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I
ntense research into organic and poly-
mer photovoltaic devices (OPVs) has
been undertaken in recent decades

aimed at providing a low-cost and efficient
means of solar energy conversion to satisfy
the significant emerging renewable energy
market.1 While progress toward this goal
continues, reported efficiencies remain be-
low that required to compete with estab-
lished inorganic photovoltaic technologies.2

The factors that determine the external quan-
tum efficiency ηEQE of OPV devices can be
readily identified and summarized3 as

ηEQE(λ) ¼ ηA(λ) ηEDηCTηCC (1)

where ηA is the exciton generation (absorp-
tion) efficiency at wavelength λ; ηED is the
exciton diffusion efficiency to a disassociation
site at a heterojunction; ηCT is the exciton
disassociation efficiency at the heterojunc-
tion; and ηCC is the resulting efficiency of
charge collection . In the case of OPV systems
it is possible to choosematerials such that the
relative alignment of electronic energy levels
at the heterojunctions results in ηCT = 1. As a
result optimization of OPV device architec-
tures has focused on maximizing the remain-
ing efficiency parameters. Of these the
relationship between ηA(λ) and ηED places a
fundamental constraint on the design of OPV
devices. To maximize absorption the active
region of the OPV device should absorb all
photons with energy above the constituent
materials bandgap Eg. This thickness can be
easily obtained via measurement of the ab-
sorption coefficient,R(λ), andmodelingof the
optical densitywithin this regionunderAM1.5
irradiance. Furthermore, the Eg of the chosen
active materials should also take into account
the available solar spectrum, which extends
into the near-infrared (NIR), and also take into

account the relationship between Eg and the
electronic properties of thedevice.4 In general
the majority of OPV devices are restricted to
absorbing in the visible region of the solar
spectrum, thus a significant proportion of the
available solar spectrum is not utilized. To
address this a number of hybrid organic�
inorganic nanocrystal (NCs) devices have
been reported in which NIR light is absorbed
by the NCs resulting in a photocurrent and
increasing ηA(λ).

5�9

To maximize ηED it is found that the exciton
generation site must be within a distance
defined by the exciton diffusion length LD of
a heterojunction at which the exciton may
disassociate.10 For the materials used in OPV
devices typically LD < 50 nm; hence, this is the
limiting factor indesigningdevice architecture.
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ABSTRACT To improve the efficiency of organic photovoltaic devices the inclusion of

semiconducting nanoparticles such as PbS has been used to enhance near-infrared absorption.

Additionally the use of interdigitated heterojunctions has been explored as a means of improving

charge extraction. In this paper we provide a two-dimensional model taking into account these

approaches with the aim of predicting an optimized device geometry to maximize the efficiency. The

steady-state exciton population has been calculated in each of the active regions taking into account

the full optical response based on using a finite difference approach to obtain approximate

numerical solutions to the 2D exciton diffusion equation. On the basis of this we calculate the

contribution of each active material to the device short circuit current and power conversion

efficiency. We show that optimized structures can lead to power conversions efficiencies of ∼50%

compared to a maximum of ∼17% for planar heterojunction devices. To achieve this the

interdigitated region thickness should be ∼800 nm with PbS and C60 widths of ∼60 and 20 nm,

respectively. Even modest nanopatterning using much thinner active regions provides improvements

in efficiency and may be approached using a variety of methods including nanoimprinting

lithography, nanotemplating, or the incorporation of presynthesized nanorod structures.

KEYWORDS: photovoltaic . device architecture . nanocrystal . fullerene .
nanopatterning . efficiency . 2D diffusion . modeling
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As a result two OPV device configurations are commonly
reported experimentally.11 The first of these is a planar
structure in which activematerials are sequentially depos-
ited on a transparent electrode to form the heterojunc-
tions prior to a top electrode being deposited. For bilayer
structures this has the advantage of ensuring a direct
continuous pathway through each material for charge
extraction following disassociation at the heterojunction,
minimizing the potential to lose the charge carrier, with
the disadvantage that the maximum thickness of each
active layer is governed by its LD. To overcome this a
second device structure is often employed in which the
active region consists of a blend of the two materials that
together form the heterojunctions. In such blends (often
referred to as bulk heterojunctions devices) the mixing
and subsequent phase segregation of thematerials results
in a heterojunction being found within LD of any point
within the film. This allows much thicker films to be used,
thus in principle enabling both ηA(λ) and ηED to be
maximized. The significant disadvantage of this approach
is that the blended films do not provide a direct pathway
for charge extraction but rather a percolation pathway.
Additionally, in this percolation process opposite charge
carriers are likely to meet and recombine resulting in a
reduction of the ηCC and therefore the ηEQE(λ).
To resolve such issues a modified version of the

bilayer device architecture has beenproposed inwhich
an interdigitated structure forms the heterojunction. In
such a device the active layer thickness in the direction
of light incidence may be extended while maintaining
both the condition of having a heterojunction within
eachmaterials LD and of providing a direct pathway for
charge extraction which does not reduce ηCC. It is
therefore of significant interest to develop an under-
standing of the optimal parameters of such a structure
based on materials used in OPV devices and ascertain
their experimental feasibility given the advances that
continue to be made in nanoscale patterning, nano-
templating, and synthesis of nanorod structures. It is
also important to determine the potential improve-
ment in device performance if the optimized structure
could be realized. Previously such structures have been
proposed and modeled on the basis of devices in
which only one active material is present12 or both a
donor and acceptor are assumed to absorb under
monochromatic irradiation.13 In both these cases 2D
diffusion of excitonswas considered, expanding on the
1D treatment previously reported that included optical
interference within the device.14 While extending the
studies to include 2D diffusion of excitons, the simpli-
fication of using monochromatic irradiance and there-
fore absorption reduces the information that can be
gained from the models and strongly influences the
conclusions reached. This is particularly the case where
two optically active materials form the device each
with a different absorption spectrum.

In this paper we apply a 2D exciton diffusionmodel to
predict the optimal interdigitated structure of hybrid
organic�inorganic C60�PbS NC photovoltaic devices.
The model is generic to all heterojunction-forming
materials systems used in OPV devices. The PbS NC
materials system is chosen to allow the impact of utiliz-
ing the NIR spectral region on efficiency to also be
studied. In doing so the model takes into account the
full wavelength dependency of the photocurrent gen-
eration in eachof the activematerialswhich extends into
the NIR for the PbS NCs. We obtain the optimal device
design and based on this an upper limit to the efficiency
of such devices in comparison to that of simple planar
architectures reported to date. It is shown that the use of
interdigitated structures can lead to a 3-fold increase in
the efficiency, and the results are discussed in relation to
experimental devices based on these materials and
advances in nanopatterning within OPV devices.

RESULTS

We first consider the planar device architecture in
which the optical intensity at any given point x within
each layer is determined based on the Beer�Lambert
relation and is given by (Supporting Information):

I1(x, λ) ¼ I0(λ) TITO(λ)

[e�R1(λ)x þ e�2R1(λ)d1e�2R2(λ)d2eR1(λ)x ] (2)

and

I2(x, λ) ¼ I0(λ) TITO(λ)e
�R1(λ)d1

[e�R2(λ)x þ e�2R2(λ)d2eR2(λ)x ] (3)

for layers 1 and 2, respectively, where for each layer x =
0 is defined as being at the bottom boundary with light
entering layer 1 first through the ITO substrate. Sche-
matics of the device architectures considered are
provided in Figure 1a. In keeping with the design of
experimentally reported devices, we consider the case
of PbS forming layer one and C60 layer two despite PbS
having the narrower bandgap. Modeling the light
intensity within the device by solving Maxwell's equa-
tions would add considerable complexity to the treat-
ment aswe consider variation of both layer thicknesses
with each layer having considerable absorption in the
visible region (Figure 1b). Additionally, we consider the
full wavelength dependency in our model which again
would further complicate our treatment. As such this
type of treatment is left for future development.
Multiplication of eqs 2 and 3 with the absorption

coefficient of the respective materials and taking into
account the energy of the incident photons yields the
exciton generation terms:

Gex, 1(x, λ) ¼ λ

hc
R1(λ)I0(λ) TITO(λ)

[e�R1(λ)x þ e�2R1(λ)d1e�2R2(λ)d2eR1(λ)x ] (4)
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Gex, 2(x, λ) ¼ λ

hc
R2(λ)I0(λ) TITO(λ)e

�R1(λ)d1

[e�R2(λ)x þ e�2R2(λ)d2eR2(λ)x] (5)

In eqs 4 and 5 we assume that each absorbed photon
yields an exciton at that point within the structure. To
apply these expressions to the interdigitated structures
the total thickness of each film must be used which
changes periodically along the y-direction.
To obtain the exciton density per unit wavelength

within the planar devices we use a 1D continuity
expression15 given as

Dnex, i(x, t, λ)
Dt

¼ Dex, i
D2nex, i(x, t, λ)

Dx2

� nex, i(x, t, λ)
τex, i

þGex, i(x, λ) (6)

whereDex,i = Li
2/τex,i is the exciton diffusion coefficient,

Li and τex,i are the exciton diffusion length and lifetime,
respectively, and nex,i(x,t,λ) is the exciton density in
layer i. The three terms on the right of eq 6 represent
the exciton diffusion, recombination, and generation,
respectively. We consider the exciton population in
steady state, hence ∂nex,i(x,t,λ)/∂t = 0, and we can then
rewrite eq 6 as

d2nex, i(x, λ)
dx2

¼ βi
2nex, i(x, λ) � Gex, i(x, λ)

Dex, i
(7)

where βi = 1/(Dex,iτex,i)
1/2. To obtain solutions to eq 7

we assume that excitons are quenched with 100%
efficiency at both the heterojunction and electrode
interfaces thus (nex,i(0,λ)) = nex,i(di,λ) = 0. This is sup-
ported by experimental observations and results in
ηCT = 1 as discussed above.
The solution to eq 7 is given by

nex, i(x, λ) ¼ λI0TITO(λ) Ri(λ) bi(λ)

hcDex, i(βi
2 � Ri

2(λ))

[e�Ri (λ)x þ ci(λ) e
Ri (λ)x ]þAi(λ) e

βix þ Bi(λ) e
�βix (8)

where

Ai(λ) ¼ λI0TITO(λ) Ri(λ) bi(λ)

hcDex, i(βi
2 � Ri

2(λ))(1 � e2βidi )

[(e[βi � Ri (λ)]di � 1)þ ci(λ) (e
[βi þRi (λ)]di � 1)] (9)

Bi(λ) ¼ λI0TITO(λ) Ri(λ) bi(λ)

hcDex, i(β
2
i � R2

i (λ))(1 � e2βidi )

[(e�[βi þRi (λ)]di � 1)þ ci(λ) (e
�[βi � Ri (λ)]di � 1)] (10)

and b1(λ) = 1, b2(λ) = e�R1d1, c1(λ) = e�2R1d1e�2R2d2, and
c2(λ) = e�2R2d2.
At the heterojunction we can write the exciton

current density as

Jex(λ) ¼� Dex, 1
dnex, 1(x, λ)

dx

� �
x¼ d1

þDex, 2
dnex, 2(x, λ)

dx

� �
x¼ 0

(11)

which is related to the short circuit photocurrent by

Jsc(λ) ¼ qηCTJex(λ) (12)

where q is a unit charge andwe assume ηCT = 1. Finally,
we obtain the wavelength dependent external quan-
tum efficiency as

ηEQE(λ) ¼
hcJsc(λ)
qλI0(λ)

(13)

To obtain the total exciton density we integrate eq 8
with respect to λ and likewise eq 12 to obtain the total
short circuit current. The average external quantum
efficiency is given by

ηEQE ¼

Z λmax

λmin

λI0(λ) ηEQE(λ) dλZ λmax

λmin

λI0(λ) dλ

(14)

For comparisonwe also calculate ηEQE(λ) and ηhEQE from
ηEQE,i(λ) = ηA,i(λ) ηED,i using the expressions ηA,i(λ) = 1�
e�Ri(λ)di and ηED,i = e�di/Li as previously reported.7

Figure 2 shows ηEQE as a function of both PbSNC and
C60 film thickness obtained without and by solving the
1D diffusion model (Figure 2 panels a and b,
respectively). An exciton diffusion length of 40 nm
was used for C60 based on previous reports.3 A larger

Figure 1. Schematic of the planar and interdigitated device
architecturesmodeled (a) and the absorption spectra of PbS
NC and C60 with the AM1.5 and ITO transmission spectra
inset (b). In this studymaterials 1 and 2 are PbS NCs and C60,
respectively.
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exciton diffusion length of 100 nm was used for the
PbS NC based on that estimated for similar PbSe NCs.16

It can be observed that ηEQE is more sensitive to the
PbS NC thickness than that of C60 in both models. This
is due to the significant contribution of PbS NCs to the
photocurrent in both the visible and the NIR region in
comparison to C60 as can be seen in Figure 2c,d. Such
behavior is not unreasonable and could be inferred
from the absorption spectra in Figure 1b. When com-
paring themaximumvalues of ηEQE and corresponding
ηEQE(λ) for each model, it is noticeable that the pre-
dicted ηEQE is higher when the 1D diffusion equation is
solved (17.2% compared with 13.7%) despite having a
lower maximum value of ηEQE(λ) in comparison when
1D diffusion is not included. This is accounted for by an
increase in the predicted performance in the NIR in the
diffusion model.
Of more significance is the predicted optimal layer

thicknesses obtained from the two models. If 1D
exciton diffusion is not included then an optimal PbS
NC thickness of ∼68 nm ((10 nm) is predicted in
comparison to∼174 nm ((25 nm)when such diffusion
is considered. This 3-fold increase is not only beneficial
in terms of light absorption but also in relation to
device manufacture where these thicker films are
easier to deposit. Additionally the increase in tolerance
will also reduce the susceptibility to significant varia-
tion in performance due to small fluctuations in layer
thicknesses between devices. The above-mentioned
dominance of the PbS NC layer on ηEQE also results in a
significant increase in the tolerance of device perfor-
mance in relation to the C60 layer thickness. As for the
PbS NCs the consideration of 1D exciton diffusion

increases the optimal C60 layer thickness from
∼23 nm ((10 nm) to ∼61 nm ((25 nm), Figure 2a,b.
It is of interest to note that very thin (∼10 nm) C60 films
may be used with only a small decrease in the overall
device ηEQE. This is in line with previous reports of PbSe
NC devices in which the NCs act as the only photo-
active layer either in a Schottky device between metal
electrodes16,17 or in conjunctionwith electron and hole
extraction layers.18

Figure 3 panels a and b show the predicted total
short circuit current, JSC, from the two models,

Figure 2. ηEQE as a function of PbSNC and C60 thickness obtained frommodeling the planar heterojunction devicewithout (a)
and with (b) solving the 1D exciton diffusion equation. Panels c and d show ηEQE(λ) calculated using the optimumPbS NC and
C60 values indicating the contribution of each layer obtained from panels a and b, respectively. Panel a is plotted using the
same scale for ηEQE as indicated in inset b.

Figure 3. Jsc vs PbS NC thickness obtained from modeling
the planar heterojunction device without (a) and with (b)
solving of the 1D exciton diffusion equation.
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obtained by integration of eq 12, as a function of PbS
NC layer thickness for the optimum C60 layer thickness
determined from the maximum ηEQE. This clearly de-
monstrates the importance of using the full diffusion
equation approach to model the performance of these
devices and guide their future design. Though the
increase in JSC predicted by the diffusion model is
modest, it shows that a device fabricated using the
PbS NC thickness in the simpler model will only yield
∼50% of the potential photocurrent. Furthermore, the
performance of such a device is much more suscep-
tible to variations in the layer thickness due to the
higher degree of curvature.
To model the performance of the interdigitated

device structure shown in Figure 1a, we divide the
repeating unit into two vertical components of thick-
ness w1 and w2. Because of the assumed normal
incidence of light, intensity and exciton generation
termswithin each layer of the two units are obtained as
for the 1D model (eqs 2�5). We consider exciton
diffusion in both the x- and y-direction; thus under
steady-state conditions eq 6 is rewritten as

Dex
D2nex(x, y, λ)

Dx2
þ D2nex(x, y, λ)

Dy2

 !
� nex(x, y, λ)

τex

þGex(x, y, λ) ¼ 0 (15)

where we have dropped the subscript previously used
to explicitly identify the layer. In solving eq 15we again
use the boundary conditions that exciton disassocia-
tion occurs with unit efficiency at heterojunction inter-
faces and the electrodes, while between repeating
units of identical material the solution must be peri-
odic. To obtain a solution to eq 15 we use the finite
differencemethod19 applied in turn to each “L”-shaped
repeating unit dividing each unit into a discrete mesh
defined by points given as (xj,yi) with j= 0, ...,N and i= 0,
..., M representing the subdivisions in the x- and y-
directions, respectively. To aid clarity we define uji =
nex(xj,yi,λ) and may write the partial derivative terms in
eq 15 as

D2u
Dx2

¼ u(jþ 1)i � 2uji þ u(j � 1)i

h2
þϑ(h2) (16)

and

D2u
Dy2

¼ uj(iþ 1) � 2uji þ uj(i � 1)

k2
þϑ(k2) (17)

where h and k are the increments in the x- and y-
direction, respectively, and ϑ(h2) and ϑ(k2) indicate
accuracy to second-order in comparison with the true
derivatives. Substitution of eqs 16 and 17 into eq 15
yields

ajiu(j � 1)i þ bjiuj(i � 1) � cjiuji þ bjiuj(iþ 1) þ ajiu(jþ 1)i

¼ � sji

(18)

where aji=Dex,ji/h
2, bji=Dex,ji/k

2, cji= 2Dex,ji/h
2þ 2Dex,ji/

k2þ 1/τex,ji and sji = Gex,ji(x,y,λ). Equation 18 is only valid
at internal mesh points and must be modified at the
boundaries according to the boundary conditions
(Supporting Information). Finite difference approxi-
mate solutions were subsequently obtained allowing
the exciton density to be determined within each “L”-
shaped unit for a given monochromatic incident in-
tensity and the total number of excitons reaching the
heterojunction. From this the ηEQE(λ) was then
obtained.
As a starting point for determining the optimum

interdigitated geometry we turn to the results ob-
tained from planar structures using the 1D diffusion
model. The widths of the PbS NC and C60 in the inter-
digitated region, w1 and w2, respectively (Figure 1a), are
initially set to the optimum thicknesses obtained as
discussed above (w1 = 170 nm and w2 = 60 nm).
Similarly we also set the continuous C60 film thickness
adjacent to the electrode as d2 = 60 nm. In considering
the thickness of the continuous PbS NC layer, d1,
setting this to 170 nm would result in the height of
the interdigitated region, H, having to be rather small if
it were assumed that the combined thickness of d1þH

should be around the optimum value of∼170 nm. We
therefore initially choose to set H = 100 nm and d1 =
50 nm. With the use of these values, the exciton
population distribution under steady-state conditions,
nex(xj,yi,λ), may be obtained as a function of wave-
length within the device .
We plot in Figure 4 nex(xj,yi,λ) at 400, 500, and 600 nm

corresponding to the product of Ri(λ)(di þ H) having a
value of ∼2, ∼1, and ∼0.5 for PbS NC and ∼1.7, ∼0.9,
and∼0.24 for C60 for these initial values of H, di, andwi.
Also shown in Figure 4d is nex(xj,yi,λ) calculated at λ =
1000 nm showing the exciton distribution due to NIR
absorption within the PbS NC layer. Within the PbS NC
layer the maximum exciton population for values of
Ri(λ)(di þ H) e 1 is found to be located in a similar
position, even for long wavelengths, and only moves
slightly toward the front (ITO electrode) of the device
for higher values. This is significant as it implies that the
PbS NC layer geometry can be adjusted to optimize
device performance across the entire optical region.
Within the C60 layer it can be seen that asRi(λ)(diþH) is
decreased the position of the maximum exciton
population moves toward the rear (Al electrode) of the
device and is therefore more susceptible to changes in
the layer geometry. For both layers the position of the
electrode and heterojunction interface also strongly
influence the position of maximum nex(xj,yi,λ) via the
boundary conditions used.
In Figure 5a we show nex(xj,yi) obtained by integrat-

ing over all wavelengths. Immediately evident in all
these figures is the significantly lower value of nex(xj,
yi,λ) in the C60 region in comparison to the PbS NC
region. At 500 nm the maximum value of nex(xj,yi,
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500 nm) is 2.57 and 0.35 in the PbS NC and C60 region,
respectively. Integrating over all wavelengths naturally
increases this difference due to the extended absorp-
tion of the PbS NC leading to a∼2 orders of magnitude
difference between the PbS NC (nex(xj,yi)max

PbS ≈ 1600)
and C60 (nex(xj,yi)max

C60 ≈ 60). However, the significant
difference between these values does not translate
into a similar variation in the contribution to the device
efficiency. For example the values of ηEQE(500 nm)
from each region are in the ratio of 2:1 respectively,
Figure 5b. This exciton distribution within each layer
reflects that observed in Figure 4 with the notable
effect that a much more uniform distribution is found
in the C60 layer. Even though the maximum values of
nex(xj,yi) naturally occur at the furthest point from the
heterojunction and hence a direct correspondence
with ηEQE(λ) might not be expected, this does imply
that improvement in device efficiency can be achieved
via optimization of the device parameters.
To study this, we sequentially varied the values ofw1,

w2, and H leaving d1 and d2 fixed at the values
described above. Increasing H leads to an increase in
the path length for absorption and, with our assump-
tion of perfect charge collection, will provide an im-
provement in ηEQE. This is demonstrated in Figure 6a
which shows ηEQE increasing to a maximum value
which occurs upon absorption of all incident photons
within the device. However, obtaining such values of H

experimentally would be difficult, and also the device
would become limited by the charge extraction effi-
ciency in practice. As a result, when considering the
parameters w1 and w2 we fix H = 1000 nm which is at
the upper limits of what might be experimentally
achieved and above which little further improvement
in ηEQE is obtained. Initially varyingw1, we observe that
values in the region of∼85 nm to∼170 nmprovide the
most efficient devices with ηEQE = 42% at H = 1000 nm
in keeping with the PbS NC exciton diffusion length
(100 nm) used in the study (Figure 6a). A closer study of
the value of w1 within this range is provided in
Figure 6b showing that ηEQE is maximized at w1 =
115 nm. Taking this value of w1, we now vary w2 to
obtain a corresponding optimal value for maximizing
ηEQE. Unlike for w1 we observe that ηEQE linearly
increases with reducing w2 even for values below the
C60 exciton diffusion length, Figure 6b. This finding is
similar to that obtained for the bilayer device structures
discussed above (Figure 2b) inwhich very thin C60 films
can be used without significant reduction in ηEQE.
Finally, we again vary w1 while fixing w2 and obtain
optimal device performance with ηEQE = 50% even
when H is reduced to 800 nmwhich is likely to improve
charge extraction and be experimentally easier to
fabricate, Figure 6b.
In Figure 7 we show ηEQE(λ) for an optimized device

with parameter values of w1 = 60 nm, w2 = 20 nm,

Figure 4. Steady-state exciton population, nex(xj,yi,λ), calculated at 400 (a), 500 (b), 600 (c) and 1000 nm (d). The scale inset to
panel d also applies to panels a�c.
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H = 800 nm, d1 = 50 nm, and d2 = 60 nm resulting in a
value of ηEQE ≈ 48%, close to the maximum predicted
value of ηEQE in Figure 6b. While overall ηEQE(λ) has
been significantly improved, in comparison with
Figure 5b, it can be seen that optimizing the device
architecture has enhanced the NIR contribution with
the result of broadening the spectrum. This is true for
both materials, and though the peak C60 contribution
to ηEQE has been reduced, its overall contribution has
increased from 2.6% in Figure 5b to 4.3% in Figure 7.
The increase in PbS NC contribution is more significant
rising from ∼17% in Figure 5b to ∼44% in Figure 7.
We also show in Figure 7 the relative contribution to

ηEQE provided by incident light above and below
800 nm. The high energy regime (λ < 800 nm) con-
tributes most (57%) which if taken alone would result
in a value of ηEQE = 27%. This demonstrates the generic
importance of considering device architecture in all
OPV systems. However, it is also clear that the NIR
region is also significant and should be considered in
future device optimization. This region (λ > 800 nm)
makes a contribution of ∼43% toward the total pre-
dicted value of ηEQE.

DISCUSSION

In the above model the treatment of exciton diffu-
sion significantly impacts on the predicted optimum
device geometry in both the planar and interdigitated

structures. In the planar devices the strongest effect is
to reduce the importance of the C60 film thickness in
determining efficiency. Despite this the presence of a
thin film is still necessary to allow charge separation
while also providing a contribution to ηEQE. In relation
to the critical parameters of photovoltaic devices, the
presence of C60 and subsequent nature of the hetero-
junction determines the maximum open circuit vol-
tage and therefore measured power conversion
efficiency ηEQE

Meas. The model based on 1D diffusion
predicts optimal layer thicknesses of ∼175 and
∼60 nm for PbS NC and C60, respectively. Devices
reported to date based on a PbSNC/C60 heterojunction

Figure 5. Steady-state exciton population nex(xj,yi) (a) and
ηEQE(λ) showing the contribution from each region (b) for
the device parametersw1 = 170 nm,w2 = 60 nm,H=100 nm,
d1 = 50 nm, and d2 = 60 nm.

Figure 6. ηEQE as a function of interdigitated region thick-
ness H and PbS NC channel widthw1 (a) and as a function of
PbS NC and C60 channel widths w1 and w2 (b).

Figure 7. ηEQE(λ) for an optimized device with parameter
values of w1 = 60 nm, w2 = 20 nm, H = 800 nm, d1 = 50 nm,
and d2 = 60 nm. The individual contributions from the C60
and PbS NCs are shown along with the total contribution to
ηEQE of the spectral regions above and below 800 nm.
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have used PbS NC films ca. 100 nm7 and 90 nm9 in
thickness. In the former a 30 nm thick C60 filmwas used,
and the reported value of ηEQE

Meas = 0.44% was signifi-
cantly below the maximum (15%, Figure 2b) predicted
above for these thicknesses. More recently the effect of
varying the C60 thickness over a small range (0�50 nm)
was reported with a 90 nm thick PbS NC film.9 These
devices showed amaximum value of ηEQE

Meas = 2.2%with
a 30 nm C60 layer which is attributed to significant
improvement in charge carrier mobility through the
PbS NC film following cross-linking with 1,3-benezen-
dithiol, though again is still below what is predicted
(14%, Figure 2b). The model predicts little variation
(<1%) in ηEQE from this value as the C60 thickness is
variedover theexperimentally studied range. Experimen-
tally, variation is observed increasing due to improved fill
factor as the C60 thickness is increased from 10 to 30 nm.
For the 50 nm thick C60 devices ηEQE

Meas is reduced, in
contrastwith theprediction fromFigure2b, though these
devices have a notably reduced Jsc and increased series
resistance. The reproducibility of the results presented
was not discussed though the optical reflection studies
reported indicate that the 50 nm C60 film device should
further improve ηEQE

Meas in line with this study.
Given the value of ηEQE

Meas = 2.2% achieved in planar
devices, it is of interest to discuss the potential benefits of
patterning in relation to further improving this value. The
2D diffusion modeling of the interdigitated devices in-
dicated that values up to ηEQE = 50% can be achieved via

theuseofpatterningwith thewidthof thePbSNCandC60
regions being∼60 and 20 nm, respectively. Absorption in
this case is optimized by allowing a ∼800 nm thick
interdigitated region with planar PbS NC and C60 layers
at the electrode interfaces 50 and 60 nm thick, respec-
tively. The increase in ηEQE achieved by this design is
almost 3-times that of theplanar devices andwouldmake
the reported devices highly competitive with the current
best OPV devices if successfully implemented. In practice
obtaining such aspect ratios as found in the interdigitated
design is likely to be nontrivial in particular over large
areas. Onepotential approach to this is through the use of
nanoimprinting lithographywhichhaspreviouslydemon-
strated patterning over large areas based on low-cost
DVD stamping.20 As it can be seen in Figure 6a, even if
much smaller aspect ratios (e.g., 1:1) are achieved then
significant improvements in device efficiency may be
obtained. Recently poly(3-hexylthiophene) (P3HT):C60
interdigitated OPV device structures have been re-
ported based on the use of anodic Al2O3 templates.21

The template had a 100 nm period, 150 nm depth, and
aspect ratio of ∼3:1 (depth/width), and the resulting
devices showed a 7-fold increase in efficiency though
this was achieved by increasing not only the hetero-
junction area but also due to an improvement in
charge carrier mobility in the P3HT structures. Ap-
proaches to achieving a similar effect in hybrid amor-
phous silicon (a-Si:H)/P3HT devices has also been

reported in which aspect ratios of 3:1 were also
achieved for 100 nm thick a-Si:H films though ulti-
mately the material combination was not suc-
cessful.22 More recently a number of advances focus-
ing on the use of self-assembled polymers have also
achieved patterning on the nanoscale in the plane of
the device using block copolymers23 and liquid
crystals24 with the later producing a structure similar
to that in the model above, though with lower than
optimal heights (180 nm). The ability to grow such
nanostructures in an ordered way via the use of
prepatterning a surface with a catalyst25 to allow direct
growth of nanorod organic (e.g., C60)

26 or inorganic
(e.g., CdSe)27 features may also be a feasible route.
Related to the above are efforts to further improve the

excitondiffusion length in thematerials systemsused and
charge extraction efficiency. PbS NCs are an attractive
system in this regard due to their long radiative lifetime
(μs)28 and the potential for forming 1D nanowires which
has receivedsignificantattention.29�33Ofdirect relevance
to the above work are the demonstration of single crystal
PbS nanowires with an average diameter of 50 nm and
lengths typically exceeding 1000 nm via a chemical vapor
transport (CVT) method.32 As such, exciton diffusion
lengths exceeding those typically found in organic and
polymer materials are feasible and may be assisted by
F€orster energy transfer in ensemble systems. Alternative
solution methods reported in the same publication yield
similar results with diameters in the range of 20�50 nm
and lengths in the range of 500�1000 nm. Such struc-
tures closely match the dimensions predicted by the 2D
diffusion model as being optimal for use in OPV devices.
Work on GaAs nanowires of similar dimensions have
been taken a step further through their introduction into
hybrid OPV devices;33 thus, extension to PbS systems in a
similarmanner is feasible in the near future. Furthermore,
it has been shown that nanowires have a greater absorp-
tion cross-section (∼1 order of magnitude) than NCs,
which in principle could enable the high efficiencies
predicted by our model to be achieved at lower values
of the parameter H.34

Taking into consideration all of the above experi-
mental advances in this fast developing field it is highly
plausible that the optimal device architectures pre-
dicted by the 2D diffusion model may be realized by
one of the techniques discussed or more likely a
combination of them. As such the development of
evenmore sophisticatedmodels should be considered
including those that incorporate the ability to predict
the electronic characteristics of devices. The model we
present represents a critical step in producing such
models and guiding future experimental work.

CONCLUSIONS

The above results clearly support the rationale behind
the proposition of using interdigitated heterojunction
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structures to enhance the efficiency of OPV devices.
Considering the wavelength dependent absorption
efficiency and 2D exciton diffusion within active
layers, the model provided allows optimization of
the device structure to maximize the efficiency.
Applied to PbS NC and C60 and given their full
spectral response, power conversion efficiencies of
50% are achievable with the assumption of perfect
charge carrier separation and collection. To reach
these levels, interdigitated features with PbS NC
widths of ∼60 nm and C60 widths of ∼20 nm are

required with 800 nm depth. However, even for
much more modest feature sizes and aspect ratios
significant improvement is found over planar het-
erojunction devices which is expected to be com-
mon for all heterojunction forming systems in OPV
devices. With the key advantage of significantly
improved utilization of the near-infrared solar spec-
trum it is clear that semiconductor nanocrystals can
play an important role in enabling the demonstra-
tion of efficient hybrid OPV devices when coupled
with recent advances in nanopatterning.

METHODS
Theoretical Basis. Tomodel the performance of single hetero-

junction OPV devices, two architectures were used as shown in
Figure 1a. For all architectures the incident AM1.5 light intensity,
IAM1.5(λ), is assumed to be normal to the ITO substrate which has
a transmission coefficient TITO(λ), both of which are shown inset
to Figure 1b. First a simple bilayer device consisting of two
active materials sandwiched between ITO-coated glass and Al
electrode is considered, extending infinitely in the y- and z-
direction. The Al top electrode was assumed to be a perfect
reflector over the spectral range studied, which has a minimal
impact on accuracy for the results presented here. The thickness
of each layer is given as di with each having absorption
coefficient Ri(λ) and exciton diffusion length LD,i. In this config-
uration only the thickness of each of the films, di, is considered
as a variable in the modeling where i = 1 (2) for the PbS NC (C60)
layer. The absorption coefficient of C60 and PbS NCs are
presented in Figure 1b.

The second device architecture considered is one in which
the two materials form an interdigitated structure which is
repeated in the y-direction to form the device. The thickness
of each of the two layers is the sum of the continuous layer
adjacent to the electrode, di, and the height of the interdigitated
region H, while the width of the two materials within the
interdigitated region is defined as Wi. All three of these para-
meters were considered as variables in optimization of the
device geometry.

Experimental absorption and transmission coefficients were
obtained as previously reported,7 and all modeling was under-
taken using Matlab R2007b.
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