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We have explored the effect of a range of different cathode materials on the power conver-
sion efficiency of organic (polymer) solar cells based on a blend of the conjugated
polymer poly[N-90-heptadecanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-20,10 ,30-benzo-
thiadiazole)] (PCDTBT) with the fullerene acceptor PC70BM. We use a transfer matrix reflec-
tivity model to quantify the optical properties of the cathode and the device structure on its
operational efficiency and compare this with the results of experimental measurements.
We show that both optical and electrical effects play a role in determining overall device
efficiency through their impact on short-circuit current, open circuit voltage and fill-factor.
We use our model to demonstrate that devices composed of a thin (60–70 nm) active semi-
conductor layer and a composite cathode composed of a 5 nm thick layer of calcium capped
by aluminium combine low optical loss and improved charge extraction and optimised
power conversion efficiency.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Organic photovoltaic devices (OPVs) are currently the
subject of intense research interest as they may offer a
means of generating renewable energy from sunlight at
lower cost than traditional first-generation solar cells. Be-
fore this will be possible, it will be however necessary to
improve device efficiency and operational lifetime. Rapid
progress is now being made; in 2004 OPVs based on a
blend of a polythiophene-based polymer with a fullerene
acceptor demonstrated a power conversion efficiency
(PCE) of greater than 4% [1]. Very recently organic-based
devices have been reported having a PCE in excess of 8%
[2], with other reports demonstrating a lifetime of 4000 h
under simulated solar radiation [3].

Recently, interest has focused on fabricating solar-cells
utilising low energy-gap polymers as the light absorbing
. All rights reserved.
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and electron donating material combined with an elec-
tron-accepting fullerene derivative [4]. One such low
energy-gap polymer is the material poly[N-90-heptadeca-
nyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-20,10,30-benzo-
thiadiazole)] (PCDTBT). The extended red-absorption of
such materials can lead to improved performance by
harvesting a greater fraction of the sun’s radiation. Device
efficiency is also known to be dependent on the energy-
separation between the HOMO level of the donor material
and the LUMO level of the acceptor. PCDTBT has a
relatively large ionisation potential corresponding to a
HOMO level of �5.35 eV [5], leading to OPVs having
open circuit voltages in excess of 0.8 V (a value signifi-
cantly larger than the value of �0.6 V typically obtained
using the polymer poly(3-hexylthiophene) (P3HT)). The
larger ionisation potential of PCDTBT also affords the poly-
mer greater air stability as oxidation is suppressed [3,6,7].
When PCDTBT is combined with the electron-
accepting fullerene PC70BM in a blend ratio of 1:4
(PCDTBT:PC70BM), devices have been fabricated having
PCEs of over 7% [8].
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When cast from solution, PCDTBT forms amorphous
films and is therefore characterised by a relatively low hole
mobility. To avoid creating OPV devices with low fill-factors
(and concomitant charge extraction problems), it has been
found necessary to use a relatively thin (<100 nm)
PCDTBT:PC70BM layer. However such thin active layers
can reduce the effectiveness of optical absorption, and thus
optical-interference techniques have been used to maxi-
mise the device photocurrent. In particular, a TiOx cathode
interface has been used to improve the photocurrent of
P3HT [9] and PCDTBT devices [10], however the deposition
of TiOx on top of the delicate polymer layers requires the
use of sol–gel techniques which can necessitate addi-
tional thermal treatment processes. An alternative ap-
proach to improving the light harvesting capability of
PCDTBT:PC70BM OPVs has explored optimising the thick-
ness of the PEDOT:PSS hole extraction layer [11].

Whilst the choice of the semiconducting material used
within an OPV is of significant importance in controlling de-
vice efficiency, the selection of anode and cathode materials
also plays a key role in optimising both optical and elec-
tronic properties [12]. A number of authors have explored
the role of the OPV cathode in determining efficiency [13–
23]. Early work on MDMO-PPV/PCBM heterojunctions
[13] demonstrated that the open circuit voltage (Voc) of an
OPV was only weakly dependent on the work-function of
the cathode, an effect resulting from charge-transfer and
Fermi-level pinning of the fullerene acceptor to the metal
work-function. This picture has been refined [12], and for
a system forming ohmic contacts, the Fermi level of the
cathode is pinned to the energy of a negative charge trans-
fer state of the molecular acceptor, while the anode is pin-
ned to the energy of a positive charge-transfer state of the
molecular donor. For a system in which non-ohmic contacts
are formed, no Fermi-level pinning occurs, with the Voc

dependent on the work-function difference between anode
and cathode adjusted by some scaling factor [12]. Analyti-
cal modelling of organic planar heterojunction solar cells
[22] has suggested that the Voc should be independent of
the work-function of the cathode, however the choice of
cathode will determine the distribution of carriers within
the device which will affect series resistance and thus
fill-factor (FF). Indeed, equivalent circuit models of OPV
devices [24] demonstrate that FF is reduced by both series
and shunt-resistance and is directly correlated with Voc.
The reflectivity of the device cathode is also important in
determining device efficiency, with cathodes that have
higher optical reflectivity (or lower optical loss) resulting
in improved energy harvesting capabilities [9,17].

A range of anode materials has been explored to im-
prove device efficiency. In particular metal oxides (such
as molybdenum oxide, zinc oxide, nickel oxide, tungsten
oxide and titanium oxide) have already been used in OPV
devices to create devices having efficiencies between 5%
and 7% [7,10,25–27]. The replacement of PEDOT:PSS with
a metal oxide anode can result in enhanced charge extrac-
tion and the formation of an improved ohmic contact as
the work function of such metal oxides is often larger than
that of PEDOT:PSS which is between �4.8 and 5.2 eV [28].
For example, in an OPV based on PCDTBT, molybdenum
oxide (MoO3) [27] has proved to be a particularly suitable
anode material, as the work function of MoO3 (around
�5.6 eV) forms an ohmic contact with the HOMO level of
PCDTBT (located at �5.35 eV). It has also been shown that
metal oxide anode materials have additional advantages
over PEDOT:PSS; for example, PEDOT:PSS is known to ab-
sorb moisture from air which then undergoes a migration
into the active layer, therefore decreasing device perfor-
mance over time [29].

The introduction of such buffer layers within an OPV
either at the anode or cathode contact, can cause a redistri-
bution of the electromagnetic field within the active layer.
Transfer matrix models provide a useful tool to determine
the distribution of the electromagnetic field within such
multilayer films and thus can be used to determine the
optimum thickness of each individual layer to maximise
light harvesting efficiency. Optical models have been ap-
plied to a variety of polymer: fullerene systems including
those based on MDMO-PPV [30–32], MEH-PPV [33], P3HT
[34–35], and in OPV devices incorporating various inter-
face layers [36] such as TiOx [37–38], ZnO [39] and MoO3

[27].
In this paper we explore OPV devices utilising a

PCDTBT:PC70BM bulk heterojunction active layer and
molybdenum oxide (MoO3) anode extraction layer with a
range of different cathode materials. Previous studies have
shown that Voc is maximised when lower work-function
metals are used as an OPV cathode, [13,15,16,18] as Fer-
mi-pinning results in efficient electron extraction, however
metals like calcium suffer from low optical reflectivity and
can result in less efficient devices [9,17]. We have therefore
explored the use of composite cathode structures based on
an optically-thin calcium layer backed by a highly reflec-
tive metallic film with the organic semiconductor system
PCDTBT:PC70BM. We show that this approach leads to de-
vice structures having optimised FF, Voc and Jsc. We also use
a transfer matrix model to optimise the optical structure of
PCDTBT:PC70BM OPVs for efficient operation, and demon-
strate that devices using a composite cathode based on a
thin (5 nm) Ca film backed with an optically thick Al layer,
combined with a semiconductor layer having a thickness
of <100 nm, have a maximum PCE of 5.1%. Our work fur-
ther demonstrates that simultaneous control over optical
and electronic properties is important when optimising
OPV devices.
2. Experiment

OPV devices were fabricated on pre-patterned ITO elec-
trodes with a resistance of 20 ohm/square provided by
Ossila Ltd. The active area of each pixel was 4.5 mm2, how-
ever a calibrated aperture mask having an area of
2.12 mm2 was used during device measurement to define
the extent of the illuminated area. The ITO substrates were
first cleaned in an ultrasonic bath using a 10% sodium
hydroxide solution for 5 min followed by a further 5 min
in IPA. The substrates were transferred to a vacuum cham-
ber inside a nitrogen-filled glovebox where a MoO3 anode
buffer layer having a thickness between 10 and 40 nm was
thermally evaporated at a rate of 0.5 Å s�1 onto the ITO
substrate. The active semiconductor layer (a 1:4 blend by



Fig. 1. Refractive index (n) and extinction coefficient (k) for a
PCDTBT:PC70BM (1:4) thin-film blend (part (a)) and for a MoO3 thin film
(part (b)).
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weight of PCDTBT:PC70BM at a concentration of 20 mg/ml)
was then spun onto the MoO3 from chlorobenzene forming
a film that was between 50 and 100 nm thick depending on
the spin-speed. Both organic semiconductor materials
were provided by Ossila Ltd and were used without further
purification. The PCDTBT was synthesized according to
previously described methods [40], and had a molecular
weight (Mw) of 32,600 and a polydispersity (PDI) of 1.45.

A cathode was coated onto the PCDTBT:PC70BM layer by
thermal evaporation. In each case the chamber base-pres-
sure on evaporation was less than 1 � 10�6 mbar. A num-
ber of metals and combinations of metals were explored as
cathode materials, including silver, aluminium, calcium,
calcium/silver and calcium/aluminium (Ag, Al, Ca, Ca/Ag
and Ca/Al respectively). For composite cathodes compris-
ing of Ca backed with a second metal, the thickness of
the Ca was fixed at 5 nm whilst the Ag and Al layers were
100 nm. Devices were then encapsulated under nitrogen
using a UV epoxy and glass slide. Measurements were con-
ducted in air using a Newport 92251A-1000 AM1.5 solar
simulator with NREL certified silicon reference cell and a
Keithley 237 sourcemeter.

Optical modelling was performed on a range of test
structures using a transfer matrix (TM) reflectivity model
[41] that is freely available. As input into the model, the
real (n) and imaginary (k) parts of the refractive index
for glass, ITO, Ag, Al and Ca as a function of wavelength
were taken from an associated program library. The opti-
cal constants of thin-films of a PCTDBT:PC70BM (1:4)
blend and MoO3 were determined using spectroscopic
ellipsometry; the result of which are shown in Fig. 1(a)
and (b) respectively. Here, measurements were made over
a wavelength range of 375–1000 nm using a spectroscopic
ellipsometer (M2000v, J.A. Woollam Co., USA), with
PCDTBT:PC70BM (1:4) and MoO3 films having a thickness
of 70 nm and 20 nm respectively, with all samples depos-
ited on a silicon substrate coated with 100 nm of silicon
oxide. Values of n and k were extracted from ellipsometry
measurements following our previous reported methods
[42], using a B-Spline model incorporating a Kramers–
Kronig model, over the range 370–800 nm, at a resolution
of 0.15 eV.

Using the TM model we are able to predict the optical
absorption of each of the individual layers in a device as
a function of wavelength, k. To calculate the maximum
possible photocurrent that could be produced by a partic-
ular device, we use the wavelength-dependent optical
absorption in the active semiconductor layer A(k) deter-
mined using the TM model, and then express the maxi-
mum photocurrent (Jmax) using

Jmax ¼
Z k2

k1

eAðkÞIðkÞ
hc

kdk: ð1Þ

Here I(k) is the AM1.5 solar spectrum, e is the elementary
charge, h is Planck’s constant and c is the speed of light.
The integral limits used in our calculation are
k1 = 380 nm and k2 = 700 nm, corresponding to the
short-wavelength edge of the solar spectrum when trans-
mitted through glass and the long-wavelength absorption
edge of a PCDTBT:PC70BM thin-film blend respectively. In
the following analysis, we directly compare Jmax deter-
mined using equation 1, with the short-circuit photocur-
rent (Jsc) from an OPV. Clearly this is a simplification as
this comparison ignores losses within the device arising
from either geminate or non-geminate recombination.
As we show however, this approach permits a number
of optical properties of the various OPV devices to be
understood.

3. Results and discussion

Fig. 2(a) shows the modelled value of Jmax for a
PCDTBT:PC70BM OPV using an Ag cathode and a 10 nm
thick MoO3 hole extraction layer as a function of the
thickness of the PCDTBT:PC70BM layer. It can be seen that
there are two maxima in the predicted photocurrent re-
sponse of the OPV that occur for PCDTBT:PC70BM layer
thicknesses of �70 nm and �200 nm. These resonances
result from optical interference effects within the devices
as has been previously demonstrated in OPVs [11,39,43].
It can be seen that the predicted maximum photocurrent
for the 200 nm thick PCDTBT:PC70BM layer is 15 mA/cm2;
a value larger than that predicted for an active semicon-
ductor thickness of 70 nm (11.9 mA/cm2). The larger pre-
dicted value of Jmax anticipated in devices with thicker
active layers results directly from the improved optical



Fig. 2. Part (a) shows modelled photocurrent across a wide range of
active layer thicknesses showing the thin and thick film interference
peaks. Part (b) shows the modelled photocurrent at the thin film
interference peak for a variety of cathodes.
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absorption that occurs in more optically dense films. It is
clear however that these values most probably over-esti-
mate photocurrent yield as the calculation does not in-
clude sub-optimal charge extraction efficiency. We
anticipate that as a result of relatively low hole carrier
mobility in amorphous polymers such as PCDTBT, effi-
cient charge extraction will be particularly problematic
in devices utilising a 200 nm thick PCDTBT:PC70BM film
[44]. Indeed, recent spectroscopic studies have indicated
that non-geminate recombination and thus incomplete
charge-extraction is a dominant loss mechanism in
PCDTBT:PCBM OPVs [45]. Furthermore, we note that prac-
tical difficulties also arise in producing such thick active
layers resulting from the relatively low solubility of
PCDTBT [5]. As such we focus the remainder of our stud-
ies on OPVs having active layer thicknesses that are less
than 100 nm.

In Fig. 2(b), we plot the calculated value of Jmax from
PCDTBT:PC70BM OPV devices utilising either an Ag, Al,
Ca, Ca/Ag or Ca/Al cathode as a function of PCDTBT:PC70BM
film thickness. We again fix the MoO3 film thickness at
10 nm. It can be seen that Jmax is predicted to be a strong
function of cathode composition, with high-reflectivity
Ag producing devices with the highest overall photocur-
rent for PCDTBT:PC70BM film thickness less than 85 nm.
We note however that for active layer thicknesses greater
than 85 nm, a larger photocurrent is predicted from an
OPV utilising an Al cathode. It is clear that calcium-based
cathodes result in the lowest predicted photocurrents
due to its lower reflectivity and greater optical loss. We
also plot the predicted photocurrent produced by an OPV
with an Ag and Al cathode having a 5 nm Ca interface layer,
as has been previously used to create high efficiency OPVs
[12]. It can be seen that the incorporation of a thin Ca film
appears to have a more significant effect on the photocur-
rent generated by an Ag cathode compared to an Al cath-
ode. Indeed, the maximum predicted photocurrent that
can be generated using a Ca/Ag cathode is around 0.90
times of that which can be generated using an Ag cathode
whereas the maximum photocurrent that can be generated
using a Ca/Al cathode is around 0.98 times of a regular Al
cathode. In the following section, we explore the reasons
for the larger predicted reduction in maximum photocur-
rent that can be generated when a thin Ca layer is placed
into an OPV that utilises an Ag cathode.

The analysis presented in Fig. 2 confirms that the opti-
cal properties of the cathode play an important role in
determining the maximum available photocurrent yield
from OPVs containing a relatively thin active organic-semi-
conductor layer. However, this analysis ignores the effect
of the metal work-function on extraction or effects result-
ing from recombination at an interface, with such effects
known to be particularly problematic in OPVs utilising
silver, gold or palladium cathodes [12]. The metal Ca is
known to efficiently extract electrons in BHJ OPVs utilising
fullerene acceptors [9], however the analysis presented in
Fig. 2 confirms previous studies [9,17] that indicate that
it can reduce device efficiency through introducing in-
creased absorption losses into the device. We have there-
fore explored the maximum available photocurrent
available from an OPV utilising a film of Ca backed by an
optically thick film of either Ag or Al. This is shown in
Fig. 3 parts (a) and (b) respectively. Here, we have indepen-
dently varied the thickness of the MoO3 between 0 and
50 nm, and the thickness of the Ca between 0 and 50 nm.
In each case the thickness of the PCDTBT:PC70BM layer
was fixed at the respective interference maximum of
75 nm for Ca/Ag and 85 nm for Ca/Al. It can be seen that
for all devices, the photocurrent is apparently reduced as
the thickness of the MoO3 layer increases. Our modelling
suggests that this effect has two origins; in MoO3 layers
having a thickness 610 nm, it appears that photocurrent
is reduced by additional absorption by the MoO3 with such
absorption being approximately linearly dependent upon
MoO3 thickness. This effect is however relatively small;
for example in a device incorporating a 10 nm thick
MoO3 film, the absorption by the MoO3 is around 3% of that
of the PCDTBT:PCBM layer. The effect of thicker MoO3 lay-
ers is however more complicated, as such layers both ab-
sorb more light and also redistribute the electromagnetic
field within the device in a non-linear fashion [46–47]. This
redistribution will in many cases reduce the absorption by
the active layer and thereby reduce the device photocur-



Fig. 3. Part (a) shows the calculated Jmax for a PCDTBT:PC70BM OPV
having a composite Ca/Ag cathode as a function of MoO3 and Ca layer
thicknesses. Here, the thickness of the active semiconductor remains
constant at its optimised value of 75 nm. Part (b) similarly shows
calculated Jmax as a function of MoO3 and Ca layer thicknesses for an OPV
device with a Ca/Al cathode for an optimised active semiconductor layer
thickness of 85 nm.

Fig. 4. Part (a) shows the calculated electric field intensity (E2) at the
interface between the active semiconductor layer and the Ca/Al cathode
in a PCDTBT:PC70BM OPV. Part (b) similarly shows E2 for an OPV device
utilising a Ca/Ag cathode. In both parts, field intensity is plotted at a
number of different characteristic wavelengths as indicated in the figure,
with the thickness of the MoO3 layer constant at 10 nm and the calcium
layer being 5 nm.
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rent as exemplified by Fig. 3. Our modelling also indicates
that the addition of a Ca layer (of any thickness), also re-
duces Jmax below that of a device incorporating either a
pure Al or Ag cathode. Indeed, we find that greater losses
result from the use of thicker Ca layer; a result also consis-
tent with increased optical loss in the absorptive Ca.
Intriguingly, our model suggests that the efficiency of Ca
interfaces backed with Al are more efficient than those
backed with Ag for any given thickness of Ca. This is a sur-
prising result, as it suggests that a composite cathode uti-
lising a Ca film backed by a slightly less reflective Al
‘mirror’ has lower optical loss than the same Ca film
backed by highly reflective Ag.

To explore the origin of this result, we have calculated
the optical absorption and field strength within the cath-
ode layers in a composite OPV cathode based on 5 nm of
Ca backed with either Al or Ag (as shown in Fig. 4(a) and
(b) respectively). The MoO3 thickness was kept constant
at 10 nm and the active layer thickness fixed at 75 or
85 nm (Ca/Ag and Ca/Al respectively). Fig. 4 shows the va-
lue of |E|2 (where E is the confined electromagnetic field
amplitude within the device) as a function of distance from
the cathode interface. Here, data is plotted for a range of
wavelengths between 400 and 650 nm. It can be seen that
there is a significantly higher penetration of the electro-
magnetic field into the Ag reflector compared to Al; an ef-
fect commensurate with its larger skin-depth (lower
optical density). Using our TM model, we are able to calcu-
late the optical absorption within each of the individual
layers within the device. In particular, we predict that in
a Ca/Ag cathode, the relative total absorption of the optical
field in the Ca and Ag layers to be 21% and 4%, respectively.
In a device utilising a Ca/Al cathode however, the relative
absorption in the Ca and Al layers is 7% and 10% respec-
tively. This demonstrates that whilst Al is more absorptive
at optical frequencies than Ag, its smaller skin depth re-
duces the field intensity close to its surface, and thus
absorption in the significantly more absorptive Ca layer is
reduced, with more optical energy absorbed by the active
semiconductor layer (resulting in a higher value of Jmax

when a composite cathode is used).
To explore the extent to which the optical structure of

the cathode determines the practical efficiency of a
PCDTBT:PC70BM OPV, we have fabricated a series of
devices based on either an Ag, Al, Ca, Ca (5 nm)/Ag or Ca
(5 nm)/Al cathode. The JV curves of representative devices



1406 D.C. Watters et al. / Organic Electronics 13 (2012) 1401–1408
are plotted in Fig. 5, with device metrics summarised in Ta-
ble 1. Note, individual results presented in Table 1 are the
average and maximum from at least 24 different pixels
with error bars representing the standard deviation about
the mean for the top 12 performing pixels. It can be seen
that the most efficient devices are created using the Ca/
Al composite cathode and have a maximum PCE of 5.0%.
We find a small variation in short-circuit current between
the different devices, with devices having an Ag cathode
displaying the highest values of Jsc—a result in qualitative
agreement with the modelling results shown in Fig. 2(b).
It can be seen however that the Jsc recorded from both
the composite Ca/Al and Ca/Ag cathode devices are—within
experimental uncertainty—identical to one another and
also identical to a device using a plain silver cathode.
Clearly, the larger photocurrent (approximately 6%) pre-
dicted by the use of a Ca/Ag cathode compared to a Ca/Al
cathode is not reproduced within experimental uncer-
tainty, however the Jsc recorded from devices using a pure
Ca cathode are 0.88 times that of the Ag cathode devices –
a result qualitatively consistent with enhanced optical loss
in the absorptive calcium.

We find that the Voc of the different devices are similar
at around 0.85 V; a value consistent with previous studies
in which values between 0.75 [44] and 0.91 V [11] have
been reported. Interestingly the Voc of devices utilising an
Al cathode were significantly lower than those of either
Ca or Ag based devices. The reason for this is not under-
stood. It can be seen that despite the work function of
the materials used varying by 1.4 eV (UAl �UCa) [13], the
differences between the Voc of the different devices do
not exceed 100 mV (with only 10 mV separating the Voc

of Ag and Ca cathode devices). Notably however, the
largest Voc is recorded from devices having a layer of cal-
cium adjacent to the top of the semiconductor surface;
an outcome arising from charge transfer to the fullerene
and Fermi-pinning [12].
Fig. 5. Measured JV curves for Ag, Al, Ca, Ca/Ag and Ca/Al based
PCDTBT:PC70BM (1:4) OPV devices having a 10 nm thick MoO3 hole
extraction layer. For both devices utilising a composite cathode, the
calcium layer is fixed at 5 nm.
It is clear that there is also a significant difference in the
FF of the different devices, with largest values of up to 60%
being recorded in devices having a Ca/Al cathode. The sig-
nificantly enhanced FF of the Ca/Al, high Voc and relatively
high Jsc (resulting from low optical loss) result in these de-
vices having the highest PCE; a result in agreement with
other reports [23] of the effectiveness of composite metal
cathodes to optimise the efficiency P3HT:PCBM based de-
vices. Whilst it is difficult to fully account for the origin
of the variation in the fill-factor between devices observed
here, we note that modelling of planar heterojunction de-
vices indicates that the distribution of charge density with-
in a device is a strong function of the work-function of the
metal contact, with low carrier densities at any point with-
in the device leading to high serial resistance [22] and low
FF [24]. Such models predict that lowest internal resistance
is reached when the work-function of the metal contacts
are close to the HOMO of the donor or the LUMO of the
acceptor [22]. We emphasise however that such models
have been specifically developed for planar heterojunction
devices and cannot therefore be directly applied to the
bulk-heterojunctions studied here. Nevertheless, we note
that PCDTBT:PC70BM devices have a strong PC70BM con-
centration gradient normal to the plane of the device
(being PC70BM rich at the surface) [48], and thus such
models may provide a first approximation of the solar-cells
studied here. More work is clearly necessary to model the
role of the metallic cathode workfunction on the charge
distribution inside BHJ cells containing graded acceptor
concentrations.

Finally, we address the effect of active layer thickness in
determining the efficiency of the composite-cathode de-
vices. Here, we have fabricated devices using a composite
Ca/Al cathode (5 nm/100 nm) and a 10 nm thick MoO3 an-
ode buffer-layer. The measured PCE, Voc and FF of the de-
vices as a function of PCDTBT:PC70BM thickness is shown
in Fig 6(a), with the photocurrent (average Jsc and J at
�1 V) shown in Fig 6(b). For comparison, we also plot Jmax

calculated using the TM model for the device in part (b). As
it can be seen, the device Voc remains approximately con-
stant over the range of active layer thicknesses studied
(50 to 100 nm). These results are in agreement with other
recent studies that also evidenced a drop-off in Voc, FF and
PCE in PCDTBT:PC70BM OPVs as active layer thickness is in-
creased to over 200 nm [44]. We find that the measured
value of Jsc is on average 15% lower than the predicted Jmax

with the discrepancy between measured and calculated
values increasing as the thickness of the active layer in-
creases. When however a bias of –1 V is applied to the de-
vice, the agreement between the recorded photocurrent
and Jmax is much improved, although for films having a
thickness P80 nm we still find that the recorded photocur-
rent is slightly less than Jmax. This clearly indicates that de-
vice efficiency is limited by charge extraction; a problem
that becomes more severe as active layer thickness in-
creases. This observation is also mirrored in the FF that also
undergoes some reduction as film thicknesses increases.
Indeed, despite the optical model suggesting that the most
efficient devices should be created using PCDTBT:PC70BM
layer having a thickness of �85 nm (thereby maximising
the short circuit current) we find that the highest device



Table 1
Performance metrics for a series of nominally identical PCDTBT:PC70BM devices prepared using different cathodes.

Cathode PCE average [PCE max] (%) Jsc (mA/cm2) VOC (V) FF (%)

Ag 4.55 ± 0.07 [4.68] 9.6 ± 0.1 0.85 ± 0.01 55.7 ± 0.9
Al 3.90 ± 0.06 [4.01] 9.2 ± 0.1 0.78 ± 0.01 53.1 ± 0.9
Ca 4.26 ± 0.04 [4.33] 8.4 ± 0.1 0.86 ± 0.01 58.7 ± 0.4
Ca/Ag 4.81 ± 0.09 [4.94] 9.4 ± 0.2 0.86 ± 0.01 59.5 ± 0.4
Ca/Al 4.90 ± 0.06 [5.01] 9.4 ± 0.1 0.86 ± 0.01 60.6 ± 0.3

Fig. 6. Part (a) shows the power conversion efficiency (PCE), open circuit
voltage (Voc) and fill factor (FF) of a series of PCDTBT:PC70BM devices
having varying active layer thickness, a 10 nm MoO3 layer and 5 nm Ca
buffer layer capped with Al. Connecting lines are used as a guide to the
eye. Part (b) shows the measured JSC and photocurrent at a reverse bias of
�1 V from a series of OPVs having varying active layer thickness. Also
plotted is the predicted maximum photocurrent (Jmax) of each device
calculated using equation 1 (see text for details).
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PCE recorded (5.1%) is obtained in devices having a
PCDTBT:PC70BM thickness of 70 nm. This confirms other
work that suggests that the efficiency of PCDTBT-based
OPVs is limited by sub-optimal charge extraction resulting
from non-geminate recombination [44]. We note that the
efficiencies reported here are smaller than the best re-
ported devices fabricated using PCDTBT:PC70BM blends
which have a PCE of 7.1% [8] which have higher values of
Voc, FF and Jsc. Such higher efficiencies were achieved partly
through additional solution processing additives and
hole-blocking layers to optimise nano-scale morphology
and charge extraction.
4. Conclusion

In summary, we have modelled the effects of different
cathode structures on the maximum photocurrent that
can be generated from a PCDTBT:PC70BM OPV. In particular
we focus on composite structures based on a thin film of
calcium backed with an optically thick layer of aluminium
or silver. We show that device photocurrent is a function of
cathode reflectivity, however the work-function of the
cathode plays only a minor role in determining device Voc

due to Fermi-pinning, but apparently results in devices
having improved fill-factor. We show the use of composite
cathodes results in both high reflectivity (and thus efficient
optical harvesting), good fill factor (efficient charge extrac-
tion) and slightly improved open circuit voltage; effects
which combine to produce devices having a power conver-
sion efficiency up to 5.1%.
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