� for a given incident wavelength,
angle, and polarization can be determined,

ECD =

	
V

�Q�ld�

	
V

�Q�d�

, �2�

where the integrals are taken over one unit cell of the entire
photoactive P3HT:PCBM volume �flash and nanostructure�.

ECD values are shown over the entire spectrum for the
1D periodic structure at normal incidence in Fig. 3�b�. It is
noticed that the greatest reductions occur toward the blue
spectral end where absorption is essentially equal between
PC and the control devices �Fig. 2�. The comparable ECDs
become closer near the band edge where absorption is stron-
ger for the PC device. Ultimately, this indicates an overall
improved PV performance over the entire spectrum either
due to shortened ECDs �blue end� or stronger absorption �red
end�. The presence of the quasiguided modes is again real-
ized with this calculation where sharp reductions are visible
near the band edge. These modes have the effect of concen-
trating absorption in the thin P3HT:PCBM flash layer, which
results in reduced ECD values.

By averaging over the full spectral range, the channel
structure yields average ECD reductions of 30%
�p-polarization� and 22% �s-polarization� when compared to
the planar device. Likewise, the 2D periodic spectral ECD
reduction is 11%. These improvements are promising and
full 2D and 3D solutions of the transport equations20 should
be conducted to determine how this geometry affects recom-
bination and the exciton dissociation probability, which also
dictate the overall electronic performance.

In conclusion, we demonstrated that a PC comprised of
a photoactive layer of P3HT:PCBM bulk heterojunction
blend and nc-ZnO can simultaneously enhance optical ab-
sorption and produce excitons closer to exit interfaces in
P3HT:PCBM. Overall spectral absorption enhancements for
the 1D and 2D periodic structures are 20% �one polarization�

and 14%, respectively, with larger improvements observed
near the band edge. Furthermore, ECDs are reduced by 26%
and 11% for the respective PC designs.
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