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Multi-functional solar cells that can create semitransparency
or desired colors have recently garnered much attention due
to their potential in incorporating aesthetic functionalities
into building envelopes, such as windows, facades, and walls,
allowing large surfaces of the buildings to be utilized for light-
harvesting. Here, we present optical microcavity-embedded
decorative perovskite solar cells producing distinctive
transmissive colors. Any individual semitransparent colors
can be created by strong interference effects in the
microcavity system, which are easily tuned by changing the
thickness of the optical spacer layer of the microcavity. Our
colored cell devices show the power conversion efficiency of
up to ~4% with high internal quantum efficiency that is
attributed to a greatly minimized charge carrier
recombination. The approach could bring us one step closer
towards energy-saving ultra-thin color display devices and
power generating panels for building decoration.

Introduction

Recently, perovskite semiconductors have emerged as a highly
attractive photovoltaic (PV) material due to their ability to be
fabricated via solution process at low temperatures and with low
cost, offering clear advantages over the conventional inorganic
PV platforms. In addition, their properties are similar to the

inorganic materials, thus being able to achieve high performances.

Particularly, considerable attention has been given to the
organolead halide perovskite material CH3;NH;Pbls,Cl, that
shows strong optical absorption characteristics over a wide range
of visible spectrum, and high power conversion efficiency has
been achieved even in a simple planar device structure. The
thickness of the semiconducting perovskite films used in previous
reports is typically a few hundred nanometers so that the majority
of the visible lights can be fully absorbed by the photoactive layer
for generating large amounts of electricity.”™* However such a
thick photoactive layer always leads to a black appearance that is
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not visually attractive, and only suitable for a rooftop installation
with limited area, especially for modern high-rise building, while
a large number of building envelopes, such as facades, skylights,
walls, and windows, cannot be efficiently used for light-
harvesting. In order to achieve a semitransparent characteristic,
the semiconductor layer thickness has to be greatly reduced.
However, the resulting color of a thinner perovskite film has a
dark brown color with a reddish tint, very limited in terms of
producing visually appealing PV panels.*?

In PV applications, aesthetic features of PV cells have
attracted significant interest due to increasing needs for building-
integrated PV (BIPV) that can be harmoniously integrated with
the building envelopes. Driven by these strong demands, an
organic PV device structure integrated with plasmonic color
filters was developed to create desired reflective colors and
simultaneously generate the electric power.”® However the
resulting PV cells can produce the colors only at a certain angle
and also work for a specific polarization, both of which are
attributed to the inherent property of the surface plasmon
resonance. To address these challenges, amorphous silicon (a-Si)
based hybrid PV cells exploiting strong interference effects in an
ultra-thin a-Si active layer and able to create a wide range of
transmission and reflection colors have recently been
demonstrated.’**® In particular, the incident angle and
polarization insensitive performances have been achieved by
zeroing the optical phases of propagation and reflections.*° In
this configuration, the a-Si layer functions as an optical cavity
medium as well as photoactive layer, and therefore, the thickness
of the a-Si film was limited up to 31 nm so as to make an optical
resonance at visible frequency. However, the power conversion
efficiency is limited by the ultra-thin thickness of the photoactive
layer and achieving a very thin and smooth a-Si layer could be
challenging. In fabrication, plasma-enhanced chemical vapor
deposition (PECVD) process needs to be used to deposit a-Si.

75 Therefore, a new scheme that can create aesthetic functionalities

and PV performance enhancements with solution processability is
strongly desirable for large area decorated PV application.
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Fig. 1 (a) A schematic view of the proposed colored, semitransparent perovskite PV device employing a microcavity consisting of a
dielectric medium sandwiched by optically thin metallic layers in the cathode side. The desired transmission RGB colors can be
tuned by simply altering the thickness of the dielectric layer in the microcavity. Each layer’s thickness is as follows:
PEDOT:PSS=50 nm, Perovskite=80 nm, PCBM=60 nm, Ag=20 nm, PTCBI=8 nm, WO,;=65 (Blue), 85 (Green), 115 nm (Red). (b)
Energy level diagram of each layer in the proposed device structure. The energy level is relative to the vacuum level. PVSK

represents CH;NH3Pbl,Cl, and the unit is electron volt (eV).

In this work, we demonstrate colored and semitransparent
perovskite PV cells by adopting an optical microcavity
configuration where two optically thin metallic layers separated
by a dielectric film are employed as a cathode. Simply altering
the thickness of the dielectric layer inside such a composite
cathode structure enables the resonance transmission of certain
wavelength of visible lights (e.g., transmitting red, green, and
blue (RGB) colors), without impacting the charge collections by
the electrode. In this proposed device structures the non-
transmitted portion of the incident light is reflected back to the
perovskite material and leads to a strong optical field in the
photoactive layer at these complementary spectral regions that
improve the photocurrent generation. We also show that the
majority of the incident photons absorbed by the perovskite
photoactive layer are effectively collected by the electrode due to
the thin perovskite film thickness (~80 nm) that is much shorter
than a charge diffusion length in the perovskite material, thus
leading to highly suppressed charge carrier recombination. The
presented scheme offers an appealing path towards decorative
BIPV and energy-efficient e-media.

Results and discussion

Fig. 1 (a) presents a schematic diagram of the proposed colored
perovskite PV device  structure:  glass/ITO/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOQT:PSS)/CH;NH3Pbl 5, Cl/phenyl-Cg;-butyric acid methyl
ester (PCBM)/perylenetetracarboxylic bis-benzimidazole
(PTCBI)/Ag/ tungsten trioxide (WO3)/PTCBI/Ag. The details of
a device fabrication are given in the Experimental Section. Here,
PEDOT:PSS, CH3NHsPbl;,Cl, and PCBM correspond to p-, i-
and n- layers, respectively, and a planar p-i-n structure is
constructed by layer-by-layer deposition. The thickness of the
perovskite layer is 80 nm, allowing some portions of incident
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light to pass through to reach the microcavity cathode, which will
be utilized for creating transmitted R, G, B colors. Ag/WO,/Ag, a
metal-dielectric-metal (MDM) multilayer structure, is utilized not
only as a semitransparent electrode?? but also functions as a
Fabry-Perot optical cavity to transmit a certain portion of the
incident solar spectrum tuned easily by the thickness of the WO,
layer. We note that the expected power conversion efficiency
would be lower than what has been reported as the thickness of
the perovskite photoactive layer used in our design is much
thinner than the thickness in other works and the cathode is
designed to be semitransparent to create the transmitted colors.
This suggests that there is a trade-off between the power
conversion efficiency and the transmission efficiency. It should
also be noted that each Ag layer is preceded by a very thin
organic material, PTCBI, to promote a smooth surface of an
optically thin Ag film that minimizes the light scattering loss.***°
In addition to the smooth thin Ag film formation, the PTCBI
layer, in particular interfaced with the PCBM, functions as an
efficient hole blocking layer due to good energy band alignment
as shown in Fig. 1 (b).

In Fig. 2 (a), the simulated (solid curves) and measured (dotted
curves) spectral transmittance curves of the RGB colored
perovskite PV devices at normal incidence are presented. 115, 85,
and 65 nm of the WO; film thickness are used in order to produce
RGB transmission colors, respectively, while the rest of layers’
thicknesses remain the same for all colored devices as described
in the caption of Fig. 1 (a). The corresponding Fabry-Perot
resonances in the transmittance are 630, 540, and 450 nm,
respectively. A transfer matrix method-based optical simulation
was carried out based on refractive indices of all the materials
measured by using a spectroscopic ellipsometer (M-2000, J. A.
Woollam), which is given in the Supplementary Information.
Each resonant wavelength in the measured transmittance spectra
was in good agreement with that in the simulated results. On the
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other hands, bandwidth and peak values of the simulated
transmittances were slightly higher than those of measured ones.
These discrepancies between the simulated and measured profiles
get large as the wavelength increases, which is attributed to the

s fact that the red colored cell has the sharpest resonance among the
three colored devices due to relatively small optical absorptions
of the perovskite material at longer wavelengths (See the
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Fig. 2 (a) Simulated and measured spectral transmittance curves
of the proposed colorful, see-through perovskite PV devices at
normal incidence. Increasing the thickness of the WO; layer in
the microcavity cathode allows the resonance (i.e., transmission
peak) to be shifted toward the longer wavelengths. The
resonances at 630 (Red), 540 (Green), and 450 nm (Blue) are
attained by 115, 85, and 65 nm of the WO; layer thicknesses,
respectively. As the wavelength increases, the difference between
the simulated and measured transmission spectra becomes large.
Due to the negligible absorption of the perovskite photoactive
layer at longer wavelengths, the red colored PV cell has the
sharpest resonance behavior that can be strongly weakened by
the surface roughness. (b) Optical photographs of fabricated
colored PV devices. The background image can be clearly seen
through our fabricated samples with RGB colors.

wavelength-dependent imaginary part of the refractive index of
the perovskite material in the Supplementary Information). Such
a sharp resonance effect (i.e., strong optical interference) can be
strongly influenced by the roughness in thin films that cause the
scattering and graded refractive index effect, thus rendering the
resonance broad with lower efficiency. Note that our colored
devices show a low transmission at around 780 nm that
corresponds to the band gap of the perovskite material, which is
distinctly different from what has been observed from the
previously reported semitransparent perovskite solar cells,'2%"-%
Due to the low absorption coefficient of the perovkiste material at
780 nm, the transmission of the previous demonstration is always
high, showing reddish transmitted colors. In our case, however,
strong optical interference behaviors in the MDM multilayer
structure allows incident light at off-resonance wavelengths to be
destructively interfered, thus leading to strong reflections. We
also note that a part of the photons in the blue spectral region of
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AML15 is transmitted, which cannot be harvested by the blue
colored cell. This is responsible for the lowest short-circuit
current density (Ji) among the three colored devices, which will
be validated by measuring a current density-voltage (J-V)
characteristics later. On the other hand, the highest J. can be
achieved by the red colored device since most incident solar light
energy, in particular shorter wavelengths where the optical
absorption of the perovskite material is fairly large, can
contribute to electric power generation without much disturbance.
Fig. 2 (b) exhibits optical images of the fabricated devices,
showing that a background water fountain can be seen through
the fabricated colored cells with distinctive RGB colors. Note that
the different colors can be readily tuned by altering the thickness
of the optical spacer layer (i.e., WO,) in the MDM while keeping
the other layers the same (including perovskite semiconductor),
therefore the proposed approach can be easily scaled to large
areas.™

Fig. 3 depicts normalized intensity distributions of the optical
field of the RGB colored PV devices, each of which has different
thickness of the optical spacer layer WO3 (R: 115 nm, G: 85 nm,
and B: 65 nm). In all three structures there is strong optical field
intensity in the WO; layer inside the MDM structure, and the
wavelength showing high optical field concentration in the
optical spacer layer matches well with the peak position of the
spectral transmittance as exhibited in Fig. 2 (a), indicating a
strong Fabry-Perot resonance behavior for the three colored cells.
We also note that the blue colored cell shows a lower magnitude
of the optical field intensity in the MDM structure since the
majority of shorter wavelengths are harvested by the perovskite
photoactive layer.

The optical resonance in the MDM structure could affect the total
optical interference inside the devices; hence, the light absorption
at the perovskite layer is influenced as well. To elucidate how
much the light absorption at the perovskite layer is changed by
the optical interference effects, we focus on the absorption
spectra of the photoactive layer and the corresponding
photocurrent. As the photoactive layer thickness is the same and
the thin Ag layer in the cathode results in a weak reflection, it is
thus expected to have the similar optical absorption
characteristics for the three colored devices despite the different
resonance wavelength. Simulated absorption spectra in the
photoactive layer of the colored solar cells are shown in Fig. 4 (a),
which match well with measured external quantum efficiency
(EQE) spectra depicted in Fig. 4 (b). This good agreement
indicates that there is negligible charge carrier recombination, and
that a conversion of the absorbed photons into photogenerated
charges collected by the electrode with nearly 100% efficiency.
This can be explained by the fact that a typical diffusion length of
the perovskite material is much longer than the thickness of the
perovskite layer used in our colored cell design.*** From the
measured EQE spectra, it is clear that the blue colored cell has
the relatively lower EQE profiles at a blue spectral range as
compared to the green and red cell devices because the resonance
in the spectral transmittance at 450 nm is created for transmitting
the blue color, which cannot be utilized for electric power
generation, while the EQE spectrum of the red colored device is
lower than that of both the blue and green colored cells at around
600 nm.

This journal is © The Royal Society of Chemistry [year]
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Finally we show the electrical characteristics of the microcavity-
embedded perovskite PV devices. The current — voltage (J-V)
measurements of the colored PV cells under simulated AM 1.5
sunlight illumination are shown in Fig. 5. The electrical
s performances of each colored PV cells are also summarized in the
inset. As we expected, the blue colored device shows a lower Jg
value (6.89 mA cm?) than the green (7.08 mA cm) and red cells
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15 (Vo) 0f 0.83 V and a fill factor (FF) of 61%, yielding a power
conversion efficiency of 3.86%. In such a colored device
configuration, Js is limited due to the requirement of transmitting
a specific color. However, V. and FF could be improved by the
optimization of the interface and device fabrication as for the case

20 of conventional perovskite PV cells. We believe the design
strategy described here could bring the PV cells into architectures
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Fig. 3 Normalized optical field intensity profiles of the colored PV cells with different thickness of the WO3; medium: 65 nm (left), 85
nm (medium), and 115 nm (right). The incident light is coming from the left-hand side and the boundary of each medium is indicated by
white dotted lines. The position where the optical field is highly concentrated in the WO4 layer corresponds to the resonance wavelength
that is in good agreement with the transmission peak as shown in Fig. 2 (a).
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Fig. 4 (a) Simulated optical absorption spectra in the perovskite photoactive layer for three RGB individual colored PV cells. (b) The
corresponding measured external quantum efficiency (EQE) profiles exhibiting relatively good agreement with the simulated results.
This leads to insignificant charge carrier recombination implying that converting the absorbed photons into photogenerated charges with
high efficiency is achieved.

(7.63 mA cm®). This is attributed to the fact that creating the
transmitted resonance at the short wavelength region that
10 corresponds to strong absorption range of the perovskite
absorption causes the short wavelengths of the incident solar
spectrum not to be fully harvested by the solar cell devices, thus
leading to lower J. value for the blue colored device. The red
colored cell shows Jg, of 7.63 mA cm, an open-circuit voltage

with a wide variety of appealing design features, thus opening the
potential for decorative BIPV.

s Conclusions

In conclusion, we have demonstrated a microcavity-embedded
photonic color filtering scheme integrated with perovskite PV
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cells capable of transmitting distinctive colored lights. The colors
can be readily tuned by varying the thickness of the optical spacer
inside the composite cathode. Therefore the design principle is
applicable to the entire visible wavelength range and the devices
can simultaneously generate electric power with up to ~4% of
power conversion efficiency. It has also been shown that greatly
suppressed electron-hole recombination is enabled by the ultra-
thin photoactive layer thickness as compared to the charge
diffusion length of the perovskite material. This technique open
the door to a number of applications, such as energy-efficient
colored display systems and decorative solar panels that can be
harmoniously integrated with the interior and exterior of the
buildings.

9
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Fig. 5 Measured current density vs. voltage (J-V) characteristics
of the colored semitransparent perovskite PV cell devices under
a simulated AM1.5 solar spectrum illumination (100 mW cm™).
The electrical performances, including Jg, V., and FF, of RGB
colored PV devices are given in the inset.

Experimental section

Device fabrication and characterization

ITO coated glasses (Rs=8-12 Q/square, Delta Technologies) were
cleaned with acetone and 2-propanol for 10 minutes successively
under sonication, followed by further cleaning with oxygen
plasma treatment for 3 minutes. PEDOT:PSS (CLEVIOS™ Al
4083) filtered with 0.45 m NY filter were spun on ITO coated
glasses at 4000 rpm for 60 seconds and annealed at 120 °C for 15
minutes. After the substrates were transferred to N, glovebox,
20wt% solution of methylammonium iodide and lead chloride
(3:1 molar ratio in DMF) was spun on PEDOT:PSS at 6000 rpm
for 45 seconds, followed by annealing at 80 °C for 3 hours.
Afterward, PCBM was coated by spin coating at 800 rpm for 30
seconds. PTCBI/Ag/WO,/PTCBI/Ag was deposited successively
by a thermal evaporation with shadow masks, making the device
area of 0.785 mm? (a circular area with the diameter of 1mm) for
electrical characteristics measurement. For the optical property
measurement, the samples were made without the shadow mask
so that the sample size is large as shown in Fig. 2 (b). J-V
measurements were performed with voltage scanning from
forward bias to backward bias at 0.01 V/sec under illumination of
AM 1.5 simulated sunlight.
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