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P
hotovoltaics based on organic semi-
conductors (OPVs) have grown in im-
portance because of their tunable

properties, ease of processability, and low
cost. Because exciton diffusion lengths are
generally low in such materials, it is essen-
tial to provide a charge-separating network
throughout the photoactive layer (bulk
heterojunction, BHJ) in order to optimize
charge carrier collection. Traditionally, BHJs
are created by blending electron-donor and
-acceptor materials, which then spontane-
ously phase separate.1 Often, the morphol-
ogy of such BHJs is difficult to control, re-
sulting in convoluted and incomplete
transport pathways with consequential loss
in power conversion efficiency.2,3 One way
of addressing these challenges is by substi-
tuting one of the organic phases with inor-
ganic semiconductors (e.g., CdSe,4�8

CdS,9,10 ZnO,11�14 or TiO2),15�18 which ex-
hibit higher mobilities, and whose dimen-
sions and alignment can be more precisely
controlled thereby ameliorating charge
separation and the continuity of conduc-
tion pathways.6,19,20 The morphology and
shape of the inorganic phase are critically
important as highlighted by Alivisatos and
co-workers, who showed that by dispersing
CdSe nanorods in place of quantum dots
as the inorganic phase in a P3HT matrix, the

efficiency of the devices could be improved
dramatically.5,6 Efficiencies up to 2.2% were
recorded when using hyperbranched nano-
crystals.7

We reason that a completely ordered
system of straight nanorods all aligned per-
pendicular to the substrate could further
improve charge carrier mobilities in the
polymer because: (a) annealing could be
carried out at higher temperatures without
damaging the spatial distribution of or-
ganic/inorganic components,12 and (b) the
polymer chains tend to align within the in-
terstitial spaces thereby potentially increas-
ing charge carrier mobilities.21 We have re-
cently demonstrated the fabrication of
inorganic semiconducting arrays with all
nanorods aligned perpendicularly to a con-
ducting transparent substrate using porous
aluminum oxide (PAO) as a hard template.22

Here, we exploit the benefits of this tech-
nique to investigate how incremental pen-
etration of aligned CdSe nanorods into a
poly(-3 hexylthiophene) (P3HT) matrix af-
fects the photovoltaic device performance.

RESULTS AND DISCUSSION
CdSe nanorod arrays were deposited

electrochemically onto ITO-coated glass
through the channels of PAO. An intermedi-
ate 20 nm TiO2 layer aided device fabrica-
tion and served as a hole-blocking layer in
the final devices.22,23 The interstitial spaces
between the nanorods were infiltrated with
P3HT, and the devices were completed
with an Au top electrode (see Methods Sec-
tion and Supporting Information.) A sche-
matic of the final device along with an en-
ergy diagram is shown in Figure 1.

For the present study we fabricated de-
vices with nanorod lengths varying from
58 � 12 to 721 � 15 nm while keeping the
diameters and inter-rod spacings constant at
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ABSTRACT Photovoltaic devices based on organic semiconductors require charge-separating networks (bulk

heterojunctions) for optimal performance. Here we report on the fabrication of organic�inorganic photovoltaic

devices with tailored (n-type) CdSe nanorod arrays aligned perpendicularly to the substrate. The nanorod lengths

varied from 58 � 12 to 721 � 15 nm, while the diameters and inter-rod spacings were kept constant at 89.5 � 7.5

and 41.3 � 9.9 nm, respectively. Short-circuit densities improved linearly with nanorod length, resulting in

power conversion efficiencies of up to 1.38% for cells with nanorods 612 � 46 nm long. Notably, the cell’s

efficiency was dominated by exciton generation in the CdSe nanorods.
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89.5 � 7.5 and 41.3 � 9.9 nm, respectively (Figure 2).

Typical current�voltage (J�V) curves are presented in

Figure 3a. The values extracted from these curves are

listed in Table 1 and plotted in Figure 3b�e. Devices

without CdSe show negligible power conversion effi-

ciencies �0.01% (Figure 3e) and low short-circuit

photocurrents (JSC � 0.07 � 0.02 mA cm�2) (Figure

3b). The inclusion of CdSe nanorods with heights even

as small as 58 � 12 nm produces an order of magnitude

increase in current density �0.79 � 0.31 mA cm�2

while maintaining the cell thickness constant at �480

nm. Concurrently, the open-circuit voltage (VOC) (Figure

3c) increases from 0.26 � 0.01 to 0.44 � 0.08 V and

the fill factor (FF) (Figure 3d) increases from 0.37 � 0.01

to 0.42 � 0.02, augmenting the power conversion effi-

ciency to 0.15 � 0.07%. Continued increase in rod

length leads to a linear increase in JSC to a value of

4.79 � 0.72 mA cm�2 for cells with 737 � 15 nm rods.

Over this range of rod-lengths, the VOC (Figure 3c) var-

ies between 0.4 and 0.6 V, while the FF (Figure 3d) re-

mains approximately constant at �0.45. Consequen-

tially, the power conversion efficiency (�) also increases

linearly with increasing nanorod length to 1.00 � 0.14%

for the longest rods fabricated. The best performing de-

vice was measured at 1.38% in power conversion effi-

ciency under 100 mW cm�2 of AM 1.5G illumination.

The strong dependence of JSC on the nanorod length

can be rationalized by referring to the absorption char-

acteristics (Figure 4). The absorptance of a substrate

with only CdSe nanorods (Figure 4a, red circles) shows

typical characteristics of CdSe with an onset occurring

at �730 nm.24 The absorptance of P3HT (black squares)

onsets at �650 nm and peaks at 550 nm. The experi-

mentally measured absorptance of the devices contain-

ing both CdSe nanorods and P3HT (green triangles) be-

haves very much like the linear combination of the

two materials (see below). Hybrid devices with varying

rod lengths do not show significant changes in the

combined absorptance spectra for wavelengths smaller

than the wavelength of peak P3HT absorption. How-

ever, for wavelengths between 730 and 550

nmOwhere only CdSe absorbsOthe device’s absorp-

tance increases linearly with increasing nanorod length

(Figure 4b). Overall, the device with longest nanorods

absorbs only 26% more light than devices without

CdSe, yet JSC increases by almost two orders of magni-

tude. To understand this counterintuitive observation,

we first considered the change in device performance

on introducing the shortest CdSe nanorods, which pro-

duces an 11-fold increase in JSC. Two factors can ac-

count for this enhancement: (a) The formation of a

type-II heterojunction between CdSe and P3HT dra-

matically improves exciton separation and carrier col-

lection as compared to what occurs for the bare TiO2/

P3HT system. The increase in VOC is also consistent with

this explanation, since the conduction band of TiO2 is

�0.12 V lower than that of CdSe. (b) Light absorbed by

the CdSe generates excitons in the inorganic phase,

and since the exciton diffusion length is generally larger

for inorganic than for organic semiconductors, these

charges would be more effectively separated.

The observed linear increase in JSC with increasing

CdSe nanorod length is consistent with both of the

above propositions. As the rods grow, the junction area

between CdSe and P3HT also increases proportion-

ately creating, thereby, a BHJ in which carrier collec-

tion from the polymer phase increases linearly with rod

length.25 At the same time, light absorption by the

nanorods also increases, resulting in enhanced exciton

generation in the inorganic phase. Below we show that

it is, in fact, the increased light absorption by the CdSe

that plays the major role.

A plot of the internal quantum efficiency (IQE) vs

wavelength for a sample with �610 nm long CdSe

rods (Figure 5, blue triangles) clarifies the contribution

of each material to the overall photocurrent. The de-

vice exhibits an IQE maximum of 95% at � � 660 nm

and a sharp decrease in IQE at � � 525 nm, with val-

ues reaching a minimum of 29%. Referring to Figure 4a

we see that the region with high IQE coincides with

the spectral region where CdSe is the sole absorber,

while the region where the efficiency drops significantly

coincides with that of strong P3HT absorption.

This hitherto unreported behavior can be under-

stood by first considering how exciton generation is dis-

tributed within the hybrid absorber layer.

The total absorptance, aT, of the CdSe�P3HT hy-

brid cell is approximately given by

Figure 2. Cross-sectional SEM images of devices with different nano-
rod lengths: (a) no nanorods, (b) 58 � 12, (c) 280 � 85, (d) 368 � 41,
(e) 612 � 46, and (f) 721 � 15 nm. The images were taken at a tilt angle
of 52°.

Figure 1. Schematic of a CdSe�P3HT hybrid photovoltaic
device along with a corresponding energy diagram. The di-
rection of flow of electrons and holes is also indicated.

aT ) 1 - e-L(f1R1+f2R2) (1)
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where f and � are the volume fractions and absorption
coefficients of each absorber in the composite film, re-
spectively, and L is the cell thickness. Using eq 1 we
were able to reproduce the absorptance curve of the
hybrid system from the absorptances of the individual
components shown in Figure 4a (Supporting Informa-
tion, Figure 2). The excellent match between the ob-
served and computed absorptance spectrum of the
composite indicates that, although heuristic, this is an
appropriate approach. We acknowledge the fact that a
composite material with structural elements smaller
than the wavelength of light would behave optically
like an effective optical medium whose optical con-
stants could be predicted approximately by an effec-
tive medium theory, such as, for example, Bruggeman
theory.26 Using an absorptance spectrum for the nano-
pillars that is already that of a semiconductor/air effec-
tive medium goes a long way toward accounting for
the nanostructure of the composite, as the goodness
of correspondence between calculated and observed
absorptance spectra indicates.

We estimate the relative fractions of the light, Xi,
that are available to each of the absorbers as:

where the sum of the fractions is unity. Knowing Xt,
the IQE of the combined system can be predicted ac-
cording to

where �i is the efficiency of converting photons to use-

ful electrons. From eq 3 it follows that if � of one ma-

terial approaches zero, then the IQE is determined

solely by the product �X of the other material, and if

we further assume the efficiency to be constant over

the wavelengths considered, then the shape of the IQE

curve should be entirely dictated by X. Traditional rea-

sons for low efficiencies include: (a) the presence of a

large barrier to charge injection from one material to

the other, and/or (b) a very low exciton diffusion length

preventing the photogenerated charges to reach the

charge-separating junction. We calculated XCdSe and

XP3HT by extracting the absorption coefficients from the

data shown in Figure 4a (Supporting Information) and

by using 42% as the CdSe volume fraction as deter-

mined from SEM. The fractions XCdSe and XP3HT are plot-

ted along with IQE as a function of wavelength in Fig-

ure 5.

The striking similarity between the XCdSe and the

IQE suggests that most of the photocurrent is gener-

ated by the CdSe nanorods with very little or no contri-

bution from the P3HT. Thus, the main reason for the ob-

served linear increase in JSC as a function of nanorod

length is indeed the increased absorption by the CdSe,

with negligible participation or collection improvement

of the excitons formed in the P3HT. Effectively, the poly-

mer acts solely as a highly efficient charge-separating,

hole transporting layer (as evidenced by the high IQE in

the red region of the spectrum), and CdSe is the sole

Figure 3. Current density vs voltage (J�V) measurements. (a) J�V curves obtained from devices similar to those shown in
Figure 2. The photovoltaic figures of merit extracted from these plots are shown as follows: (b) photogenerated short-circuit
current density (JSC), (c) open-circuit voltage (VOC), (d) fill factor (FF), and (e) white light power conversion efficiency under
100 mW cm�2 of AM 1.5G illumination.

TABLE 1. Photovoltaic Figures of Merit As a Function of Nanorod Length and Cell Thicknessa

rod length (nm) cell thickness (nm) JSC (mA cm�2) VOC (V) FF � (%)

0 497 � 29 0.07 � 0.02 0.26 � 0.01 0.37 � 0.01 0.01 � 0.00
58 � 12 471 � 21 0.79 � 0.31 0.44 � 0.08 0.42 � 0.02 0.15 � 0.07
280 � 85 523 � 41 1.78 � 0.31 0.41 � 0.05 0.47 � 0.03 0.36 � 0.12
368 � 41 601 � 16 2.66 � 0.59 0.56 � 0.06 0.49 � 0.00 0.75 � 0.24
612 � 46 691 � 41 3.52 � 1.04 0.54 � 0.02 0.47 � 0.02 0.90 � 0.31
721 � 15 737 � 15 4.79 � 0.72 0.49 � 0.02 0.43 � 0.03 1.00 � 0.14

aThe cell thickness refers to the total thickness of the active layer, the symbols are as defined in the text with � representing the white light power conversion efficiency
under 100 mW cm�2 of AM 1.5G illumination.

x1

x2
)

R1f1

R2f2
(2)
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current generator. In fact, improved performance would
be expected with a nonabsorbing charge-separating,
hole-transporting material.

This result is unexpected since P3HT is commonly
used as the photoactive component in organic solar
cells. Previous reports on CdSe�P3HT hybrid systems

which employed CdSe nanostructures with smaller di-

mensions do not report an unusual IQE behavior, even

though similar junctions between polymer and inor-

ganic phase are expected.6 We thus believe that the

reason XP3HT approaches zero is likely the low exciton

diffusion length (typically �3�10 nm) in the

polymer.27�29 Since the average distance between

nanorods is 41 � 10 nm, most of the excitons gener-

ated in the polymer would recombine before reaching

the junction. Decreasing the distance between nanopil-

lars should improve JSC and thus the overall device per-

formance. Alternatively, replacing the P3HT with a low-

absorbance charge-separating, hole-transporting

material should also result in a significant increase in

cell efficiency and would be an intriguing strategy for

fabricating high-efficiency nanostructured

photovoltaics.

METHODS
Device Fabrication. The fabrication of CdSe nanorod arrays in

the pores of PAO was described previously.22 A detailed proce-
dure is given in the Supporting Information. Briefly, ITO-coated
glass was coated with 20 nm of TiO2, followed by the deposition
of 800 nm of Al, which was anodized in 0.3 M oxalic acid at 60
V. After pore widening in 5 wt % phosphoric acid for 65 min,
CdSe was electrodeposited from an aqueous solution of CdSO4

and SeO2 in sulfuric acid by sweeping the voltage between
�0.757 and �0.357 V vs Ag/AgCl at a rate of 0.75 V s�1, which
corresponds to a nanorod growth rate of 9.5 nm min�1. Samples
were annealed at 500 °C for 1 h in Ar, and the PAO was dis-
solved in NaOH. The nanorod surface was cleaned with 0.5% HF
for 15 s. P3HT in chlorobenzene (30 mg/mL) was spun coated
onto the substrates in a glovebox at 1100 rpm for 1 min. The
samples were then heated at 230 °C for 1 h. Next, the P3HT sur-
face was treated with an O2 plasma at 650 mtorr and 35 mW for
10 s, followed by the application of a �40 nm thick film of
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PE-
DOT:PSS) (Clevios 4083) spun at 2500 for 1 min. Au electrodes
of 100 nm thickness were deposited in a thermal evaporator.

Optical Characterization. The absorptance was measured on a
UV-Vis-NIR spectrometer (Shimadzu UV 3600) equiped with an
integrating sphere (model ISR 3100). Solar power conversion ef-
ficiencies were determined in an inert atmosphere using a 330 W
Oriel Xenon lamp with an AM 1.5 global filter. Solar simulator ir-
radiance was set at 100 mW cm�2 using a Si photodiode with a
KG5 optical filter calibrated at the National Renewable Energy
Laboratory. External quantum efficiency (EQE) spectra measure-
ments were made with a 75 W Xe source, a McPherson EU-

700�56 monochromator, an optical chopper and lock-in ampli-
fier, and a NIST traceable silicon photodiode for monochromatic
power density calibration.
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