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In an organic photovoltaic (OPV) cell, the buffer layers connecting the active photovoltaic material to

the electrodes strongly influence the overall energy conversion efficiency. In this work, we demonstrate

that a thin layer (o4 nm) of MoO3 formed by atomic layer deposition (ALD) of Mo, followed by

oxidation in ozone, performs well as an anode buffer layer in organic photovoltaic cells based on a

blend of poly(3-hexylthiophene) and phenyl-C61-butyric acid methyl ester. Compared to the commonly

used buffer layer poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), the MoO3 layer

causes virtually no degradation in the transmission spectrum. The improvement in optical transmission

leads to higher short-circuit current density, and practically the same power conversion efficiency as

OPV cells employing PEDOT:PSS. Results from a substantial number of devices indicate that the

improvement is statistically significant, demonstrating the reproducibility and reliability of the layer.

Moreover, because of the conformal nature of ALD, this approach can be extended to nanostructured

systems.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Organic photovoltaic (OPV) materials are promising for low-
cost [1] solar energy conversion systems deployable over large
area [2–6]. A typical (non-inverted) OPV cell design is illustrated
in Fig. 1, where the active material is sandwiched between a
transparent anode and a metal cathode. A buffer layer is needed
between the transparent anode and the active material to facil-
itate extraction of photogenerated holes, and to ensure that
electrons flow into the opposite cathode. This buffer layer
enhances the conversion efficiency dramatically. The most com-
monly used buffer layer is based on poly(ethylenedioxythiophe-
ne):poly(styrenesulfonate) (PEDOT:PSS), usually available in
aqueous suspension and amenable to solution processing. How-
ever, this material is acidic (pH�1) and can corrode both the
substrate material and the processing equipment [7]. In addition,
PEDOT:PSS is hygroscopic, and its conductivity can change in the
presence of moisture [8]. Its work function is also sensitive to
oxygen exposure [9]. Furthermore, PEDOT:PSS degrades signifi-
cantly at temperatures greater than 250 1C [10], and PEDOT
manufacturer additives have both unknown and often deleterious
effects [11]. Inorganic anode buffer materials based on metal
oxides are generally more stable in an ambient environment and
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offer an alternative to PEDOT:PSS. Well-known buffer layers
include nickel oxide, NiO [12], and vanadium oxide, V2O5 [13].
However, these materials need to be deposited under high
vacuum and therefore cannot be easily scaled up for large-area
manufacturing.

MoO3 is known to enhance the injection of holes in organic
light-emitting diodes (OLEDs) [14,15], and more recently, as an
anode buffer layer in OPV cells [16–19]. OPV cells with thermally
evaporated MoO3 have improved reliability in an ambient envir-
onment [17], but thermal evaporation is limited to processing in
small batches and not scalable for large-area manufacturing.
Solution-processed MoO3 is a possible route to scalable and
inexpensive manufacturing [16], but this method suffers from
uneven coverage, and the OPV cells do not always have consistent
performance. Moreover, no current MoO3 deposition techniques
are compatible with nanostructured substrates [20], which are
often applied in PV devices, because they tend to planarize
surfaces.

Atomic layer deposition (ALD) is routinely used for many
technological applications in part due to its ability to conformally
coat surfaces of any geometry, with highly controllable thickness
and uniformity over large area. Recent developments in ALD
process technology, such as operation at atmospheric pressure
[21], also show that this method is potentially useful for large-
area processing. In this work, we show that thin films of MoO3,
formed by Mo ALD followed by oxidation in ozone generated
under ultraviolet illumination (UV ozone), are highly transparent
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Fig. 1. Schematic of typical OPV device design.
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and function well as anode buffer layers. We show also that OPV
cells employing ALD MoO3 thin films have higher short-circuit
current density than those using PEDOT:PSS, and that the
improvement is statistically significant.
Fig. 2. (a) SEM image of Mo film deposited on ITO-coated micromachined silicon

substrate. (b) Energy-dispersive X-ray (EDX) line scan across the films, in region

corresponding to the red box in (a). Green: molybdenum signal, Blue: indium

signal. The resolution of these EDX data is insufficient to discern whether or not

interdiffusion occurs between the buffer layer and the ITO, which would be a

potential concern from a long-term device stability standpoint. (For interpretation

of the references to color in this figure legend, the reader is referred to the web

version of this article.)
2. Experiment

OPV cells used in this study were prepared on indium tin oxide
(ITO) electrodes on glass. As the first step in the fabrication
process, the ITO-coated glass slides (Delta Technologies, Ltd.;
10 O/sq) were cleaned in an aqueous solution of hydrogen
peroxide and ammonium hydroxide at 80 1C for 20 min. Molyb-
denum was then deposited on the ITO substrates. Uniform and
conformal thin films of molybdenum were deposited using Si2H6

and MoF6 precursors at 200 1C by atomic layer deposition (ALD) at
a reactor pressure of 1 Torr [22]. The scalability of this Mo ALD
process was tested on large substrates (300 mm Si wafers) and
the thickness non-uniformity was found to be less than 5%.
Following deposition, the Mo film on the ITO substrates was
oxidized in UV ozone for 30 min. The substrates were then
transferred immediately into a nitrogen glovebox (O2o0.1 ppm),
where all subsequent fabrication steps were performed.

OPV cells were fabricated by spin-coating the substrates
prepared above with Plextronics PV-1000 photoactive ink at
800 rpm for 15 s. The ink was then allowed to dry slowly. The
slow-drying process increased the cell efficiency considerably due
to higher film crystallinity [23]. The photoactive layer was
annealed at 120 1C for 5 min, and a cathode consisting of 30 nm
of Ca and 50 nm of Al was deposited using thermal evaporation.
The resulting device structure is as illustrated in Fig. 1.

For comparison, OPV cells with PEDOT:PSS as the anode buffer
layer were fabricated under the same conditions. ITO slides
without Mo were treated in UV ozone for 30 min. A PEDOT:PSS
layer (Plextronics PV-1000 hole transport layer) was then spin-
coated at 1000 rpm and annealed at 150 1C for 15 min. The active
material (Plextronics PV-1000 photoactive ink) was then spin
coated at 800 rpm and dried slowly as described above.

For characterization, the OPV cells under test were sealed
under a N2 environment in a small leak-tight chamber with an
optical window and electrical feedthroughs to prevent exposure
to air during measurement. Device characterization was per-
formed in an Oriel 300 W solar simulator under AM1.5 illumina-
tion (1000 W/m2), supported by a modified Newport IQE-200
quantum efficiency measurement system.
Fig. 3. Thickness of Mo film deposited on ITO as function of ALD cycles

determined from four-point probe resistance measurements.
3. Results and discussion

The conformal and uniform coverage of the Mo ALD process is
demonstrated in Fig. 2, where the Mo film is shown to cover ALD
ITO surfaces conformally over a micromachined trench structure
in Si. This is in contrast to previous results using spin-cast MoOx

[16], where the spin-coated film had uneven coverage leading to
non-uniform device performance. The ALD Mo film thickness can
be precisely controlled as shown in Fig. 3.

The complete oxidation of the Mo film by UV ozone treatment
was confirmed by the XPS spectrum in Fig. S1. A gold film
deposited on an adjacent but electrically connected area of the
same sample provided the necessary reference (Fig. S1, inset). The
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3d5/2 peak is shifted from 228 eV to 232 eV, as expected for MoO3

[24]. The absence of any signal at 228 eV shows that the film is
completely oxidized to MoO3. An optical transmission spectrum
of the MoO3-coated ITO is shown in Fig. 4, and is found to be
virtually identical to that of bare ITO. This is in contrast to the
PEDOT:PSS-coated ITO, which displays a lower transmission at all
wavelengths above 425 nm.

Current–voltage (J–V) characteristics of OPV cells prepared
with different numbers Mo ALD cycles are shown in Fig. 5.
Compared to cells without a buffer layer (Fig. 6, bottom), cells
using MoO3 show a larger open circuit voltage, and significantly
higher efficiency. Increasing the number of ALD cycles, corre-
sponding to increased thickness and more complete surface
coverage, led to better reproducibility in device performance.
Fig. 3 shows that it takes �5 ALD cycles for Mo to nucleate on the
ITO surface before reaching the regime of linear growth. This
observation is consistent with the non-uniform coverage and
large device-to-device variation encountered in samples with
only 2 and 5 cycles of Mo ALD (Fig. 5, top and middle). For
Fig. 4. Transmission spectrum of ITO-coated glass, MoO3-coated ITO (10 cycles)

on glass and PEDOT:PSS (thickness: 70 nm) on ITO-coated glass.

Fig. 5. Current–voltage characteristics of OPV cells made with MoO3 buffer layer

with increasing number of ALD cycles: 2 cycles (top), 5 cycles (middle) and 10

cycles (bottom).

Fig. 6. Current–voltage characteristics of OPV cells made with PEDOT:PSS as the

anode buffer layer (top) and no buffer layer between ITO and the active material

(bottom).

Fig. 7. Average J–V characteristics for cells with 10 ALD cycle MoO3 buffer layer

(21 devices) and cells with PEDOT:PSS buffer layer (19 devices).
devices with sufficient ALD Mo cycles (10 cycles), and hence
complete coverage of the ITO substrate, the conversion efficiency
is similar to devices processed simultaneously using a PEDOT:PSS
buffer layer (Fig. 6, top).

To rigorously evaluate the difference between PEDOT:PSS and
MoO3 as a buffer layer under optimum processing conditions, a
statistically significant number of devices were made and mea-
sured. 21 devices with MoO3 anode buffer layer were compared to
19 devices with PEDOT:PSS. Fig. 7 shows the average J–V curves
for the two sets of devices. For each set of devices, the average is
calculated as the sum of the current from all devices divided by
the total area. The device parameters are listed in Table 1.
Comparison using analysis of variance (ANOVA) reveals statisti-
cally significant differences in the short-circuit current density,
the shunt resistance and the series resistance. The improved
current density correlates well with the higher optical transmis-
sion of the MoO3 layer (Fig. 4). However, the slightly higher series
resistance and lower shunt resistance in cells employing MoO3



Table 1
Average and standard deviation (in parenthesis) of device parameters of cells

employing MoO3 and those with PEDOT:PSS. Confidence levels are obtained

through 2-level analysis of variance (ANOVA). Confidence levels greater than

95% (in bold) indicate statistically significant difference.

MoO3 PEDOT:PSS Confidence

level

Power conversion efficiency (%) 3.40 (0.35) 3.28 (0.16) 0.79

Open-circuit voltage (V) 0.567 (0.02) 0.570 (0.004) 0.41

Short-circuit current density

(mA/cm2)

9.6 (0.82) 7.7 (0.38) �1

Fill factor (%) 61.1 (6.4) 63.9 (2.1) 0.92

Specific series resistance (O-cm2) 6.8 (1.4) 4.67 (1.3) �1

Specific shunt resistance

(kO-cm2)

851 (450) 1519 (340) �1

Fig. 8. Internal quantum efficiency measurements for cells with MoO3 and

PEDOT:PSS buffer layer.
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led to an overall conversion efficiency that is practically the same
as in cells using PEDOT:PSS. It is possible that the energy barrier
at the anode/donor electrical contact of MoO3 is slightly higher,
leading to higher Rs. Shunt resistance can result from defect-
induced exciton annihilation at the interface, and this may be
more prevalent at the interface between MoO3 compared to
PEDOT:PSS. Internal quantum efficiency measurements in Fig. 8
show no appreciable difference between typical devices employ-
ing PEDOT:PSS and MoO3 buffer layers, confirming the essentially
similar conversion efficiency between the two sets of devices.
4. Conclusions

Thin films of MoO3 formed using Mo atomic layer deposition
followed by oxidation in UV ozone have been used as anode
buffer layers in organic photovoltaic cells, leading to average
power conversion efficiency in excess of 3%. There is a statistically
significant improvement in short-circuit current density over cells
employing the common PEDOT:PSS buffer layer, due to improved
optical transmission. The MoO3 layer has superior optical trans-
mission, conformal coverage, and reproducible performance over
a large number of devices. It eliminates the potential for degrada-
tion from acidic PEDOT:PSS and, because the film is highly
conformal, also enables deposition onto nanostructured sub-
strates. These results show a promising and scalable route for
forming a critical layer in low-cost, high-performance OPV cells.
ALD, though typically performed in a batch process, has been
demonstrated in roll-to-roll processes with flexible substrates
and can be performed at atmospheric pressure [25], suggesting its
potential integration into OPV manufacturing.
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