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Nanocolumnar C60 films for inverted organic photovoltaic cells (OPVs) were fabricated by
glancing angle deposition (GLAD), and morphologies depending on variation in deposition
angle were studied. To complete the OPV devices, small molecules of the donor material 3-
Q were spin coated into the C60 films. In order to avoid the difficulties of solvent stability of
the C60 films, acetone was used as the process solvent for spin coating. The nanocolumnar
morphology improves exciton harvesting by increasing absorbance while providing an
effective conductive path for charge carriers. The resulting GLAD C60/3-Q devices outper-
formed both planar devices and PC61BM:3-Q bulk heterojunctions with threefold and two-
fold short-circuit current increases, respectively.

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

Organic photovoltaic cells (OPVs) are suitable candi-
dates for low-cost solar power generation [1–13]. State of
the art architectures are solution-processed polymer
blends or so-called bulk heterojunctions [2–4,6–10,12,13].
Small molecules, however, allow for better morphology
control [14,15] and several fabrication approaches can be
used, such as thermal evaporation [16], organic phase
vapor deposition [17,18], solution-processed blending
[19,20], blending through co-deposition [21–23], and
glancing angle deposition [24–29].

OPVs are limited by the exciton diffusion length in the
active layer materials, and in order to improve perfor-
mance morphology control is critical. The photoactive
layer in bulk heterojunctions is typically disordered exhib-
iting pocket domains and dead-ends which can limit
. All rights reserved.
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charge transport and thus overall device performance
[21,30,31]. In contrast, the fabrication process in this work
utilizes glancing angle deposition (GLAD) which employs
substrate rotation at oblique flux incidence in order to
fabricate porous films [32,33]. Due to this substrate motion
a vertically oriented network of interpenetrating donor
and acceptor columns can be deposited which promises
to maximize charge transport and minimize trap states
resulting from dead-ends [6,34,35].

We previously reported on inverted architecture OPVs
based on GLAD C60 fullerene films filled with the donor
polymer poly[3-(4-carboxybutyl)thiophene-2,5-diyl] and
showed a twofold increase in short-circuit current com-
pared with bulk heterojunctions [29]. While this GLAD
based architecture showed very strong promise for OPV
performance improvement, suitable solvent-donor combi-
nations have to be found in order to fully exploit this
potential. Thus, a major challenge when filling the C60

nanocolumnar structure with the polymer solution
through spin coating was that the C60 films dissolved in
most commonly used solvents such as chloroform or
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dichlorobenzene. We were required to use dimethyl-sulf-
oxide as solvent which limited the choice of donor materi-
als we could use and resulted in poor donor filling of our
nanocolumnar C60 structures.

In this work, we fabricate devices with an active layer
made entirely from small molecules and thus demonstrate
a processing route which can be used together with GLAD
fabricated nanocolumnar C60 films (see Fig. 1). The star
molecule 3-Q (4,40,400,4000-(5,50,500,5000-([2,1,3]benzothiadiaz-
ole-4,5,6,7-tetrayl)tetrakis(3-hexylthiophene-5,2-diyl))tet-
rakis(N,N-diphenylaniline)) [36] is soluble in acetone
which is a strong advantage when working with C60 fuller-
ene films since acetone does not dissolve the C60 and thus
does not adversely affect the GLAD nanocolumnar mor-
phology. We use spin coating of 3-Q into the GLAD C60

films and investigate the filling properties and effect on
device performance.

2. Experimental

2.1. Thin film deposition

Using thermal evaporation, C60 fullerene powder (Sig-
ma Aldrich, 99.9% pure) was deposited on indium tin oxide
(ITO) coated glass substrates (Delta Technologies, ITO
thickness �120 nm with sheet resistance �20 X sq�1)
where these substrates acted as the cathode of our devices.
The ITO coated glass substrates were prepared by sequen-
tial sonication in methylene chloride, Millipore water
(18 MX cm), and 2-propanol for 10 min each. Next the
substrates were plasma cleaned for 10 min in an air plasma
using a Harrick plasma (PDC 32G, 18 W) cleaner at
�0.1 Torr working pressure. In order to improve electron
transparency of the cathode, Cs2CO3 was implemented as
an interfacial modifier. This Cs2CO3 layer was cast from a
0.2 wt.% solution in 2-ethoxyethanol and annealed at
150 �C for 20 min [37].

The C60 powder was stored in inert atmosphere and
prior to evaporation the C60 powder was kept in an alu-
mina crucible (Delta Glass) in vacuum. In order to purify
the C60 powder immediately prior to evaporation it was
kept at 250 �C in the process chamber for 12 h at a pressure
of 1 � 10�7 Torr. During subsequent thermal evaporation
the crucible was heated up to 450 �C and the working pres-
sure was about 2 � 10�7 Torr. Using a quartz crystal thick-
Fig. 1. Device concept: (a) Device architecture with a nanocolumnar C60 fulle
structure including interfacial layer Cs2CO3 and hole transparent layer V2O5. (c)
ness monitor deposition rates between 0.5 and 1.0 Å s�1

were maintained. During the GLAD process the substrate
tilt angle a (measured relative to the substrate normal)
controls spacing of the C60 nanocolumns, and in this work
a = 75� and 80� were used to fabricate devices. In addition,
planar films at a = 0� were prepared for comparison. Dur-
ing evaporation, substrate rotation was applied to achieve
a more homogenous film thickness distribution. Rotation
speeds were kept constant relative to the deposition rate
and varied from 0.2 to 0.6 rpm.
2.2. Device fabrication

5 mg mL�1 of 3-Q were dissolved in acetone (HPLC, Sig-
ma–Aldrich) and in order to improve dissolution the mix-
ture was kept in an ultrasonic bath for about 1 h. The
resulting solution was spun directly onto the C60 films at
400 rpm for 1 min in air. During this process the pipettes
and solution were kept at 50 �C in order to maintain solu-
bility of the 3-Q. For anode fabrication, V2O5 (�20 nm) and
Al (�120 nm) were thermally evaporated at a rate of 0.01
and 5 Å s�1, respectively. Five devices per substrate with
a (0.155 ± 0.008) cm2 device area were made. For every
deposition angle a series of multiple sets of devices were
fabricated and analyzed. For comparison, bulk heterojunc-
tions of 3-Q and PC61BM ([6,6]-phenyl C61 butyric acid
methyl ester) were fabricated as described in [36] with
an active layer thickness of 70 nm.
2.3. Characterization techniques

Morphology was analyzed using a Hitachi S-4800 scan-
ning electron microscope (SEM) with a secondary electron
detector. Absorbance was measured for C60 films only and
in C60/3-Q double layers using a Perkin-Elmer NIR-UV
Lambda 900 spectrophotometer. All films used for
absorbance measurements were deposited on fused silica
following the same processes used for device fabrication.
J–V characteristics were measured using an Oriel 91191
1000 W solar simulator together with a Keithley 2400
source meter. Light intensity was calibrated using a Si solar
cell standard (NREL certified) together with a KG-5 filter
(PV Measurements Inc., PVM624).
rene film filled with 3-Q donor molecules. (b) Corresponding electronic
3-Q star molecule.
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3. Results and discussion

3.1. Film morphology

Morphology control is central to this work and follows
techniques previously reported in detail for fabricating
nanocolumnar films [29]. The thicknesses of both
morphologies of GLAD C60 films are nominally 160 nm.
C60 average column diameters are (65 ± 10) nm for the
a = 75� and (105 ± 10) nm for the a = 80� films, as seen in
Fig. 2. Intercolumn spacing is controlled by adjusting the
deposition angle a and results from ballistic shadowing
of the incoming particle flux during deposition. The aver-
age spacing was measured to be (40 ± 20) nm for films
deposited at a = 75� and (60 ± 20) nm for a = 80�. Intercol-
umn spacing affects both the filling properties of the spin
coated donor and the heterointerface area, and in addition,
exciton harvesting can improve when intercolumn spacing
more closely matches the exciton diffusion length of the
donor which is estimated to be about 10–20 nm. For com-
parison in Fig. 2, a 30 nm thick planar film is shown, and it
is observed that there is some minor surface roughness,
perhaps originating from the roughness of the underlying
ITO.
3.2. Compatibility of acetone as process solvent

In our previous work we reported that the use of the do-
nor solvent is one of the main limitations for subsequent
solution processing of our GLAD structured C60 OPVs. The
challenge is to find a solvent which does not dissolve the
nanostructured C60 films while at the same time provides
a good filling of donor molecules into the nanocolumnar
structures. Since C60 fullerenes are highly symmetric mol-
ecules and therefore have low polarity, C60 films can easily
be dissolved in non-polar solvents such as chloroform or
chlorobenzene which are commonly used in OPV fabrica-
tion [29]. In contrast, acetone is a polar aprotic solvent
Fig. 2. Scanning electron microscopy images of glancing angle deposited C60 fulle
C60 film. (b) C60 film deposited at a = 75�. (c) C60 film deposited at a = 80�. The I
and nanocolumnar C60 is stable when treated with this sol-
vent. Consequently, the choice of solvent limits the appli-
cability of various donors to the device. The commonly
used poly(3-hexylthiophene-2,5-diyl) (P3HT) dissolves in
some non-polar solvents, however it does not dissolve in
acetone. In contrast, 3-Q does dissolve in acetone and
therefore can be used for spin coating on nanocolumnar
C60.

Fig. 3 shows the GLAD structured C60 films after spin
coating with 3-Q dissolved in acetone. Compared with pre-
vious results [29], a good infiltration of 3-Q into the nano-
columnar structures is observed. In particular, a previously
observed drawback using dimethyl-sulfoxide (DMSO) as
solvent were voids and empty pockets after spin coating
[29]. Contact angle measurements of DMSO and acetone
on a planar C60 film were performed. For DMSO a contact
angle of (27 ± 3)� was observed. However, acetone in-
stantly wetted the C60 surface and no contact angle could
be measured. Hence, due to the lower polarity of acetone,
filling of a donor into nanocolumnar C60 films is signifi-
cantly improved.
3.3. Absorbance

Fig. 4 shows the absorbance of C60/3-Q double layers.
For comparison, spectra for a pure 3-Q film and a pure
GLAD C60 film deposited at a = 80� are included. The pure
C60 spectrum is in agreement with previously observed re-
sults [29], with a C60 peak observed at 344 nm. In addition,
C60 causes the broad peak formation between 400 nm and
500 nm with a local maximum at 450 nm. The mass den-
sity of C60 films decreases with increasing deposition an-
gles a [38], leading to the decreasing absorption of the
C60 peaks when going from a = 75� to 80�. The 3-Q absor-
bance spectrum has two broader regions, one at around
515 nm, which is comparable with the absorption in
P3HT, and one at lower wavelengths of around 350 nm
which provides additional sensitivity in the ultraviolet.
rene films with top (image above) and side views (image below). (a) Planar
TO layer is marked with lines; above is the C60 film and below is glass.



Fig. 3. Scanning electron microscopy images after spin coating of 3-Q onto the C60 films. (a) Planar C60 film with planar 3-Q film on top. Due to variations in
cleaving the substrate the photoactive layer cleaved further back from the edge than the ITO substrate. (b) C60 film deposited at a = 75� with infiltrated 3-Q.
(c) C60 film deposited at a = 80� with infiltrated 3-Q.

Fig. 4. Absorbance spectra of a GLAD C60 films filled with 3-Q. For
comparison, a 3-Q:PC61BM bulk heterojunction, a pure GLAD C60 film
deposited at a = 80� and a pure planar 3-Q film are shown (Vertical order
in legend follows vertical sequence of graphs).

Fig. 5. J–V characteristics of GLAD devices compared with a planar device
and a bulk heterojunction.
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The onset for the 3-Q spectrum appears at �615 nm indi-
cating an optical band gap of 2.0 eV which is in agreement
with previous results [36]. It can be observed that the C60/
3-Q double layer peaks are of higher absorption compared
with the bulk heterojunction spectrum, due to the lower
thickness of the bulk heterojunction’s active layer.
3.4. Device performance

J–V characteristics of the fabricated devices were mea-
sured and are shown in Fig. 5 where GLAD device perfor-
mance is compared to bulk heterojunction and planar
devices. The open circuit voltage is lower in GLAD devices
compared with the bulk heterojunction, as previously re-
ported [29], and can be attributed to oxygen exposure dur-
ing device fabrication. However, the short-circuit current is
significantly increased in the GLAD devices and has dou-
bled compared with the bulk heterojunction.

Table 1 shows the average device parameters for each
device series. Both GLAD devices perform similarly within
error ranges. The slope of the J–V curve for the a = 80� de-
vice at J = 0 mA cm�2 is lower compared with the a = 75�
device. This behavior could be attributed to a higher series
resistance which also leads to a slight variation in VOC be-
tween both GLAD devices. The highest power conversion
efficiency (PCE) is observed for the GLAD devices fabricated
at a = 75�. This PCE is a twofold improvement over the bulk
heterojunction and a threefold improvement relative to
the planar device.
4. Conclusions

Organic photovoltaic devices based on glancing angle
deposited C60 fullerene films filled with donor 3-Q small
molecules have been fabricated and characterized. The
use of acetone significantly improved donor filling
compared with previously reported devices which used
dimethyl-sulfoxide as process solvent for poly[3-(4-carbo-
xybutyl)thiophene-2,5-diyl]. In addition, the morphology
of the nanocolumnar C60 fullerene films was preserved
when using acetone. The resulting nanocolumnar devices
were compared with a bulk heterojunction and a twofold
increase in power conversion efficiency of GLAD fabricated
devices was observed. The GLAD nanocolumnar morphol-
ogy allows thicker devices and thus increased absorbance
compared with bulk heterojunctions while enabling an
effective conductive path for charge carriers.

The fabrication process using acetone and a small mole-
cule donor provides a route to improved performance in in-
verted OPVs utilizing C60 in a nanocolumnar architecture.



Table 1
Performance parameters for fabricated device series. All thermally evaporated devices have the following architecture: glass/ITO/Cs2CO3/active materials/V2O5/
Al. For comparison, the values for a 3-Q:PC61BM heterojunction are added.

Active materials JSC (mA cm�2) VOC (V) PCE (%) FF Best PCE (%)

C60 (a = 80�), 3-Q 4.7 ± 0.3 0.5 ± 0.1 0.8 ± 0.3 0.34 ± 0.05 1.3
C60 (a = 75�), 3-Q 4.1 ± 0.5 0.7 ± 0.1 1.0 ± 0.2 0.33 ± 0.03 1.4
Planar C60, 3-Q 1.3 ± 0.3 0.6 ± 0.1 0.3 ± 0.1 0.38 ± 0.05 0.5
3-Q:PC61BM 2.0 ± 0.1 0.9 ± 0.1 0.7 ± 0.1 0.38 ± 0.01 0.8
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With our previous work [29] and in this article we have
shown a twofold short-circuit current increase due to our
GLAD structured morphology compared with bulk hetero-
junctions in two different material systems, one utilizing
a conjugated polymer P3CBT, the other using a small mole-
cule 3-Q. This is a strong indication that this architecture
would be able to achieve superior performance compared
with state-of-the-art bulk heterojunctions if an appropriate
solvent-donor combination can be found which can com-
plement the C60 nanocolumnar structure.
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