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Neutral Color Semitransparent
Microstructured Perovskite Solar Cells

ABSTRACT Neutral-colored semitransparent solar cells are commercially

desired to integrate solar cells into the windows and cladding of buildings and
automotive applications. Here, we report the use of morphological control of
perovskite thin ﬁlms to form semitransparent planar heterojunction solar cells
with neutral color and comparatively high eﬃciencies. We take advantage of
spontaneous dewetting to create microstructured arrays of perovskite “islands”, on
a length-scale small enough to appear continuous to the eye yet large enough to
enable unattenuated transmission of light between the islands. The islands are
thick enough to absorb most visible light, and the combination of completely absorbing and completely transparent regions results in neutral transmission
of light. Using these ﬁlms, we fabricate thin-ﬁlm solar cells with respectable power conversion eﬃciencies. Remarkably, we ﬁnd that such discontinuous
ﬁlms still have good rectiﬁcation behavior and relatively high open-circuit voltages due to the inherent rectiﬁcation between the n- and p-type charge
collection layers. Furthermore, we demonstrate the ease of “color-tinting” such microstructured perovksite solar cells with no reduction in performance, by
incorporation of a dye within the hole transport medium.
KEYWORDS: perovskite . solar cell . semitransparent . photovoltaics . building-integrated photovoltaics . neutral color .
microstructured

B

uilding-integrated photovoltaics (BIPV)
are an attractive concept for economic generation of solar power.1 Integration of semitransparent solar cells into
windows is of particular interest since it
opens the prospect of employing the entire
fac-ade of a building for solar power generation, rather than simply employing the limited roof space. In order for such solar
glazing to be practical, costs must be low,
and ideally they can be manufactured
through existing coating methods employed in the glazing industry. They need
to generate signiﬁcant power while still
having good transparency. Furthermore,
while colored windows are interesting for
novel applications, and a “splash” of color is
desirable, the largest demand is for neutralcolor tinted windows with controllable
levels of transparency.
Some of the most successful approaches
to achieve semitransparency in solar cells
have used organic or dye-sensitized solar
cells (OPVs and DSSCs, respectively).27
These technologies are solution-processable,
representing a low-cost production method
and easy scalability. 8 Impressive recent
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progress has been made with neutralcolored OPVs.7,9,10 However, their eﬃciencies are unlikely to reach those of crystalline
technologies in the near future, due to large
energy losses occurring at charge transfer
interfaces.11,12 To attain color-neutrality with
organics, the active materials must be chosen carefully, often at a loss to overall
eﬃciency.3,4,13 An option with thin-ﬁlm
solar technologies, where the solar cell
comprises a solid absorber layer, is to simply
reduce the thickness of the absorber layer to
allow transparency. Indeed, this is precisely
what is done with amorphous silicon, currently being installed in BIPV applications.
However, due to the precise nature of the
density of states in the conduction and
valence band in a crystalline semiconductor, the absorption coeﬃcient increases
monotonically from the band gap and thin
ﬁlms will assume a red or brown tint. Even
though “bronze” is a choice for solar glazing,
it does not represent the most desirable
option.
Semiconducting perovskites have recently emerged as a new and intriguing
class of photovoltaic materials. They have
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RESULTS AND DISCUSSION
In Figure 1a, we show a schematic of the dewetting
process to produce discontinuous regions of the perovskite absorber CH3NH3PbI3xClx. Over time, pore
growth, controllable through processing conditions
such as temperature and ﬁlm thickness, dictates
the ﬁnal morphology of the polycrystalline ﬁlm. In
Figure 1b, we show an SEM image of a representative
EPERON ET AL.

semitransparent perovksite ﬁlm formed to maximize
open area. We measured the islands to be >1 μm
in height. Visibly, such ﬁlms appear neutral-colored
(Figure 1c);a 1 μm ﬁlm of perovksite absorbs eﬀectively all light at energies above its band gap, which is
1.55 eV.20 A continuous 1 μm ﬁlm would hence appear
black, but because the perovskite ﬁlm is formed of
discontinuous islands, it appears semitransparent and
of neutral color. For neutral color to be achieved, it is a
prerequisite that the absorption onset of the absorber
is in the near-infrared.
In order to characterize such ﬁlms for their use in
working solar cells, we are interested in the optical
behavior of not just the perovskite but the whole active
layer necessary to produce a working solar cell. Here,
the device architecture is a planar heterojunction of
perovskite between an n-type compact TiO2 layer and
a p-type hole transporter, 2,20 ,7,70 -tetrakis-(N,N-di-pmethoxyphenylamine)-9,9 0 -spirobiﬂuorene (spiroOMeTAD). As such, from now, we deﬁne the “active
layer” as the structure: compact TiO2/perovskite/spiroOMeTAD. Furthermore, as the application for semitransparent solar cells is for visible aesthetics, we are
interested in the visible wavelengths, between 370
and 740 nm. We deﬁne the average visible transmittance (AVT) as the mean transmittance of a ﬁlm
between these wavelengths.
We fabricated perovskite ﬁlms on compact TiO2coated FTO glass under a range of processing conditions (see Supporting Information) in order to achieve a
wide range of transparencies. We measured the perovskite surface coverage via analysis of SEM images,
then applied the spiro-OMeTAD layer and measured
the AVT with an integrating sphere (details in Supporting Information). In Figure 1d, we show the dependence
of AVT on perovskite surface coverage. A linear trend
demonstrates the ease of controlling the transparency of
such ﬁlms by careful choice of solvent and processing
temperature. We show a selection of representative active
layer transmittance spectra in Figure 1e. We see encouragingly ﬂat spectra across the majority of the visible
spectrum, especially for the more transmissive samples.
For the less transmissive samples (especially D and E in
Figure 1e), there is a higher perovskite surface coverage,
or less dewetting. These ﬁlms were fabricated from the
same solution concentrations and spin-coating protocol, but simply using diﬀerent solvents, and dried and
crystallized at diﬀerent temperatures between 90 and
130 °C. For the same amount of starting material, the
ﬁnal ﬁlm volume should be the same regardless of the
extent of dewetting, hence the regions of perovskite in
the ﬁlms with more coverage are thinner and evidentially not thick enough to fully absorb the light at the red
end of the spectrum. This is seen in Figure 1e, where
even with 100% perovskite coverage, AVT is not 0%. The
more dewet ﬁlms comprise thicker perovskite islands
and hence have ﬂatter spectra. Diagrams of the cross
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properties similar to bulk inorganic semiconductors
but can be processed at low temperatures using
inexpensive and abundant materials.1420 They have
now demonstrated surprisingly high power conversion eﬃciencies of over 15% in a range of device
conﬁgurations.21,22 Our recent work has shown that
high-eﬃciency CH3NH3PbI3xClx perovskite solar cells
can be produced at low temperatures and in a fully
planar thin-ﬁlm architecture, reducing fabrication
steps and simplifying the design.18,23 These characteristics make such perovskites ideal materials for fabrication of semitransparent windows. However, they fall
ﬁrmly within the thin-ﬁlm category, and a thin continuous perovskite ﬁlm suﬀers from the same reddishbrown tint as conventional semiconductors.
We have recently investigated and developed a
methodology to control the fractional surface coverage of CH3NH3PbI3xClx perovskite ﬁlms, with the target of obtaining uniform and complete coating.23
Perovskite ﬁlms are deposited from spin-coating a
precursor with a molar excess of organic and halide
components and typically contain several small pores
as-cast. Upon annealing, mass loss of the solvent and
excess organic (CH3NH3) and halide (I or Cl) components allows morphological change due to minimization of surface energy.23 The evolution of morphology
depends upon several parameters. We found that by
controlling parameters such as the initial ﬁlm thickness, annealing temperature, atmosphere, and solvent
vapor pressure, we could control whether pores in
general opened or closed and, as such, achieved close
to 100% surface coverage and highly eﬃcient planar
heterojunction solar cells.23,24
In addition to maximizing surface coverage, we can
make use of incomplete surface coverage. Herein, we
leverage dewetting of such ﬁlms to form microstructured arrays of perovskite “islands”. The perovskite
islands are thick enough to absorb all visible light,
whereas the “dewet” regions (absent of perovskite) are
visibly transparent. As such, we form a semitransparent
layer while avoiding the brown tint observed in thin
semiconductor ﬁlms; the overall optical appearance of
such a ﬁlm is neutral-colored. By varying the extent of
dewetting, we control the transparency of the ﬁlm,
resulting in tunable and eﬃcient semitransparent solar
cells. This work now endows the perovskite technology
with the neutral uniform coloration previously exclusive to organics.
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Figure 1. Controlled dewetting to vary transmittance of a perovskite ﬁlm. (a) Schematic of the ﬁlm dewetting process
showing morphology change over time, from as-cast ﬁlm to discrete islands. Perovskite material is represented with black
and pores with white. (b) Scanning electron micrograph of the top surface of a representative ﬁlm of perovskite islands (paler
regions) on a TiO2-coated FTO substrate. (c) Photograph through a typical semitransparent perovskite ﬁlm formed on glass,
demonstrating neutral color and semitransparency. (d) Dependence of average visible transmittance of the active layer on
perovskite surface coverage. (e) Transmittance spectra of active layers of a selection of dewet perovskite devices.
Diagrammatical representations of the most and least transparent ﬁlms are shown as insets. (f) Color coordinates of the
ﬁlms with transmittance spectra shown in (d) under AM1.5 illumination, on the CIE xy 1931 chromacity diagram, and the
enlarged central region. Color coordinates of a thin continuous perovskite ﬁlm, a D102 dye-tinted cell (described later),
the D65 standard daylight illuminant, and AM1.5 illumination are also shown.

section of high and low transmission ﬁlms are shown as
an inset to Figure 1e.
To quantify the color-neutrality of the active layers,
we calculated color perception indices using the CIE 1931
xy color space, designed to represent human visual color
perception. The transmitted light is represented by the
product of the AM1.5 solar spectrum and the transmission spectrum of the active layer in question.3,25 We
calculated x and y color parameters for the samples
labeled AE in Figure 1e and display the results on the
CIE 1931 xy chromacity diagram in Figure 1f. We also plot
EPERON ET AL.

a ∼200 nm thick continuous perovskite ﬁlm, the reference daylight illuminant D65, and the AM1.5 spectrum.
The color coordinates of the most transmissive active
layers (AC) are located very close to the AM1.5 spectrum and the D65 reference in the low colorfulness region
of the chromacity diagram, representing excellent colorneutrality. At lower transmittances, ﬁlms move toward
the red-brown side of the chromacity diagram, where the
thin continuous perovskite ﬁlm is positioned.
We fabricated planar heterojunction solar cells with
a range of transmittances, with the architecture shown
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Figure 2. Semitransparent neutral-colored perovskite solar
cells. (a) Diagram showing the architecture of the dewet
planar perovskite heterojunction solar cell. (b) Tilted crosssectional SEM image of a full semitransparent solar cell
showing the perovskite islands coated with spiro-OMeTAD.

in Figure 2a. An SEM image of a cross section of a full
device is shown in Figure 2b. The perovskite islands can
be clearly seen, with the spiro-OMeTAD inﬁltrating the
spaces between and also coating the islands with a thin
layer. Ideally, we would use extremely transparent and
conductive electrodes on both sides in order to maintain high transparencies. However, full optimization of
the electrodes is beyond the scope of this study, and
here we used ﬂuorene-doped tin oxide (FTO) as the
anode and a thin (∼10 nm) layer of gold as the cathode.
Such devices are reasonably transparent, though the
gold electrode is a major source of transmittance loss
(see Supporting Information Figure S3).
In Figure 3a, we plot the power conversion eﬃciencies against the AVT of the whole device (including
10 nm gold electrode) from a single batch of devices,
extracted from current densityvoltage curves measured under simulated AM1.5, 100 mW cm2 sunlight.
We observe a clear trend; at the lowest transmittances
in this batch (AVT ∼7%), power conversion eﬃciencies
approach 8%, and as transmittance increases, the
eﬃciency decreases. The most transparent cells, with
AVTs of ∼30%, showed power conversion eﬃciencies
of around 3.5%. In Figure 3b, we show average current
densityvoltage curves from the same devices split
into intervals of AVT. We observe a reduction in photocurrent for the higher transmittance devices. As expected, more light passes straight through the device.
Remarkably, we ﬁnd that device yield in these highly
discontinuous ﬁlms does not suﬀer from critical shunting, as might be expected based on other thin-ﬁlm
solar cells. Although there is a signiﬁcant spread in
device eﬃciency at similar transmittances, few devices
were entirely nonfunctioning, and the lower coverage
ﬁlms did not show a greater spread. An interesting
observation is that open-circuit voltage (Voc) is similar
at ∼0.7 V for all but the least transmissive set of cells,
EPERON ET AL.

Figure 3. Semitransparent solar cell device performance. (a)
Power conversion eﬃciencies for a batch of individual solar
cells with ∼10 nm Au electrodes, plotted as a function of full
device AVT. (b) Average current densityvoltage (JV)
characteristics for the cells plotted in (a). The curves are
numerical averages of the currentvoltage characteristics
for individual cells split into the AVT intervals shown,
with 515 cells per interval. (c) Power conversion eﬃciency
plotted as a function of active layer AVT for a diﬀerent batch
of cells with thicker gold electrodes. The PCE plotted
represents that which is attainable with an entirely transparent cathode (not a thick gold cathode). It has been
corrected to remove current generated in the second pass
(see Supporting Information for details on calculation). Each
point represents the mean of at least 14 individual devices,
and the maximum PCE for the champion device in each
interval is plotted. In all cases, PCE was extracted from current
voltage measurements performed under 100 mW cm2 AM1.5
illumination. Full performance data for all devices in this ﬁgure
are shown in Supporting Information Tables ST1 and ST2.

where it is raised to ∼0.75 V. We propose that greater
perovskite coverage reduces spiro-OMeTAD/compact
TiO2 contact area, and these regions represent a
parallel diode to the photoactive regions, with a lower
shunt resistance. Hence, increasing the perovskite
coverage increases the overall shunt resistance and
increases the Voc. From these JV curves, it appears
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that, for the higher transmittances (i.e., lower perovskite coverage), the Voc reaches a minimum of ∼0.7 V.
To further understand this, we fabricated and tested
spiro-OMeTAD/compact TiO2 diodes. Their diode characteristics show a dark current turn-on at also ∼0.7 V
(see Supporting Information), so even in the case of
there being minimum perovskite coverage, we would
not expect the diode turn-on voltage to be any lower
than 0.7 V, and hence this sets a lower limit on the
open-circuit voltage. With full perovskite coverage,
spiro-OMeTAD/perovskite/compact TiO2 devices have
been observed to have an open-circuit voltage of >1 V.22
Thus, with higher perovskite coverage, the fraction
of spiro-OMeTAD/perovskite/compact TiO2 diode area
compared to spiro-OMeTAD/compact TiO2 will increase,
and the eﬀective turn-on voltage of these parallel
diodes should increase from 0.7 to >1 V, as seen.
The electrodes used (FTO and 10 nm thick gold) are
non-optimum transparent electrodes. Much work is
being undertaken to develop highly transmissive and
conductive electrodes for semitransparent solar cells
and other applications.26 In light of this, we determined
the best performance that could be achieved from
these solar cells if we could use an entirely transparent
cathode. We fabricated devices with a number of
diﬀerent active layer AVTs, between 5 and 50%, and
deposited slightly thicker gold electrodes to minimize
electrode resistance. We determined the power conversion eﬃciency from measuring currentvoltage
characteristics and then corrected the photocurrent
to remove the fraction of current generated by the
second pass of reﬂected light from the gold electrode
(see Supporting Information for details of calculation).
We thus determined the PCE that could be attained
from devices with entirely transparent cathodes
(Figure 3c). We note that we have not increased the
measured photocurrent to account for light absorbed
in the FTO, and all the “corrected” photocurrents are
lower than the measured photocurrents (Supporting
Information Table ST2). Even so, we can see that
signiﬁcantly improved performance could be achieved
in comparison to the devices employing the thin gold
electrodes, at a given active layer AVT. Notably, ∼30%
AVT active layers would still generate power conversion eﬃciencies of over 8%, which is a transparency
and a performance that is compatible with commercial
applications, being better than currently oﬀered by
a-Si, and would represent the best semitransparent
neutral-colored solar cell eﬃciency to date. Once we
have resolved the lower open-circuit voltages in these
microstructured perovskite solar cells, the Voc should
be able to be pushed up toward 1.1 V, which is
achievable in uniform planar heterojunction solar
cells,22 which will result in another 2030% increase
in relative eﬃciency. In addition, we are still employing
TEC7 FTO-coated glass, which is not the most transmissive conducting layer, and further improvements

Figure 4. Color-tinted semitransparent solar cells. (a)
Photographs of semitransparent perovskite solar cells without (left) and with (right) D102 dye included in the spiroOMeTAD layer, with 10 nm gold electrodes. (b) Transmittance spectra of the active layer of such cells. (c) Average
current densityvoltage characteristics of such solar cells,
demonstrating eﬀectively no change in performance with
inclusion of the dye. Device performance parameters are
shown in the inset. Averages are numerical averages from
nine D102-doped and 12 control cells.

are still possible by simply employing a more transparent anode and an anti-reﬂective coating (an estimation
of the further increases in eﬃciency possible is discussed in the Supporting Information).
Having demonstrated a new and versatile means
to form neutral-colored semitransparent solar cells, of
further interest would be the prospect for lightly colortinting such cells. With the microstructured architecture, we can envisage that it should be easy to optically
modify the semitransparent cells by incorporation of a
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optimized semitransparent perovskite solar cells. For
this purpose, low-temperature processable and ideally
solution-processable electrodes need to be developed,
which have toward 90% AVT with the order of 10 Ω/0
sheet resistivity and exhibit good ohmic contact to the
hole transporter. Solutions may come from transparent
conducting oxides, carbon nanotubes, graphene, or
metallic nanowires, such as silver.6,26,3035
A key concern for an application such as architectural glass is that of long-term stability. Power-generating
glass must have a long functional lifetime to avoid the
expense of replacing it regularly. The methylammonium
lead halide perovskite is hygroscopic, indicating that
substantive sealing from the atmosphere is required,
facilitated by sealing between two glass sheets. Recent
preliminary work on stability has also shown that, even
with rudimentary sealing from the atmosphere, such
solar cells are already relatively robust to prolonged
exposure and operation under full spectrum sun
light.21,36 Ensuring the materials and solar cell composites are capable of attaining operational lifetimes of
over 25 years should attract signiﬁcant research attention going forward and is likely to be a surmountable
challenge.

METHODS

The dewet perovskite layers were deposited by spin-coating
a nonstoichiometric precursor solution of methylammonium
iodide and lead chlorine (3:1 molar ratio, ﬁnal concentrations
0.88 M lead chloride and 2.64 M methylammonium iodide) in
either dimethylsulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP),
or N,N-dimethylformamide (DMF) (not mixtures of). The ﬁlms
were then annealed to dewet and crystallize the perovskite.
Details of the conditions used to produce a certain active layer
transmittance are reported in the Supporting Information. Spincoating and annealing were carried out in either air or a moistureand oxygen-free glovebox (H2O < 1 ppm) at 2000 rpm Annealing
was carried out at a range of temperatures between 90 and 130 °C.
The hole-transporting layer was then deposited via spincoating a 0.788 M solution in chlorobenzene of 2,20 ,7,70 tetrakis-(N,N-di-p-methoxyphenylamine)-9,90 -spirobiﬂuorene

Materials. Unless otherwise stated, all materials were purchased from Sigma-Aldrich or Alfa Aesar and used as received.
Spiro-OMeTAD was purchased from Borun Chemicals. CH3NH3I
was synthesized in-house according to a reported procedure.20
Semitransparent Perovskite Solar Cell Preparation. Devices were
fabricated on fluorine-doped tin oxide (FTO)-coated glass (Pilkington,
7 Ω/0). Initially, FTO was removed from regions under the
anode contact by etching the FTO with 2 M HCl and zinc
powder. Substrates were then cleaned sequentially in hallmanex detergent, acetone, propan-2-ol, and oxygen plasma.
A ∼50 nm hole-blocking layer of compact TiO2 was deposited
by spin-coating a mildly acidic solution of titanium isopropoxide in ethanol (350 μL in 5 mL of ethanol with 0.013 M HCl) at
2000 rpm and annealed at 500 °C for 30 min.
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dye or pigment into the regions where light passes
through. Here, we simply dissolved an indolene dye
termed D102 into the spiro-OMeTAD solution, and
upon application to typical semitransparent cells, it
produces “rose-tinted” devices (Figure 4a).27 Plotting
this tinted active layer on the chromacity diagram in
Figure 1f shows that these ﬁlms lie in the pale pink
region. As we show in Figure 4b, the absorption peak of
the dye in addition to the perovskite attenuation is
apparent in the transmittance spectrum. While light
absorbed by the dye will not contribute to photocurrent,
device performance should remain unaltered provided
the dye has not introduced any detrimental electronic
artifacts. We show the currentvoltage curves of such
devices in Figure 4c which conﬁrm this; on average, the
rose-tinted cells perform similarly to the control cells.
Another way of providing semitransparency would
be to use a wider band gap perovskite, of which there
are many known examples.19,28,29 However, this system would be restricted to the range of colors attainable with such a semiconductor (yellow, through red,
to brown); the advantage of dye-tinting a neutralcolored “base” is that any color of dye or pigment
could be incorporated, and those with proven resilience to long-term exposure to light, and even colors
typically challenging to achieve with semiconductors
such as green or blue.
There is no “ideal” semitransparent solar cell because it depends upon the color desired. For an application requiring colors achievable with a semiconductor, a continuous layer of wider band gap perovksite
might be preferable. However, the novelty of the
present work is that we have fabricated neutralcolored semitransparent solar cells. For color-neutrality,
a band gap of ∼1.6 eV or lower is necessary, so that a
thick layer absorbs all visible light and hence looks
black. This conﬁguration also allows the addition of
any color to the gray base, providing much greater
ﬂexibility in terms of independence of color and
semitransparency.
As discussed brieﬂy earlier, more transparent electrodes are necessary, speciﬁcally the cathode, for fully

CONCLUSIONS
In summary, we have demonstrated the fabrication
of neutral-colored semitransparent solar cells by creating microporous layers of organometal halide perovskite by partial dewetting of solution-cast ﬁlms. Our
complete devices show good eﬃciencies at reasonable
levels of transparencies, with signiﬁcant scope for
further improvement by implementing electrodes with
higher transparencies and enhancing the open-circuit
voltage. Furthermore, we have demonstrated that the
microstructured perovskite ﬁlm concept can be easily
adapted to integrate color into semitransparent devices with no loss in eﬃciency. This work now enables
perovskite solar cells to not only compete for higheﬃciency opaque applications but also oﬀer an ideal
solution to building integrated photovoltaics: neutralcolor semitransparency at comparatively high eﬃciency.
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Conflict of Interest: The authors declare no competing
ﬁnancial interest.

597

2014
www.acsnano.org

ARTICLE

26. Ellmer, K. Past Achievements and Future Challenges in the
Development of Optically Transparent Electrodes. Nat.
Photonics 2012, 6, 809–817.
27. Schmidt-Mende, L.; Bach, U.; Humphry-Baker, R.; Horiuchi,
T.; Miura, H.; Ito, S.; Uchida, S.; Grätzel, M. Organic Dye for
Highly Eﬃcient Solid-State Dye-Sensitized Solar Cells. Adv.
Mater. 2005, 17, 813–815.
28. Im, J.-H.; Chung, J.; Kim, S.-J.; Park, N.-G. Synthesis, Structure, and Photovoltaic Property of a Nanocrystalline 2H
Perovskite-Type Novel Sensitizer CH3CH2NH3PbI3. Nanoscale Res. Lett. 2012, 7, 353.
29. Mitzi, D. B. In Progress in Inorganic Chemistry; Karlin, K. D.,
Ed.; John Wiley & Sons: New York, 1999; Vol. 48, pp 1122.
30. Gaynor, W.; Burkhard, G. F.; McGehee, M. D.; Peumans, P.
Smooth Nanowire/Polymer Composite Transparent Electrodes. Adv. Mater. 2011, 23, 2905–2910.
31. Krantz, J.; Stubhan, T.; Richter, M.; Spallek, S.; Litzov, I.; Matt,
G. J.; Spiecker, E.; Brabec, C. J. Spray-Coated Silver Nanowires as Top Electrode Layer in Semitransparent P3HT:
PCBM-Based Organic Solar Cell Devices. Adv. Funct. Mater.
2012, 23, 1711–1717.
32. Yang, D.; Meng, G.; Zhang, S.; Hao, Y.; An, X.; Wei, Q.; Ye, M.;
Zhang, L. Electrochemical Synthesis of Metal and Semimetal NanotubeNanowire Heterojunctions and Their
Electronic Transport Properties. Chem. Commun. 2007, 1,
1733–1735.
33. Wu, J.; Becerril, H. A.; Bao, Z.; Liu, Z.; Chen, Y.; Peumans, P.
Organic Solar Cells with Solution-Processed Graphene
Transparent Electrodes. Appl. Phys. Lett. 2008, 92, 263302.
34. Wang, X.; Zhi, L.; Müllen, K. Transparent, Conductive
Graphene Electrodes for Dye-Sensitized Solar Cells. Nano
Lett. 2008, 8, 323–327.
35. van de Lagemaat, J.; Barnes, T. M.; Rumbles, G.; Shaheen,
S. E.; Coutts, T. J.; Weeks, C.; Levitsky, I.; Peltola, J.; Glatkowski,
P. Organic Solar Cells with Carbon Nanotubes Replacing
In2O3:Sn as the Transparent Electrode. Appl. Phys. Lett.
2006, 88, 233503.
36. Leijtens, T.; Eperon, G. E.; Pathak, S.; Abate, A.; Lee, M. M.;
Snaith, H. J. Overcoming Ultraviolet Light Instability of
Sensitized TiO2 with Meso-superstructured Organometal
Trihalide Perovskite Solar Cells. Nat. Commun. 2013,
10.1038/ncomms3885.
37. Rasband, W. ImageJ 2005, http://rsb.info.nih.gov/ij/.

EPERON ET AL.

VOL. 8

’

NO. 1

’

591–598

’

598

2014
www.acsnano.org

