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ABSTRACT: Improving the overall characteristics of semi-
transparent solar cells (STSCs) is a very hard goal, not only
because the absorption and the transmission of light through the
device are two competitive processes but also because the power
conversion efficiency (PCE) decreases with the angle of
incidence of sunlight rays due to Fresnel law limits. Here,
unprecedented single-junction perovskite STSCs have been
fabricated thanks to rational management of the transverse
magnetic and electric light reflection modes of a dielectric/
metal/dielectric triple layer used as a top electrode. This
approach allows an increase of the photocurrent density in a
broad angular range of the sunlight incidence and the overall
figure of merit of different kinds of perovskite-based solar cells
including PCE and light utilization efficiency (LUE), as well as aesthetic properties such as the color rendering index (CRI)
and CIELab chromaticity coordinates, thus showing a universal method for real building integration and agrivoltaic
applications.

In recent years, the power conversion efficiency (PCE) of
perovskite solar cells has shown an exponential increase,
reaching values over 26% due to their unique optical and

electrical properties that merge a high absorption coefficient
with a high carrier diffusion length.1,2 Moreover, due to the
easy tuning of the band gap (from 1.6 to 2.3 eV), halide-
perovskite materials are attracting more interest also for the
development of semitransparent solar cells (STSCs) integrated
in the windows of buildings and skyscrapers.3,4 This new
generation of devices may provide future green electricity,
reducing significantly the greenhouse emissions and decou-
pling the energy production from the energy distribution
currently based on expensive electrical grids.5 Agrivoltaics,
wearable electronics, and automobiles are other sectors where
perovskite−STSCs can find interesting applications.6 To
characterize the effectiveness of a STSC to transmit visible
light, an average visible transmittance (AVT) value ranging
from 15% for highly tinted glass up to 90% for clear glass, a
color rendering index (CRI) larger than 85, chromaticity
coordinates (CIELab a*, b*) in the range of −5 < a* < 1 and
−5 < b* < 5, and a CIE1931xy color space around (x = 0.3, y =
0.3) are considered acceptable in residential windows

applications.7,8 Moreover, the color difference between the
normal and off-viewing angle should be minimized to prevent
color variations when buildings are viewed at a distance.
Nevertheless, as stated by the upper theoretical Shockley−
Queisser (SQ) limit,9 the absorption, on which the photo-
voltaic effect is based, and transmission are two competitive
processes, making the achievement of such a goal very hard,
especially for no-wavelength-selective semitransparent solar
cells (NWS-STSCs). To account for such a limit, another
figure of merit is the light utilization efficiency (LUE), defined
as the product PCE × AVT. In NWS-STSCs, the SQ limit
imposes a LUE upper limit of 7.5 and 6.5% for an AVT of
about 50 and 30%, respectively.7,9 Several strategies have been
pursued to increase the AVT, such as (i) making the active
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layers thinner,4 (ii) reducing the perovskite coverage of the
substrate,10−14 and (iii) employing low reflecting electrodes
such as low-dimensional materials or highly doped transparent
semiconductors.15−23 Nevertheless, these strategies in general
are expensive, unfriendly for the environment, and produce
instability or even damage of the perovskite layer.16,22,24

Moreover, an improvement of the AVT results in a general
reduction of the PCE, thus affecting the LUE. Electrodes based
on a combination of layered materials with different
optoelectronic characteristics and functionalities have been
recently developed with the aim to increase both the PCE and
AVT. Among them, three-layered dielectric/metal/dielectric
(DMD) thin film sequences, exploiting different combinations
of materials, have been deeply explored in real devices.25−30

Nowadays, the best performances have been reached using an
MoO3/Au/MoO3 architecture as the top electrode in a mixed
based perovskite device, with a PCE of 12% and an AVT of
35%,31 thus achieving a LUE of 4.2%. In an unmixed FAPbI3-
based perovskite, a PCE of 15.3% and an AVT of 12.2% (LUE
= 1.86%) have been reported using an MoO3/Ag/WO3
architecture.25 Nevertheless, all these values are lower than
the benchmark required by the market in real building
applications, and no studies about the dependence of the
device performances on the light incident angle have been
reported.
Despite the several developed configurations, full control of

the electromagnetic wave propagation through such layered
materials, thus guaranteeing rational design of the electrode, is

still demanding. Recently, an analytical approach limited only
to propagation of light normal to the DMD surface has been
developed disregarding the role of the transversal electric (TE
or s) and magnetic (TM or p) modes at different angles of
incidence due to the difficulty in finding analytical solutions.32

However, this issue is a key point in practical photovoltaic
applications, such as building-integrated photovoltaic win-
dows.33

In the present work, we studied the propagation of light
through a WO3/Ag/WO3-DMD electrode by the variable-
angle ellipsometric spectroscopy (VASE) technique,34 with the
aim to engineer STSCs satisfying antireflection conditions in a
wide angular range of incident light. Since the impact of the
contact on the device stability is a common issue in the frame
of solar cell architectures with DMD,35 the system WO3/Ag/
WO3 has been selected due to the low sheet resistance of ∼10
Ω/sq,30,36 a WO3 work function of 4.8 eV37 that efficiently
extracts holes, and low diffusion of Ag compared to other
metals like Au or Cu through the dielectric, ensuring good
device stability.35 To demonstrate the universality of such an
approach, we implemented the optimized DMD structure in
two kinds of single-junction semitransparent unmixed solar
cells based on cesium formamidinium-lead-iodide
(Cs0.1FA0.9PbI3), and formamidinium-lead-bromide (FAPbBr3)
perovskites. Remarkable PCE values of 21.2% at an AVT of
15% and 8.9% at an AVT of 48.1% have been reached for
CsFAPbI3 and FAPbBr3, respectively, the highest so far
achieved for such materials. We realized also FAPbI3-based

Figure 1. (a) Working scheme of VASE. (b) Ellipsometry data at θc for DMD40. (c) s and p mode spectra at different angles of incident light.
(d) Transmittance spectrum of DMD40 and picture of the dielectric/metal (on the left) and the DMD40 electrode (on the right).
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cells for comparison, where the PCE is reduced to 16.2% while
AVT is increased to 22.5%, still higher than those reported in
the literature using the same active material. Such high
performances are obtained in a wide angular range up to about
50°, opposition to the typical device behavior in which
performances decrease with the angle due to the higher
intensity of back-reflected light. Moreover, LUEs of 4.3, 3.2,
and 3.7% have been reached for FAPbBr3, CsFAPbI3, and
FAPbI3 devices, respectively, the highest so far achieved in
unmixed perovskite solar cells. Regarding the other figures of
merit, these devices show CRI values of 62, 80, and 92 and
CIELab coordinates of (20.7, 41.4), (7.60, 4.80), and (2.88,
2.64), respectively, the last approaching neutrality color. All of
these achievements show that DMD technology can have a
huge impact in semitransparent perovskite solar cells.
Five different WO3/Ag/WO3 electrodes, with a fixed

nominal Ag thickness of 14 nm (being the lower limit allowing
for the best compromise between a good surface coverage and
optical characteristics) and a dielectric thickness d ranging
from 15 up to 70 nm have been realized: hereafter, for the sake
of simplicity, the electrodes are labeled DMDd, with d = 15,
30, 40, 55, and 70 nm. We have studied their electromagnetic
properties by VASE, consisting of analysis of the polarization
change of the incident light after reflection from the sample.
This change is characterized by ellipsometric phases, namely Ψ
and Δ, related to the reflection coefficients rs = |rs|eiδs and rp = |
rs|eiδp as follows: tan Ψ = |rp|/|rs| and Δ = δp − δs (see Figure
1a).34

In all devices with d ≥ 40 nm, we find a critical angle of
incidence θc and wavelength λc where Ψ approachs 90° (Figure
1b). In these conditions rs(θc;λc) ≅ 0 or, in other words, the
reflected light is fully p-polarized. The s and p modes of the
reflected light for DMD40 at different angles are reported in
Figure 1c, clearly showing that the s mode vanishes for θc =
46.30° and λc = 450 nm (see Figure S1 for the other devices).
It is worth emphasizing that, contrary to the other
configurations, the DMD40 electrode even shows a very low
p mode reflection intensity at the same critical wavelength
where the s mode vanishes, thus allowing for total
antireflection conditions. This leads to very high transmittance
values of >83% at around λc (Figure 1d). To understand the
electromagnetic behavior of the realized devices, we extracted
the optical dispersion of each layer in DMD configuration by
fitting ellipsometric data with appropriate models (see the
Experimental Methods and Figure S2). From VASE data, we

have extracted the real and imaginary parts ϵ1 and ϵ2 of the so-
called complex pseudodielectric function ⟨ϵ⟩,38 expressing an
averaged dielectric function of the full electrode. They are
reported in Figure 2a as a function of wavelength for DMD40,
55, and 70 at critical angles.
It is clear that in all of the samples, the imaginary component

ϵ2 vanishes at the wavelength λc (see also Figures S1 and S3 for
comparison), but only DMD40 displays a real dielectric
function similar to that of air, namely ϵ1(λc) ≅ 1 while for
DMD55 and DMD70 ϵ1(λc) ≅ 2 and ϵ1(λc) ≅ 10, respectively.
Therefore, DMD40 and air admittances perfectly match each
other (see also the inset of Figure 1d).
Starting from this preliminary study, the p and s reflection

mode coefficients, resulting from multireflection at the DMD
interfaces, have been calculated by developing a phasor-
reflected and transmitted light-field model. We emphasize that,
so far, only the normal incidence condition has been
analytically studied, besides with a low order of approxima-
tion,32 while our model considers the propagation of light at
any angle of incidence. In order to find analytical solutions, we
assume that (i) both top and bottom WO3 layers have the
same thickness d and refractive index n and (ii) the real part of
the Ag refractive index is negligible (ñAg ≅ ik), both
assumptions being justified by the data reported in Figure
S2. Under these assumptions, the reflectance (see the
Supporting Information for more details) is

+ + +
+ + +

+

+R
r r r r r r

r r r r r r

e e e

1 e e e
12 23

i2
34

i2( )
12 23 34

i2

12 23
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23 34
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12 34
i2( )

2 2 3 3

2 3 2 3 (1)

Here, rik are the Fresnel reflection mode coefficient amplitude
between the ith and the kth layers while = n d cosk k k k

2 is
the phase related to the optical path in the kth film where nk,
dk, and θk are the refractive index, the thickness, and the angle
of the propagation-ray in kth film, respectively. In order to
validate this model, we plotted the achieved reflectance spectra
at different angles of incident light, comparing them with the
experimental curves of s and p modes derived by ellipsometric
measurements. The good matching achieved between experi-
ments and theory is shown in Figure S1 for DMD55 and 70
and in Figure S3 for DMD40.
Starting from these achievements, antireflection conditions

(R ≅ 0) lead to the follow analytical solution expressing the
dielectric film thickness d as a function of the critical angle and
critical wavelength of incidence light:

Figure 2. (a) Real (top) and imaginary (bottom) parts of the complex pseudodielectric function at critical angle θc. (b) Theoretical AVR and
experimental AVT vs the dielectric thickness. (c) Reflectance intensity maps for s and p modes at λc = 450 nm as a function of WO3 top and
bottom layers thickness for CsFAPbI3 and FAPbBr3 perovskite-based cells.
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=d
g r

n2
( , )

sin
c

2 2
c (2)

where g(r,φ) is an analytical functions of r = r12 (see the

Supporting Information for details) and = +arctan k
n

sin
sin

2 2

2 2 .

Equation 2 is plotted in Figure S4 together with the
experimental data. We underline that this is the first
mathematical model reported for such structures at any angle
of light incidence, thus allowing for rational design of DMD
electrodes showing antireflection conditions in wide spectral
and angular ranges. Solving eq 1, we have calculated the
average visible reflectance (AVR), defined similarly to AVT but
with a reflection spectrum R(λ) replacing the transmittance
one. In Figure 2b, the AVR intensity versus d at normal
incidence of light is reported with experimental values of AVT,
while in Figure S5 it is represented also as a function of the
angle of incident light θ for both light incident from the DMD
side and light incident from the substrate side considering two
different substrates, namely, glass (n = 1.5) and organic
material (n = 1.7). Clearly, a dielectric thickness of 40 nm
allows one to achieve good antireflection conditions in a wide
angular range regardless of the layer under the WO3-bottom

and regardless of the side direction of incident light.
Correspondingly, a maximum AVT is achieved at the same
dielectric thickness with a remarkable value of 78% in the
wavelength range between 370 and 780 nm. Such good
performances are ascribed to a very low refractive index shown
by the Ag layer in a wide wavelength range (about 0.13
between 350 and 1000 nm), compared to other metal layers
such as Au (see Figure S6).39 This results in better
antireflection response for D/Ag/D electrodes, as reported in
Figure S7, compared to D/Au/D ones.
Since the transmittance properties of the analyzed electrodes

make them extremely appealing to increase the overall
performance characteristics of STSC devices, we have used
the DMD40 as the top electrode in perovskite solar cells with
the following architecture: ITO/SnO2/perovskite/spiro-OMe-
TAD/top electrode, making a comparison with reference
devices based on a 30 nm thick Au electrode.40−42 To check
the impact of the full cell structure on the antireflection
conditions, we performed optical simulations of light
reflectance intensity maps as a function of the dielectric
thicknesses, as reported in Figure 2c. As it is clear, the best
thickness compromise for WO3 layer thickness is still around
40 nm, as already observed for DMD deposited on glass
(Figure 2b), thus proving that the organic and perovskite

Figure 3. (a) Schematic of the STSC used in this work. (b) Absolute reflectance of DMD40-STSC and reference Au-STSC-based devices.
(c,d) Transmittance spectra of a net film on glass and DMD40-STSC devices at normal incidence and 45° off-normal incidence. Inset:
pictures of the full devices. (e,f) Transmittance spectra of a net film on glass and Au-STSC devices at normal incidence and 45° off-normal
incidence.
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underlayer interfaces do not modify the antireflection
conditions. This is further confirmed by observing that the
regions corresponding to the minimum reflectance in the maps
of Figure 2c have the same shape. The reason is that higher-
order contributions, such as r45, namely, the reflection at the
WO3-bottom/underlayer interface (WO3/glass or, in the case
of the solar cell, WO3/organic), are negligible with respect to
r12 (air/WO3-top), r23 (WO3-top/Ag), and r34 (Ag/WO3-
bottom) because the transmitted light is attenuated by the
reflection at each interface of the upper layers, antireflection
conditions being mainly due to the disruptive interference
between r23, r34, and r12 phasors (see the Supporting
Information).
A scheme of the realized devices is reported in Figure 3a,

while the X-ray diffraction spectra of perovskite layers and the
SEM cross section images of the devices are reported in
Figures S8 and S9, respectively. In Figure 3b, the absolute
reflectance of both Au and DMD40-based STSC devices has
been reported, showing a value ranging between about 8 and
14% for the former and less than about 5% for the latter, with
negligible reflection values around the critical wavelength (450
nm). The transmittance spectra of neat films and of DMD40-
STSC devices have been reported at normal incidence and 45°
off-normal incidence in Figure 3c,d for CsFAPbI3 and
FAPbBr3, respectively, clearly showing in both cases an
improvement of transmittance in the range where the DMD
reflectance is minimized. The transmittance spectra of
reference devices with Au have been also reported (Figure
3e,f) for comparison, showing a reduction with the light

incident angle due to the higher intensity of back-reflected
light.
We attribute this improvement to solely the antireflection

conditions reached by the DMD electrode, as shown by the
diffused reflectance (see Figure S10, where we also reported
the photon-balance check curves for all of the devices realized
in this work). The short-current density Jsc and PCE versus the
angle of incidence of light are reported in Figure 4 for the
overall realized devices. While the Au-based STSC devices
show a reduction of the overall performances with increasing
angle of incident light, on the contrary, the DMD40-based
ones display an increase of the overall values up to the critical
angle, then rolling off mainly because of the increasing
reflection intensity, as reported in Figure 1c. It must be
remarked that at 45° relative increases of 73 and 200% in PCE
for CsFAPbI3 and FAPbBr3, respectively, have been obtained
compared to the relative Au reference devices, thus resulting in
80 and 50 W of electrical power gained for each square meter
reached by solar peak radiation. The open-circuit voltage, VoC,
and fill factor, FF, for each of the devices at the different angles
are reported in Figures S11 and S12, showing no remarkable
differences between DMD40 and Au reference devices. This
demonstrates that the DMD40 electrode is efficient and stable
(as well as Au) to extract the electric charges produced by the
photoabsorption process, as reported also in Figure S13 for
time stability measurement of the maximum power point
current and Figure S14 and Table S1 for the hysteresis. In
Figure S15, we reported the VoC, Jsc, and FF versus AVT of the
devices reported in this work, compared with literature,43,44

Figure 4. Statistical distribution of Jsc and PCE data vs the light incident angle of CsFAPbI3 (red data) and FAPbBr3 (green data) devices
with the DMD40 electrode (a,c) and Au (b,d).
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from which emerged that good optical performances of the
DMD-based devices are reached without detriment of the
electrical ones.
The PCE and LUE versus AVT data are shown in Figure

5a,b, respectively, for the DMD40-STSC devices at 45° off-
normal incidence (star-like dots) compared with the overall
no-wavelength-selective-STSC so far reported in the liter-
ature,43,44 together with the SQ limit curves (red and blue dots
represent the data from literature related to unmixed and
mixed perovskite STSCs). As we can see, the devices reported
in this work outperform the values shown up to now in the
literature for the corresponding AVT.
In more detail, the DMD40-CsFAPbI3 device shows a PCE

of 21.2% at an AVT value of 15% while the DMD40-FAPbBr3
device reaches a PCE value of about 8.9% at an AVT of 48.1%.
In pure FAPbI3-based cells, although PCE decreases to 16.2%,
AVT increases up to 22.5%, still higher than those reported in
the literature for the same material-based devices.43,44 This is
mirrored in LUE values that are 3.2, 3.7, and 4.3% for
CsFAPbI3, FAPbI3, and FAPbBr3 best devices, respectively,

such values being the highest so far achieved for the
corresponding AVT. Concerning the other figures of merit,
the CsFAPbI3 device shows a CRI value of 80 and CIELab
coordinates of (+7.6, +4.8), among the best reported in the
literature so far,31 while for the FAPbBr3 device, a CRI of
about 62 and a*, b* of (+20.7, +41.4) are obtained, useful for
agrivoltaic applications. Such values are even better in the case
of pure FAPbI3 reaching CRI = 92 and CIELab of (+2.9, +2.6),
very near achieving neutral color appearance. We remark that
the net perovskite films display CIELab coordinates of about
(+29.9, +31.9) for CsFAPbI3 and (+28.7, +77.2) for FAPbBr3.
Therefore, the CIELab coordinates shown by the corre-

sponding DMD40 devices result in being much lower than
those of the net films due to a compensation effect produced
by the negative CIELab values displayed by the DMD40
electrode solely, namely, (−6.5, −2.0), that cannot be reached
by the D/Au/D electrode, due to the optical dispersion of the
Au metal layer (see Figure S6). Moreover, the change in the
CIExy coordinates is very low, ranging from (0.40, 0.35) at 0°
to (0.37, 0.35) at 45° (a variation of less than 0.03) and from

Figure 5. PCE (a) and LUE (b) vs AVT of realized devices compared with the literature [see refs 43 and 44]. (c) Chromaticity coordinates
CIELab for the net perovskite, DMD electrodes, and solar cell devices. The rectangular area is the coordinate range accepted for window
applications. (d) Polar diagram of best operation performances achieved by DMD40 perovskite STSCs.
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(0.46, 0.41) at 0° to (0.45, 0.40) at 45° (a variation of less than
0.01) for CsFAPbI3 and FAPbBr3, respectively, thus demon-
strating negligible color variation between normal and off-
angle.5 A review of the overall maximum operation perform-
ances of the overall DMD40-based STSC devices is reported in
Figure 5d.
In summary, unprecedented single-junction STSC devices

have been fabricated thanks to rational management of the
light reflection modes of a dielectric/metal/dielectric triple
layer used as the top electrode. This approach allows for an
increase in the overall characteristics of the devices for different
types of perovskite thin-film materials. This technology may be
important, especially for PV devices integrated in buildings
where light from the sun does not necessarily strike
perpendicularly to the irradiated surface. For example, in a
north-average latitude of 45°, the sun maximum altitude
oscillates between 68.5 and 21.5° in the summer and winter
solstice, respectively. Therefore, a photovoltaic window based
on such an antireflecting DMD electrode exposed to the south
would be a competitive technology for producing sustainable
greenhouse-free energy or for agrivoltaic applications where
the neutrality of color of the semitransparent cells is not
indispensable. Since our strategy is not dependent on the
active layer used, a further increment of such performances
could be achieved by mixing different halide-based perovskites
or organic materials to tune the absorption spectrum of the
active layer.45 Moreover, we emphasize that our approach is
universal as it can be extended to several DMD materials and
optoelectronic device applications, including infrared perov-
skite solar cells43 and tandem architectures.45−48 Antireflection
coatings such as MgF2 are widely used in photovoltaic
devices.49 By contrast, the DMD architecture offers the
advantage to conduct carriers, allowing one also to obtain
bifacial semitransparent solar cells with high reproducible
results. Nevertheless, MgF2 is compatible with our technology
as an antireflection coating at the air−glass side interface,
where typically more than 5% of light is reflected back. Finally,
although beyond the scope of this work, a deep study regarding
the environmental advantage gained by the substitution of gold
in the new electrode would be also of interest for practical
applications.
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