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Semitransparent photovoltaic windows are attractive for building-integrated applications because they can
regulate natural indoor illumination while generating power. In this work, we assess the potential of transition
metal dichalcogenide (TMDC) semitransparent solar cells as emerging technology for this application. We model
a semitransparent ultrathin photovoltaic device containing a MoS; or WSe; absorber and find that it can be
optimized to produce a balanced absorption of the sunlight spectrum because of the unique optical properties of
these materials, eliminating the common problem of the undesired coloring of the transmitted light. The device
also exhibits high angular absorptance. We estimate a potential saving between 16 % (winter) and 23 % (sum-
mer) in the electricity consumption of a high-rise office building located in Madrid, Spain, by implementing
TMDCs semitransparent windows with an average photopic transmission (APT) of 24 %. Notably, this is
compatible with a high quality in the transmitted light: the color rendering index (CRI) of the PV windows
exceeds 90 for an APT between 23 % and 65 %. These results, along with the fact that TMDCs can be deposited
using low-cost, scalable methods, indicate that TMDCs hold great potential for developing color-neutral, power-
generating building glazing.

1. Introduction

Large non-domestic buildings are responsible for an important share
of the electricity demand in most countries. In Spain, for example, the
consumption of buildings dedicated to tertiary sector activities was
74.6 TWh in 2019, around 28 % of the total consumed electricity [1].
For these buildings to improve their energy balance it is crucial to
exploit the sunlight reaching their large facade areas [2-4]. This can be
done by implementing semitransparent photovoltaic devices on glazed
curtain walls. Moreover, semitransparent photovoltaics can be used to
control indoor temperature and illumination. Unfiltered sunlight pro-
vides illumination levels reaching 100,000 lux whereas the official
recommendations for offices are between 200 and 500 lux [5]. To curtail
excessive light and heat, filtering sunlight with power-generating win-
dows would be more beneficial than the currently established solution of
using highly reflective windows. Photovoltaic windows would not only
produce electrical power, but they would also prevent glare that affects
pedestrians and drivers [6] and they would help maintain the thermal
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balance of urban areas, as highly reflective windows have been shown to
overheat the surrounding asphalt [7].

The first challenge in the design of semitransparent solar cells is
reaching a positive trade-off between generated power and transmitted
light. Using the conventional technology based on crystalline silicon (c-
Si), semitransparency is only achieved by intercalating solar cells with
transparent materials [8]. The resulting patchy lighting is usually not
appropriate for working environments. A possible solution to this
problem has been proposed through the drilling of micro-holes in bare
c-Si wafers, showing a lab-scale power conversion efficiency (PCE) of
12.2 % and associated transmittance of 20 % (or PCE 7.4 % and trans-
mittances 50 %) [9]. Amorphous Si solar cells can be semitransparent
reducing the thickness of the active layer, leading to flexible applica-
tions that achieve a PCE of 5% and an average transmittance of 34 %
[10]. In addition to silicon, other technologies such as thin film, organic,
dye-synthesized, and hybrid perovskite have emerged as candidates for
semitransparent applications [11,12]. Organic photovoltaics are
particularly interesting because of their potential to absorb infrared
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frequencies that are not perceptible to the human eye. An organic-based
device has been reported that reaches a PCE of 10.8 % and an average
transmission of 45.7 % [13]. For all these emerging technologies, the
optimization of the chromatic characteristics of the transmitted light is
an important problem [11]. In some cases, a layer is included that ab-
sorbs a range of the solar spectrum, allowing for color neutrality at the
cost of introducing a mechanism of power loss [12].

Layered and 2D materials, such as transition metal dichalcogenides
(TMDCs), are a promising and yet unexplored solution for semi-
transparent power-generating windows. These materials show
outstanding optical properties even in the form of ultrathin laminae [14,
15]. They are chemically stable [16] and composed of elements rela-
tively abundant in the Earth’s crust compared to traditional materials
used in thin-film devices [17,18]. Furthermore, due to the self--
passivated nature of TMDC crystals, simply bringing TMDC laminae into
physical contact at room temperature enables the fabrication of
extremely thin devices - van der Waals structures - which can be flexible
and durable [19]. TMDC solar cells, therefore, have the potential to
achieve very high specific power and the low material requirements can
translate into low fabrication costs [18].

Although the technology for opaque TMDC solar cells is still under
development, photovoltaic devices have been demonstrated over the
past decade [20-23], with important milestones achieved. This includes
the measurement of a 1V open-circuit voltage in a MoSy device with a
bandgap energy of 1.3 eV [24], and a conversion efficiency of 5.1 % with
a specific power of 4.4W g’1 in a WSe, device [25]. Additional
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significant experimental results can be found here [26,27]. Regarding
the potential for efficiency improvements in this emerging technology, a
detailed-balance analysis incorporating non-idealities has shown that
single-junction solar cells made of films as thin as 50 nm could in
practice achieve up to 25% power conversion efficiency with the
currently available material quality [28]. Another study, examining a
WSey, solar cell fabricated by tungsten selenization, a low-cost method,
suggests that 22 % efficiency may be achievable [29]. If the solar cell
contains a stack of isolated TMDC monolayers instead of an ultrathin
bulk TMDC absorber - the so-called excitonic TMDC solar cell- the
practical efficiency limit is lower (13 %) [18].

In this work, we propose a design of a semitransparent window based
on an ultrathin bulk layer of a TMDC (see Fig. 1.a). We have applied the
model to MoS; and WSe;, devices because these materials are the most
studied among TMDCs. We optimize the structure to provide a signifi-
cant PCE while maintaining high-quality indoor illumination, which
requires that the windows are color neutral. Color neutrality means here
that the transmitted spectrum is sufficiently close to a black-body
spectrum of any temperature, which means that the coloring will be
natural to the human eye. This approach is widely used for LEDs, but it is
not common in the analysis of semitransparent windows. Most experi-
mental results from perovskite, organic and thin-film transparent solar
cells show distortions of the spectrum ranging into unnatural yellow,
brown or red shades, and color neutrality is often understood as the need
to achieve an unaltered spectrum when the light goes through the device
[9,11,12]. We will show that the unique absorption coefficients of
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Fig. 1. Description of the proposed TMDC-based semitransparent power-generating windows. (a) Layer structure. (b) Orientation of the Picasso Tower in Madrid that
will be used as case study for PV-window integration. (c) Fraction of the non-reflected light that gets absorbed in a single slab of different semiconductor materials:
left, TMDCs (arrows mark excitonic peaks); middle, direct-gap semiconductors commonly used in photovoltaics; right, crystalline silicon. References for the refractive
indexes to in the calculations: MoS, [35], WSe, [36], CIGS [37], CdTe[38], MAPbI5 [39], GaAs [40] and silicon [40].
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TMDCs allow them to modulate the solar spectrum, transforming it into
a natural black-body spectrum of lower temperature instead of distort-
ing it.

We analyze the angular acceptance and estimate the electrical power
generation and light transmission for different facade orientations
throughout the year. We model a range of TMDC thicknesses, including
clear windows, with an average photopic transmission (APT) of around
60 %, and sun-control windows, with APT below 60 % down to 15 %,
which are to be used in latitudes and orientations where the direct
sunlight can hinder indoor activities. We simulate the interior illumi-
nation conditions of an office using Blender 3D [30] to show how
TMDC-based semitransparent windows change the chromaticity of the
incoming light. Finally, we analyze the Picasso Tower in Madrid (see
Fig. 1.b) as an example of a large office building and estimate the
possible electricity production if a TMDC power-generating glazing
would cover the facades.

2. Design of TMDC-based semitransparent photovoltaic window

Fig. 1.a shows the proposed structure of a TMDC-based module
wherein the solar cell is deposited between two indium-tin-oxide (ITO)
layers which work as transparent electrical contacts. For the sake of cost-
efficiency, this structure is expected to be built using solution-processed
TMDC deposition on the front ITO/glass substrate with precise thickness
control and homogeneity following, for instance, the polymer-assisted
deposition method described in [31]. This method produces homoge-
neous layers down to 2 nm thickness. The layers present a low roughness
for thickness below 15 nm and a moderate roughness for thickness be-
tween 15 and 30 nm. An alternative method for low-cost and scalable
fabrication of WSe;, is the selenization of tungsten, which has achieved
high uniformity in ~20-nm-thick films, with smooth and uniform sur-
faces, and grain sizes comparable to the film thickness [29]. The TMDC
slab represented in the figure contains a pn junction implemented
through substitutional doping [24,32] (either a MoS; or a WSe, homo-
junction). We refer to it as the TMDC absorber. As in commercial solar
modules, we use a high transmittance glass on the front cover (low-iron
glass quality), whereas the back glass is a conventional architectural
glass (clear glass quality) [33]. Both glasses have a thickness of 3.2 mm.
As is also customary in PV, the module is encapsulated using a 0.45 mm
thick insulant polymer (ethyl-vinyl acetate, EVA). No antireflecting
layers have been inserted in the structure because, as we have already
shown elsewhere for opaque devices [34], the front ITO layer has a
close-to-optimum refractive index to produce an antireflective effect
when located onto a TMDC layer.

Fig. 1l.c illustrates the unique properties of TMDCs for semi-
transparent applications that have inspired this work. Firstly, their ab-
sorption coefficient is extraordinarily large. The light absorption in a
self-standing slab of only 10 nm of MoS, or WSe; (left graph) is com-
parable to the absorption of 100 nm of conventional direct gap semi-
conductors (middle graph) or 1 um of silicon (right graph). Note that in
Fig. 1.c, to enable a fair comparison, we have represented the absorbed
fraction from the light that is not reflected and actually enters the slab
(when any of these materials is used in a solar cell it will be covered with
an optimized antireflection layer). The second remarkable feature of the
TMDC absorptance is that it presents strong excitonic peaks inherent to
the partial carrier confinement produced by their layered structure [14,
15]. These peaks enhance the absorption in the vicinity of the bandgap
edge, producing a balanced absorption over the whole visible range.
Contrarily, in layers of conventional materials, the blue part of the
spectrum is more strongly absorbed than the red part, which leads to a
reddish transmitted spectrum if the device is thick enough to produce a
significant photocurrent [41]. The device optimization work presented
here aims at exploiting this unique characteristic of TMDC semi-
conductors to design color-neutral power-generating windows.

Our optical model for ultrathin TMDC solar cells is based on the
generalized scattering-matrix formalism (transfer-matrix method)
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described by Centurioni [42]. We apply it to the complete semi-
transparent module structure depicted in Fig. 1.a, supposing homoge-
neous multilayers. As mentioned above, current low-cost fabrication
methods for large-area TMDC deposition already demonstrate high layer
homogeneity within the thickness range relevant for semitransparent
applications [29,31]. The transfer-matrix method allows us to combine
coherent and incoherent layers, accounting for multiple reflections, as
well as interference within the coherent layers. In our structure, the
absorber and ITO layers are extremely thin, which leads to significant
interference effects that impact light absorption and transmission. The
validity of the transfer-matrix method for simulating strong interference
effects has been widely assessed. In particular, it has been experimen-
tally validated for ultrathin layers of highly absorbing media by Kats
etal. [43]. The TMDC absorber is modeled as a single TMDC slab (we are
neglecting possible effects of the p and n doping on the values of
refractive index n and extinction coefficient k). The n and k anisotropy
inherent to TMDCs [35,36] is taken into account. The TMDC absorber
and ITO layers are considered coherent. This is justified in the Sup-
porting Information (SI) section S5. The thicker EVA and glass layers are
considered incoherent. More details on the optical model, the simulation
of incident spectra, and the figures for the quantification of spectral
quality are given in the Methods Section and the SI, sections S1 to S4.
Our code of the optical model is published in the GitHub repository [44].

3. Absorptance and chromaticity of the transmitted spectrum

Fig. 2.a and b show the absorptance of the TMDC absorber (WSe; or
MoS;) when it is located inside the power-generating window structure
shown in Fig. 1.a. Different absorber thicknesses are presented from 3 to
55 nm. For each absorber thickness, the bottom and top ITO layer
thicknesses have been optimized using a two-criteria algorithm: (i) the
TMDC absorption is maximized, and (ii) the transmitted spectrum must
approach the chromatic characteristics of a natural light source
following current solid-state illumination standards [5,45]. The second
criterion will be further explained later in this section. Using this
two-criteria algorithm implies that the optimum layer structure for a
given absorber thickness is not necessarily the one that results in the
highest possible absorption. Table 1 compiles the optimum top and
bottom ITO thicknesses for each TMDC absorber thickness. The opti-
mization has been performed at an incidence angle of 57°, which ap-
proximates the daily average incidence angle on a vertical window for
our case of study (Madrid, coordinates 40° 24’ N, 3° 42’ W, vertical
module, east and southeast orientation). The average incidence angle
depends on both the latitude and the orientation of the active surface,
although variations are not strong. For instance, the average angle for
east orientation in London (51.5° N) is 58°, whereas in Sydney (33.8° S)
it decreases to approximately 54°. Details about the calculation are
available in the SI, Section 12.

Because interference effects are strong in these ultrathin devices,
some TMDC thicknesses close to an interference maximum will produce
especially high absorptances. This is the case of the 11- and 55-nm-thick
absorbers in Fig. 2.a and b. The 55 nm absorber thickness corresponds to
the first-order resonant maximum. The 11 nm-thick absorber thickness
coincides with the zeroth-order resonance maximum, which can appear
in highly absorbing media embedded between certain interfaces [43,
46]. The zeroth-order resonance has been shown to produce very high,
broadband absorption in opaque TMDC solar cells with a metal back
reflector [34]. Further details on the interference maxima are given in
the SI, section S4.

Fig. 2.c and d illustrate the chromatic quality of TMDC-based
photovoltaic windows. They show the CIE 1931 color space, on which
the white dots mark the chromatic coordinates associated to the spectral
power distribution (SPD) of the light transmitted by the TMDC-based
windows when they are illuminated by the AM1.5 G solar spectrum.
Inside the CIE space, the black line represents the Planckian locus, which
is the path that the color of a black body takes as its temperature changes
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Fig. 2. Light absorption and chromaticity of photovoltaic windows. (a) (b) Incidence spectral absorptance of an optimized WSe, (MoS5) absorber when it is located
inside the module structure. The labels indicate the thickness of the TMDC absorber. (c¢) (d) CIE 1931 chromaticity space showing the spectra (white circles)
transmitted by the PV-windows with different WSe, (MoS,) thicknesses when they are illuminated with the AM1.5 G spectrum. Black labels indicate the thickness of
the TMDC absorber. The black circle marks the coordinates of the AM1.5 G spectrum and the black line represents the Planckian locus. Blue labels indicate the CCT of
different points along the Planckian locus. (e) (f) Zoomed-in view of the CIE 1931 chromaticity space showing the transmitted spectra under different illumination
conditions: red circles mark the spectra transmitted by the WSe»(MoS,)-based windows if they are exposed to sunlight in Madrid at 11:00 AM on December 21st, and
blue squares mark the transmitted spectra in Madrid at 9:00 AM on June 21st. East and southeast window orientations are shown for both cases. The thick black line

is the Planckian locus, and the thinner lines define the ANSI C78.377 quadrangles.

Table 1
Optimized ITO layer thicknesses for MoS, and WSe, semitransparent power-
generating windows with different absorber thicknesses.

MoS, semitransparent solar cell

ITO top (nm) MoS, (nm) ITO bottom (nm)
161 3 154

152 11 150

150 30 145

WSe, semitransparent solar cell

ITO top (nm) WSe, (nm) ITO bottom (nm)
123 3 127

91 11 110

62 30 91

54 55 207

from 10000 K to 1500 K. Therefore, this curve contains the illumination
spectra that are natural to the human eye, from indirect sunlight
(correlated color temperature, CCT, ~ 8000 K), over direct sunlight
(CCT ~ 6000 K), to candlelight (CCT ~ 1500 K). Our optimization al-
gorithm searches for the layer structure that provides the largest ab-
sorption while achieving a natural color of the transmitted light. We
define this color condition as keeping a maximum distance of 5.4-107>

units in the CIE 1960 color space from the nearest point in the Planckian
locus (this is the limit defined by the CIE standard [45]). We apply here
the standards for LED illumination [47], which allow for a variable CCT
and seek natural light spectra, in contrast to many publications on
semitransparent solar cells [9,11,12] that define color neutrality as the
capability of a window to reproduce the CIE coordinates of a reference
illuminant (typically the AM1.5 G spectrum with CCT ~ 5500 K or the
D65 white with CCT ~ 6500 K [45]).

In Fig. 2.c, d, the chromatic coordinates of the transmitted spectra
from optimized window structures follow the Planckian locus, shifting
to lower CCTs as the TMDC absorber thickness increases. In the case of
WSesy-based structures, the deviation from the Planckian locus is
imperceptible up to an absorber thickness of 103 nm. It is remarkable
that this is achieved without resorting to the addition of dyes or colored
glass that would make the structure of the window more complex and
introduce optical losses. MoSy-based structures start to deviate from the
Planckian locus at a much smaller thickness of 18 nm. This is a conse-
quence of the larger bandgap energy of MoS,, which leads to a stronger
transmission of long-wavelength colors.

Fig. 2.e and f depict the central region of the CIE color space to show
the chromaticity of the transmitted spectra for different realistic incident
sunlight spectra. The incident spectra have been modelled for the lati-
tude of Madrid, Spain, assuming an east or southeast window orienta-
tion, as they correspond to office working hours in which solar indoor
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penetration is large. They include the direct and diffuse components of
sunlight (see the Methods section and SI, section S3). Red circles
correspond to the transmitted spectra on December 21st at 11:00 AM
local time, and blue squares mark the transmitted spectra on June 21st at
9:00 AM local time. The plots include six quadrangles situated along the
Planckian locus. The quadrangles define the space of acceptable chro-
matic coordinates for solid-state lightning products according to the
ANSI C78.377 standard [47]. Spectra falling on each one of these
quadrangles are considered to resemble a black body with the CCT
written under that quadrangle (some accepted quadrangles of lower CCT
are not shown in the figure).

Although the window layer structures have been optimized using
only the AM1.5 G spectrum, Fig. 2.e and f show that the transmitted
spectra calculated for different sunlight conditions also fulfill the chro-
maticity standards. The only exception on these graphs is the 30-nm
thick MoS; absorber, which produces a non-natural yellowish spectrum
because its thickness is beyond the 18 nm limit discussed above.
Although non-color-neutral windows such as the 30 nm-thick MoSy
window are not appropriate for illumination of working or living spaces,
they could still be used with an aesthetic purpose in architectural de-
signs that intend to change color perception [48,49].

The chromatic characteristics of TMDC structures for semi-
transparent applications presented here outperform those of traditional
inorganic thin-film materials, particularly for highly absorbing devices
[11]. They are comparable to those reported for organic devices of
moderate absorption [13], although in that case it is unclear yet if color
neutrality can be kept when the absorptance is very high. In this sense
the TMDC structures also outperform other technologies, such as
perovskite solar cells, which currently require the addition of colored
absorbing layers to achieve color neutrality [12].

It is interesting to study the chromaticity of the transmitted spectrum
throughout one day. Fig. 3 depicts the evolution of the chromaticity of
the incident and transmitted light in Madrid on June 21st for an east-
facing semitransparent window with a 30 nm-thick WSe; absorber. Both
the incident and the transmitted light move along the Planckian locus
throughout the day. Note that an east-oriented window will receive
mostly direct sunlight at 9 AM and 12 PM (CCT ~ 5500 K), whereas at 3

0.44
Incident spectrum
® [ransmitted spectrum 9 AM
04 ¢
> 0.36 -
0.32 -
6 PM WSe, 30 nm
June 21%, East-facing
0.28 ! e
0.26 0.3 0.34 0.38 0.42
X

Fig. 3. Zoomed-in view of the CIE 1931 chromaticity space showing the daily
evolution of the incident sunlight spectrum (blue diamonds) and the spectrum
transmitted by the PV window (red circles). The window was modeled con-
taining a 30 nm-thick WSe; absorber and it is oriented east-facing on June 21st
in Madrid. APT of the window at 9 AM is 24 %.
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PM and 6 PM only indirect sunlight will reach the window (CCT >
7000 K, in correspondence with the blue tone of the sky). All transmitted
spectra fulfill the ANSI C78.377 standard. Their chromaticity is shifted
to CCT values lower than those of the incident light, which makes the
light produced by the windows more adequate for a working environ-
ment than direct sunlight (the recommended CCT for LED indoor illu-
mination is between 5000 and 3300 K [47]). The fact that the
photovoltaic window produces a natural light spectrum does not mean
that it has no visual effect: an observer positioned behind it will see a sky
color tending to white rather than blue.

We will now introduce two additional figures to characterize the
light transmitted by the power-generating windows: color rendering
index (CRI) and average photopic transmission (APT). The APT de-
termines the percentage of visible light transmitted through the window
and it is used to quantify the brightness perceived by the human eye. In
the case of architectural glass APT values above 60 % look clear. Values
below that benchmark are considered dark and employed in locations
where direct sunlight must be curtailed [50]. The CRI quantifies to
which extent the color perceived when looking at an object illuminated
with a given spectrum resembles the natural color of that object. A CRI
value of 80 is the general baseline for most indoor and commercial
lighting applications. Spaces where color appearance is particularly
important, such as a graphic design office, would probably require a CRI
of 90 and above.

Table 2 shows the values obtained for the transmitted spectra
included in Fig. 2.e(f). Logically, windows implementing thinner TMDC
absorbers exhibit higher APT and CRI values. Both MoS; and WeS; ab-
sorbers with a thickness of 3 nm provide CRI > 90 and APT > 60 %
making the photovoltaic window appropriate to produce clear illumi-
nation in demanding environments such as hospitals or printing facil-
ities. Thicker absorbers still provide an acceptable CRI, but ATP values
are low. Such devices are useful in situations where direct sunlight is
excessive. Office buildings in sunny locations face the paradox of
receiving such intense solar flux that they need to block it and instead
use artificial indoor lighting. In this context, semitransparent windows
play a dual role in the energy balance: not only do they generate elec-
trical power from excess solar flux, but they also filter the transmitted
light, adapting it to indoor lighting needs and providing additional en-
ergy savings by reducing the need for artificial lighting. In this respect it
is remarkable that CRI > 80 can be achieved by WSes-based windows for
APT values as low as 13 %. The CRI of the 30-nm-thick MoS; window
cannot be calculated because the chromatic coordinates of the trans-
mitted SPD are too far from the Planckian locus [45].

To conclude our discussion of chromatic quality we present in Fig. 4
simulations of the lighting inside a white office space with TMDC power-
generating windows. The simulations have been performed using the
open-source software Blender 3D with the Cycles render engine. They
show different zones of the office as they would be perceived by a person
situated inside of it. Each zone corresponds to a different TMDC absorber
thickness and the light sources have been programmed to reproduce in
each case the SPD calculated by our optical model (again including
direct and indirect sunlight; details are given in the Methods section).
The first zone on the left implements a window with no TMDC solar cell.
As we move to the right, there are windows with increasing TMDC
absorber thickness, and correspondingly lower APT and CRI. The
exposition of the image has been increased slightly for the cases with
lowest APT emulating an eye pupil or a photography diaphragm that
adapts to lower illumination conditions. These simulations confirm that
the illumination using TMDC-based photovoltaic windows has a natural
and pleasant tone, slightly warmer than the original spectrum. In the
case of WSe; this is even true for the 30-nm-thick absorber. Although the
55 nm-thick WSey absorber has in principle an acceptable color quality
(CRI > 80) the very low CCT produces an unusual effect, as the lighting
resembles that of candles. The complete Blender simulated images are
shown in the SI, S9.
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Table 2
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CRI (dimensionless) and APT (percentage) of the transmitted light of different TMDC-based semitransparent power-generating windows on June 21st at 9 AM and

December 21st at 11 AM with east-facing and southeast-facing facades in Madrid.

Thickness (nm) June 21st,East Dec. 21st.East

June 21st, Southeast Dec. 21st. Southeast Type of illumination

CRI APT CRI APT CRI APT CRI APT
Glass only - 99 89.2 99 81.2 99 81.2 99 89.3 clear
MoS; 3 95.6 62.4 94.2 59.0 94.0 59.0 96.0 62.5 clear
11 92.9 31.2 90.6 31.8 90.2 31.7 93.4 31.1 sun control
30 - 15.4 - 15.8 - 15.7 15.5 colored
WSe, 3 98.1 68.4 97.9 63.6 98.2 63.7 97.8 68.5 clear
11 95.7 43.7 95.7 41.7 96.1 41.7 95.2 43.7 sun control
30 93.7 24.0 93.3 22.8 93.8 22.8 93.2 24.0 sun control
55 83.9 14.9 82.4 13.1 82.8 13.1 83.6 15.0 sun control

4. Angular acceptance

Having a high angular acceptance is particularly important for
photovoltaic semitransparent windows because the incidence of sun-
light onto them is generally far from perpendicular. The angle of inci-
dence at a given moment will be determined by the orientation of the
facade and the position of the Sun in the sky. To maximize daily pro-
duction, the layer structure of the TMDC-based semitransparent module
has been optimized in all cases assuming an incidence angle of 57°,
which approximates the daily average for the latitude of Madrid. Fig. 5
illustrates the variation in absorptance of the solar cell within the
photovoltaic window as the incidence angle changes. Different absorber
thicknesses are shown for WSe; and MoS;. Remarkably, the absorptance
loss is < 10 % for any incidence angle between 0° and 75° (70° for the
11-nm-thick MoS; absorber). The grey curve shows the reflection from a
low-iron glass as the one used at the front of the module structure. Note
that this reflection is marginal for angles below 45° and becomes
stronger above that value, reaching 25 % at 75°. This curve has been
added to illustrate that, as it is the case of any solar cell technology, this
reflection is mostly responsible for the decrease in absorptance of the
solar cells under sharply slanted incident light. In the case of semi-
transparent devices, the increase in reflection can affect not only the
absorptance but also the APT.

5. Estimated power generation from semitransparent TMDC PV-
windows

Fig. 6 shows the transmitted illumination flux, photocurrent, and
power density estimated for WSe; and MoS; semitransparent solar cells
with different absorber thicknesses using Madrid sunlight spectra. We
calculate the power density absorbed by the TMDC devices inside the
semitransparent windows using the same optical model and incident
spectrum simulations from previous sections. The device layer structure
for a given absorber thickness is also the same as presented above, which
has been optimized following the two-criteria algorithm. The visible
transmitted illumination flux is obtained from the product of the inci-
dent spectrum, the transmittance of the module, and the photopic
function. The upper panels in Fig. 6 show that the indoor illumination
flux at the plane containing the window surpasses in all cases the 500 lux
required by the normative for office spaces [5], even in the moments
when only diffuse sunlight is reaching the windows.

The photocurrent and power generation plots show that for thinner
absorbers, MoS; devices have higher production than WSe, devices, and
the opposite occurs for thicker absorbers. The generated photocurrent is
computed assuming internal quantum efficiency equal to 1 for photons
with energy above the direct bandgap energy. The operation tempera-
ture is 25 C. The estimated power is obtained from the current density-
voltage curve of the device, which is calculated using a generalized
Shockley model with a diode equation of ideality factor n = 1. The
reverse saturation current is estimated using the model of King [51] to
set an offset between indirect bandgap energy and open-circuit voltage
under AM1.5 G illumination (this model produces a realistic prediction

for a high quality photovoltaic device). A generalized Shockley model
has been successfully applied before to the simulation of experimental
ultrathin devices made of bulk TMDCs, including WSe; and MoS;
junctions [52,53]. Note that the thinnest absorber studied here, 3 nm,
falls in the few-layer thickness range for most TMDCs. In this limiting
case, the results of the bulk model are only approximate due to the role
of excitons in charge transport, and a more accurate power estimation
can be obtained using an excitonic model [18].

The model includes variable shunt and series resistances in the solar
cell. The data presented in Fig. 6 corresponds to infinite shunt resistance.
Since the carrier concentration of the TMDC layers is unknown, the se-
ries resistance is modeled assuming that all lateral transport takes place
through the ITO layers. We use a sheet resistance for ITO of 1.4-10™*
Q-cm which is congruent with values for ITO deposited on glass pub-
lished in the literature [54-56]. We assume that a simple metallic grid is
employed for current collection, formed by 50-um-wide metallic fingers
that resemble the low-cost front metal grid found on silicon solar cells.
The chosen finger pitch is 0.5 cm, a design that results in a shadow factor
of 1 %. From the ITO resistivity and using the expressions given in the SI,
section S6, we calculate a device series resistance per unit of ITO
thickness of 29 Q-cm?nm. Therefore, the series resistance is below 1
Q-cm? for all the structures studied here (the most and least resistive
devices presented in Table 1 having resistances of 0.8 and 0.4 Q-cm?,
respectively). Assuming infinite shunt resistance and 0.5 cm finger
pitch, the generalized Shockley model predicts 9.7 % conversion effi-
ciency and 0.78 V open-circuit voltage for a PV window with a
30-nm-thick WSe; absorber under AM1.5 G illumination (the theoretical
AM1.5 G limits for a cell with that absorber implementing light trapping
are 30 % conversion efficiency and 1.3 V open-circuit voltage [28]).

Table 3 displays the results of integrated daily energy output for east-
and southeast-facing facades on June 21st and December 21st. The
maximum values of energy production are obtained on June 21st for the
east-facing configuration. However, the difference in the daily produc-
tion between December and June is considerably larger in the east
orientation than in the southeast orientation. Having a more balanced
production throughout the year may be a positive feature. For clear
windows (3 nm absorber), MoS;-based windows perform better,
showing around 44 % higher production on June 21st and 27 % on
December 21st than WSe,. By contrast, when it comes to sun control
applications, WSey-based devices have a larger range of admissible
thickness than MoS, and thus WSey-based devices can provide higher
power density output. In any case, the selection of the optimal semi-
transparent window will in most cases be based on the APT and CRI
values required for the building occupation rather than on the energy
output.

The output power estimated by our model is influenced by different
parameters. Reducing the collection efficiency of the devices (internal
quantum efficiency < 1) has a virtually linear effect on power genera-
tion. Regarding shunt and series resistance, additional calculations
showing their impact are given in the SI, Section S10. Assuming that
TMDCs deposited by low-cost techniques have a shunt resistance of
3000 Q-cm? - state-of-the-art organic solar cells have values ranging
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a WSe, PV window

CRI: 84
APT: 15%

MoS, PV window

CRI: --
APT: 15%

Fig. 4. Blender 3D simulation of the illumination inside an office with different cases of TMDC semitransparent windows for an east-facing facade on June 21st at 9
AM in Madrid. CRI, APT, and exposition level are given for each image. (a) WSe, PV windows and (b) MoS, PV windows.
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Fig. 5. Absorptance of TMDC absorbers located inside an optimized PV win-
dow as a function of the incidence angle. (a) WSe,. (b) MoS,. Curve labels
indicate the thickness of the absorber. The grey dashed curve represents the
fraction of light that is not reflected by the front glass.

from 500 to 3000 Q-cm? [57] - our model predicts energy density losses
on the order of 5 %. With respect to series resistance, in the model it is
determined by the finger pitch in the metal grid. Increasing it from 0.5 to
1 cm would result in losses of approximately 2 %. However, the loss
resulting from a 2 cm pitch is already as high as 10 % for the most
resistive devices (those in which the optimal ITO thickness is small). If
the aesthetics of the PV window are compromised by the presence of
metal fingers, more sophisticated contact technologies can be employed
that combine invisibility with low series resistance, such as Ag nanowire
meshes or fingers with an engineered shape [58].

Because the incidence angle cannot be optimized for PV windows,
geographical latitude significantly affects power generation. Lower lat-
itudes experience more stable energy production throughout the year,
while higher latitudes see greater reductions in winter and increases in
summer, mostly due to variations in daylight hours. Consequently,
lower latitudes produce significantly more energy in winter. For
example, an east-facing facade in Madrid (40.5° N) produces 70 Wh/m?
on December 21st, whereas the same facade in Caracas (10.5° N) gen-
erates 165 Wh/m?, 2.4 times more. Conversely, at a high latitude such as
Stockholm (59.3° N), an east-facing facade yields only 11 Wh/m? on
that day.

In summer, however, production increases at higher latitudes, while
it decreases at lower latitudes, as the low zenith angle of the sun is
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disadvantageous for vertical modules. This effect is noticeable for an
east-facing facade (with production in Stockholm, Madrid, and Caracas
at 278, 240, and 196 Wh/m?, respectively) and can be especially dra-
matic for south-facing facades at low latitudes. Although seasonal effects
can partially balance each other, annual production generally increases
with decreasing latitude. Additionally, as for any PV technology, cli-
matic factors can greatly influence final energy generation, particularly
seasonal cloud coverage. It must be noted that, while the Bird & Riordan
solar model includes the effect of aerosols and humidity on the sunlight
scattering and absorption, producing realistic solar spectra, our results
do not account for the potential impact of cloud cover.

6. Case study: simulation of the power generated by a
representative building

We now analyze the application of TMDC-based semitransparent
windows in a case study. The building selected is the Picasso Tower, an
office building located in Madrid, Spain, with coordinates 40° 24’ N, 3°
42’ W. Picasso Tower has a height of 157 m and a base dimension of 49.6
x37.7 m. The larger facades of the building are east-facing and west-
facing. We calculate the power consumption of the building basing on
the estimation for general offices of 95 kWh/m? per year [59]. The office
surface in the tower is 71700 m? [60], resulting in a daily consumption
of 18.66 MWh. We suppose that the east-, south-, and west-facing fa-
cades of the building are covered with semitransparent TMDC-based
windows for sun control, using the 11-nm-thick MoS, absorber or the
30-nm-thick WSe, absorber. The APT of these windows is 31-32 % and
23-24 %, respectively (see Table 2). These are low APT values, but they
are adequate in sunny locations as Madrid, where direct sunlight needs
to be blocked in workspaces. As it is shown in Fig. 6, these windows
guarantee the minimum standardized illumination level of 500 lux [5] at
the plane of the window in this location even when there is no direct
irradiance.

Fig. 7 shows the production of each facade of the Picasso Tower at
the different hours of the day on June 21st and December 21st. Since PV
windows are placed vertically, south facades are highly productive in
the winter but less productive in the summer, when the sun is high in the
sky. The opposite applies to east and west fagades. Table 4 compiles the
predicted daily energy output from the power-generating windows,
resulting from the integration of the curves in Fig. 7. For instance, the
MoS, device when mounted on the east facade produces 205.7 Wh/m?
on June 21st, which multiplied by a 7787 m? area, results in a daily
generation of 1.60 MWh. By adding the three facades we obtain a total
energy of 3.56 MWh. Similarly, the three facades combined produce
2.36 MWh on December 21st. The WSe, absorber exhibits a larger en-
ergy output, 4.36 MWh on June 21st and 2.97 MWh on December 21st.
These values constitute a fair percentage of the overall energy con-
sumption of the building, between 16 % and 23 %. However, the whole
facade can in most cases not be replaced with semitransparent windows.
Under a most realistic assumption, we consider a second case, in which
two thirds of the facade are covered with semitransparent windows
while one third is covered with opaque modules made of the same
material (filling, among other areas, the space between floors). In the
opaque modules, the TMDC absorber is thicker, and the back ITO layer
has been replaced by an aluminum mirror. In the second case, the
overall energy production increases by ~ 40 %, leading in the case of
WSez on June 21st to an energy share as high as 32 % (data for opaque
module estimated production is available in the SI, section S7).

While the energy savings predicted for TMDC-based PV windows are
considerable, the energy density generated is lower than that of tradi-
tional PV systems due to the semitransparency and the inability to
optimize the tilt angle. PV facades, however, can be highly productive
on high-rise buildings because of the large surface areas involved.
Therefore, for PV glazing development, keeping solar cell fabrication
costs particularly low is crucial. In this regard, TMDCs are promising
candidates due to potential cost reductions associated with extremely
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Table 3
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Estimated energy density production by different TMDC-based semitransparent power-generating windows on June 21st at 9 AM and December 21st at 11 AM for east-
facing and southeast-facing facades in Madrid.

Thickness (nm)

Estimated daily energy density production (Wh/m?)

21st June, East

21st Dec.,East

21st June, Southeast

21st Dec., Southeast

Type of illumination

MoS, 3 127 41 111 110 Clear
11 205 67 179 182 Sun control
30 215 68 180 189 Colored
WSe, 3 91 33 81 20 Clear
11 198 66 171 178 Sun control
30 240 70 205 220 Sun control
55 340 108 275 306 Sun control
a MoS, 11 nm, June 21 ¢ WSe, 30 nm, June 215
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Fig. 7. Estimation of the power density that TMDC-based semitransparent windows would produce on the Picasso Tower. (a) 11-nm-thick MoS, absorber on June
21st. (b) 11-nm-thick MoS, absorber on December 21st. (¢) 30-nm-thick WSe, absorber on June 21st. (d) 30-nm-thick WSe, absorber on December 21st.

Table 4

Daily energy production and percentage of the building electrical consumption for sun-control PV windows with an 11-nm-thick MoS; absorber or a 30-nm-thick WSe,
absorber. Two cases are shown: only semitransparent modules and semitransparent modules in combination with opaque modules.

Date Case 1: facade fully covered with semitransparent PV Case 2: 2/3 of facade semitransparent PV plus 1/3 opaque modules
Energy production (MWh) % of energy consumption Energy production (MWh) % of energy consumption
MoS, June 21st 3.56 19.1 4.85 26.0
December 21st 2.36 12.7 3.31 17.7
WSey June 21st 4.36 23.4 6.15 32.9
December 21st 2.97 15.9 4.30 23.0
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low material use and the availability of low-cost deposition techniques,
such as solution processing, which are easily scalable. However, further
research is needed to realize this potential in commercial devices.

7. Conclusions

TMDC-based solar cells are excellent candidates for semitransparent
applications because their layered crystalline structure enhances the
absorption of the long-wavelength range of the visible spectrum. This
yields a balanced absorptance of visible light which is not achievable by
conventional photovoltaic materials. We have modeled the performance
of MoS,- and WSe;,-based power-generating semitransparent windows,
optimizing their layer structure to maximize energy production while
assuring the quality of the transmitted light. WSe, shows higher energy
density production while admitting a wider range of thicknesses without
jeopardizing the chromatic characteristics of the transmitted light, and
MoS; shows better performance when a clear illumination is desired
(thin absorbers).

We analyzed the chromaticity of TMDC semitransparent windows
using the CIE color space and the ANSI C78.377 standard. The trans-
mitted spectra resemble the emission of a black body whose CCT de-
creases as the absorber thickness increases. The spectra fulfill the
chromatic standards for MoS, absorber thickness below 18 nm or WSe,
absorber thickness below 103 nm. The resulting indoor illumination has
high CRI and Blender 3D simulations confirm that it has a pleasant warm
tone.

In a case study located in Madrid, Spain, we estimate that using
TMDC-based power-generating semitransparent windows could save up
to 23 % of the daily energy consumption in a large office building. This
percentage rises to 33 % when semitransparent windows are used in
combination with opaque modules made of the same TMDC materials.
These values of energy production are achieved while keeping optimal
illumination conditions inside the building, with a high CRI, an
adequate APT, and acceptable luminosity values. TMDC-based semi-
transparent windows show great potential for building-integrated PV
applications and could play an important role in the decarbonization of
buildings and the local production of clean energy in urban areas.

Experimental procedures/methods

Optical model: we calculate the light flux as it travels through the
multilayer structure, including coherent and incoherent layers, and ac-
counting for multiple reflections and interference [34,42]. Light ab-
sorption is calculated from the variation of the Poynting vector at each
material interface for coherent layers (TMDC absorber and ITO layers)
and the variation of the energy density for incoherent layers (EVA and
glass slabs).

The refractive indexes and extinction coefficients have been taken
from Refs. [33,35,36,61,62] (see SI, section S1). We include in the model
the anisotropy of the TMDC refractive index and extinction coefficient
(see SI, section S2) which becomes relevant when the incidence angle is
not perpendicular. For the TMDCs, we use bulk optical constants, in
contrast to few-layer values. Strictly speaking, this is inaccurate for the
thinnest devices discussed here (3 nm thick). For example, MoS layers
exhibit bulk optical properties only for thicknesses above 13 monolayers
(~ 8nm) [63]. However, the scattering in the published values of
refractive index for few-layer and monolayer MoS; [63-65] surpasses
the difference between published values for bulk, few-layers and
monolayers. Hence, using the same bulk values for the whole range of
thicknesses offers more consistent results.

An inherent condition of PV windows is that they almost always
operate under relatively large incidence angles of the solar flux. Our
calculations are performed for variable angles, considering the position
of the Sun in the sky and the orientation of the facade where the PV
window is mounted. In the case of TMDC devices, the angular depen-
dence is complicated by the fact that the refractive indexes of these
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materials are anisotropic due to their layered crystalline structure [35,
36]. We calculate an effective refractive index as a function of the angle
of propagation of light inside each layer (details are given in the SI,
section S2).

Simulation of incident spectra: we consider the direct and the
diffuse spectra. The angle of incidence of the sunlight flux and its
spectrum used as input for the optical model are calculated using the
equation from Kalogirou [66] (angle of incidence) and from Bird and
Riordan [67] (incident spectrum). Direct irradiance is easily modeled
using the data extracted from the previous references, but calculating
the absorption of diffuse irradiance requires integration over the
different angles, considering the anisotropy of the refractive index and
extinction coefficient of TMDCs. A more detailed explanation of the
model used to calculate the diffuse spectrum and its absorption is
available in the SI, section S3.

Blender 3D simulations of indoor illumination: the simulations
have been performed using the render engine Cycles. Furniture and
building elements were colored as perfect white using a diffuse shader in
Cycles. We have used two different light sources: one lamp of parallel
rays (sun-type lamp) for the direct lighting and an environmental light
for the diffuse lighting. Each light source has been modeled using the
RGB components obtained from the tristimulus values XYZ computed
from the transmission spectrum of the window. Regarding the power, we
fed Cycles with a power value (in W/m?) obtained by integrating the
transmitted spectrum. The environmental lighting power was calibrated
using a perfect white diffuse color object illuminated by either a sun-
type lamp of power P; or an environmental light of strength P; of the
same RGB color. We find the calibration by obtaining the relation be-
tween P; and P2 when the perfect white diffuse color object shows the
same color under two different lighting conditions. Finally, the exposure
of the film has been modified to mimic the effect of the pupil adjustment.
More details on the obtention of the images are available in the SI,
section S8.

Power production modeling: the estimation is based on the
Shockley diode model and includes shunt and series resistance simula-
tion as described in the SI, section S6.

Resource availability:

Lead contact: Elisa Antolin.

Materials availability: No materials have been generated in this
study.

Data and code availability: the code for optical model is available
in the GitHub repository, see Ref. [44]. Data is available from the lead
contact upon request.
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