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B
uilding-integrated photovoltaics (BIPV)

are an attractive concept for econom-

ic generation of solar power.1 Inte-

gration 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 genera-

tion, rather than simply employing the lim-

ited 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 em-

ployed 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 neutral-

color 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).2�7

These technologies are solution-processable,

representing a low-cost productionmethod

and easy scalability.8 Impressive recent

progress has been made with neutral-

colored OPVs.7,9,10 However, their efficien-

cies 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 cho-

sen 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, cur-

rently 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 semiconduc-

tor, 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 re-

cently emerged as a new and intriguing

class of photovoltaic materials. They have
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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.
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properties similar to bulk inorganic semiconductors

but can be processed at low temperatures using

inexpensive and abundant materials.14�20 They have

now demonstrated surprisingly high power conver-

sion efficiencies of over 15% in a range of device

configurations.21,22 Our recent work has shown that

high-efficiency CH3NH3PbI3�xClx 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 character-

istics make such perovskites ideal materials for fabrica-

tion of semitransparent windows. However, they fall

firmly within the thin-film category, and a thin contin-

uous perovskite film suffers from the same reddish-

brown tint as conventional semiconductors.

We have recently investigated and developed a

methodology to control the fractional surface cover-

age of CH3NH3PbI3�xClx perovskite films, with the tar-

get 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) compo-

nents allows morphological change due to minimiza-

tion of surface energy.23 The evolution of morphology

depends upon several parameters. We found that by

controlling parameters such as the initial film thick-

ness, 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 microstruc-

tured 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 exclu-

sive to organics.

RESULTS AND DISCUSSION

In Figure 1a, we show a schematic of the dewetting

process to produce discontinuous regions of the per-

ovskite absorber CH3NH3PbI3�xClx. 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

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 effec-

tively 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 thewhole 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-p-

methoxyphenylamine)-9,90-spirobifluorene (spiro-

OMeTAD). As such, from now, we define the “active

layer” as the structure: compact TiO2/perovskite/spiro-

OMeTAD. Furthermore, as the application for semitran-

sparent solar cells is for visible aesthetics, we are

interested in the visible wavelengths, between 370

and 740 nm. We define the average visible transmit-

tance (AVT) as the mean transmittance of a film

between these wavelengths.

We fabricated perovskite films on compact TiO2-

coated FTO glass under a range of processing condi-

tions (see Supporting Information) in order to achieve a

wide range of transparencies. We measured the per-

ovskite surface coverage via analysis of SEM images,

then applied the spiro-OMeTAD layer and measured

the AVT with an integrating sphere (details in Support-

ing Information). In Figure 1d, we show thedependence

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 showaselectionof representative active

layer transmittance spectra in Figure 1e. We see encoura-

gingly 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 proto-

col, 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 eviden-

tially not thick enough to fully absorb the light at the red

end of the spectrum. This is seen in Figure 1e, where

evenwith 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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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 theCIE 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 transmis-

sion spectrum of the active layer in question.3,25 We

calculated x and y color parameters for the samples

labeled A�E in Figure 1e and display the results on the

CIE 1931 xy chromacity diagram in Figure 1f. We also plot

a ∼200 nm thick continuous perovskite film, the refer-

ence daylight illuminant D65, and the AM1.5 spectrum.

The color coordinates of the most transmissive active

layers (A�C) are located very close to the AM1.5 spec-

trumand theD65 reference in the lowcolorfulness region

of the chromacity diagram, representing excellent color-

neutrality. 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

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 electronmicrograph 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.
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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 islandswith a thin

layer. Ideally, we would use extremely transparent and

conductive electrodes on both sides in order to main-

tain 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 efficien-

cies against the AVT of the whole device (including

10 nm gold electrode) from a single batch of devices,

extracted from current density�voltage curves mea-

sured under simulated AM1.5, 100 mW cm�2 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

density�voltage curves from the same devices split

into intervals of AVT. We observe a reduction in photo-

current for the higher transmittance devices. As ex-

pected, more light passes straight through the device.

Remarkably, we find that device yield in these highly

discontinuous films does not suffer from critical shunt-

ing, 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,

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 J�V curves, it appears

Figure 2. Semitransparent neutral-colored perovskite solar
cells. (a) Diagram showing the architecture of the dewet
planar perovskite heterojunction solar cell. (b) Tilted cross-
sectional SEM image of a full semitransparent solar cell
showing the perovskite islands coated with spiro-OMeTAD.

Figure 3. Semitransparent solar cell deviceperformance. (a)
Power conversion efficiencies for a batch of individual solar
cells with∼10 nmAu electrodes, plotted as a function of full
device AVT. (b) Average current density�voltage (J�V)
characteristics for the cells plotted in (a). The curves are
numerical averages of the current�voltage characteristics
for individual cells split into the AVT intervals shown,
with 5�15 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 trans-
parent 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 isplotted. In all cases, PCEwasextracted fromcurrent�
voltagemeasurements performedunder 100mWcm�2AM1.5
illumination. Full performance data for all devices in this figure
are shown in Supporting Information Tables ST1 and ST2.
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that, for the higher transmittances (i.e., lower perov-

skite 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 char-

acteristics 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

beenobserved tohave anopen-circuit voltageof>1V.22

Thus, with higher perovskite coverage, the fraction

of spiro-OMeTAD/perovskite/compact TiO2 diode area

compared to spiro-OMeTAD/compact TiO2will 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 con-

version efficiency from measuring current�voltage

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 conver-

sion 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 20�30% increase

in relative efficiency. In addition, we are still employing

TEC7 FTO-coated glass, which is not the most trans-

missive conducting layer, and further improvements

are still possible by simply employing a more transpar-

ent anode and an anti-reflective coating (an estimation

of the further increases in efficiency possible is dis-

cussed 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 color-

tinting such cells. With the microstructured architec-

ture, we can envisage that it should be easy to optically

modify the semitransparent cells by incorporation of a

Figure 4. Color-tinted semitransparent solar cells. (a)
Photographs of semitransparent perovskite solar cells with-
out (left) and with (right) D102 dye included in the spiro-
OMeTAD layer, with 10 nm gold electrodes. (b) Transmit-
tance spectra of the active layer of such cells. (c) Average
current density�voltage 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.
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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

absorbedby thedyewill not contribute to photocurrent,

device performance should remain unaltered provided

the dye has not introduced any detrimental electronic

artifacts. We show the current�voltage 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 sys-

tem would be restricted to the range of colors attain-

able with such a semiconductor (yellow, through red,

to brown); the advantage of dye-tinting a neutral-

colored “base” is that any color of dye or pigment

could be incorporated, and those with proven resili-

ence 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 be-

cause it depends upon the color desired. For an appli-

cation requiring colors achievable with a semiconduc-

tor, a continuous layer of wider band gap perovksite

might be preferable. However, the novelty of the

present work is that we have fabricated neutral-

colored 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 elec-

trodes are necessary, specifically the cathode, for fully

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 10Ω/0

sheet resistivity and exhibit good ohmic contact to the

hole transporter. Solutionsmay come from transparent

conducting oxides, carbon nanotubes, graphene, or

metallic nanowires, such as silver.6,26,30�35

A key concern for an application such as architectur-

al 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 compo-

sites are capable of attaining operational lifetimes of

over 25 years should attract significant research atten-

tion going forward and is likely to be a surmountable

challenge.

CONCLUSIONS

In summary, we have demonstrated the fabrication

of neutral-colored semitransparent solar cells by creat-

ing microporous layers of organometal halide perov-

skite by partial dewetting of solution-cast films. Our

complete devices showgood efficiencies at reasonable

levels of transparencies, with significant scope for

further improvement by implementing electrodeswith

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 de-

vices with no loss in efficiency. This work now enables

perovskite solar cells to not only compete for high-

efficiency opaque applications but also offer an ideal

solution to building integrated photovoltaics: neutral-

color semitransparency at comparatively high efficiency.

METHODS

Materials. Unless otherwise stated, all materials were pur-
chased 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
fabricatedon fluorine-doped tinoxide (FTO)-coatedglass (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 hallma-
nex 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 isoprop-
oxide 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.

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. Spin-

coating and annealing were carried out in either air or a moisture-

and oxygen-free glovebox (H2O < 1 ppm) at 2000 rpm Annealing

was carriedout at a rangeof temperatures between90 and130 �C.
The hole-transporting layer was then deposited via spin-

coating a 0.788 M solution in chlorobenzene of 2,20 ,7,70-
tetrakis-(N,N-di-p-methoxyphenylamine)-9,90-spirobifluorene
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(spiro-OMeTAD), with additives of 0.0184 lithium bis(trifluoro-
methanesulfonyl)imide (added in 0.61 M acetonitrile solution)
and 0.0659 M 4-tert-butylpyridine. Spin-coating was carried out
in air at 2000 rpm.

Gold electrodes were thermally evaporated under vacuum
of∼10�6 Torr at a rate of∼0.1 nm/s to complete the devices. For
semitransparent contacts, ∼10 nm was deposited.

Device Characterization. The current density�voltage (J�V)
curves were measured (2400 series sourcemeter, Keithley Instru-
ments) under simulated AM1.5 sunlight at 100 mW cm�2

irradiance generated by an Abet Class AAB sun 2000 simulator,
with the intensity calibrated with an NREL calibrated KG5
filtered Si reference cell. The mismatch factor was calculated
to be less than 1%. The solar cells were masked with a metal
aperture to define the active area, typically 0.09 cm�2

(measured individually for each mask), and measured in a
light-tight sample holder to minimize any edge effects and
ensure that the reference cell and test cell are located during
measurement in the same spot under the solar simulator.

Optical Measurements. Transmittance and reflectance spectra
were collected with a Varian Cary 300 UV�vis spectro-
photometer with an internally coupled integrating sphere.

Film Characterization. AHitachi S-4300 field emission scanning
electron microscope and a FEI Inspect S50 tungsten source
scanning electron microscope were used to acquire SEM
images. To determine coverage of perovskite films from SEM
images, ImageJ37was used to define a grayscale threshold such
that the perovskite was distinct from the substrate, andpercent-
age coverage was then calculated by the program. Sample
thicknesses were measured using a Veeco Dektak 150 surface
profilometer.
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