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ABSTRACT

Building-integrated photovoltaics (BIPV) offers a sustainable pathway by seamlessly incorporating PV cells into
architectural elements like facades and windows. In this study, we investigate the potential of luminescent down-
shifting solar concentrators in combination with a nanophotonic light-trapping scheme to improve the optical-
guiding capabilities and thereby enhance the energy conversion efficiency. We propose a novel cost-effective
method to fabricate the photonic structures via soft colloidal lithography negative templating of thin films of
TiO, nanoparticles, successfully scaling the production to 11x11 cm? glass windows. Through simulations and
optical-electrical characterization, we demonstrate substantial improvements in energy harvesting for different
angles of solar irradiation. We found increases in power output ranging from 57% for angles of incidence below
45° to above 100% for 60° thanks to the nanostructured TiO, nanoparticles coatings added to a bottom down-
shifting layer. This shows that such integrated approach can enhance both the efficiency and aesthetic appeal
of solar solutions in urban environments, advancing the design of energy-efficient, sustainable buildings. Our
methodology ensures consistent solar energy capture all year-round, for the relevant range of sunlight incidence
angles, while preserving the transparency and multifunctionality of building elements.

1. Introduction

BIPV offers a promising approach to minimize the visual and structural
impact of PV cells in everyday life [1-8]. A crucial factor for the suc-

We rely worldwide on photovoltaic cells (PV) as highly effective de-
vices to provide renewable energy in our fight against climate change. In
our cities, we need to consider the PV cells as construction elements, e.g.
in the roofs, facades and windows of our buildings. In building-applied
photovoltaics (BAPV), the PV cells are mounted as external components
on the building. In contrast, in building-integrated photovoltaics (BIPV),
the PV cells are built directly into the building structure. While BAPV
is more widely developed and commonly used, particularly on rooftops,
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cessful integration of BIPV, particularly in terms of public acceptance, is
their apparent invisibility. This means that the PV devices should blend
seamlessly into the building’s design without compromising its aesthet-
ics or diminishing the quality of life for occupants by obstructing natural
sunlight [4]. Moreover, PV cells designed for integration into vertical
facades and windows must be engineered to handle indirect and glazing
angle solar irradiation [9-11].
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Luminescent solar concentrators (LSCs) are driving a green architec-
ture revolution by enabling PV cells to be integrated along the edges of
transparent windows. This transforms windows into distributed power
generators, without compromising the building aesthetics [12-16]. LSCs
are semi-transparent materials coated or doped with chromophores,
thus being optically active with capability to absorb and re-emit sun-
light. When applied as windows, LSCs can guide the light towards the
window edges where conventional thin PV cells are positioned. By com-
bining fluorescence with total internal reflection (TIR), LSCs effectively
redirect light, making them resilient to shading caused by trees, street-
lights, or chimneys, which typically degrade the performance of con-
ventional PV systems. [1,17-20]. Furthermore, LSCs integrate spectral
converters to enhance the performance of PV devices. One particularly
effective converter is the down-shifting layer (DSL), which transforms
ultraviolet light (UV), typically absorbed by the glass or plastic in the
window, into visible light. This visible light is then directed towards
the PV cells at the edges of the window, improving the overall energy
harvesting [21,3]. A key advantage of LSCs, and DSLs specifically, is
their ability to perform consistently under both direct and diffuse sun-
light. Additionally, their design is highly versatile, as they can be applied
as a coating that conforms to any surface, making them suitable for a
wide range of architectural applications [4]. Despite the efficiency gains
from harvesting the diffuse light, there is still a substantial amount of di-
rect solar irradiance that reaches vertical facades. In fact, during certain
times of the year, this direct irradiance can even surpass the horizontal
irradiance received on roofs [22].

The performance of DSLs is highly dependent on the optically ac-
tive layer but also limited by the geometrical and optical aspects of
the lightguide coating. Thus, the light trapping efficiency is one of the
key parameters to take into account [3,23]. In polymer planar light-
guides with refractive index of 1.5, chosen to index-match the glass in
windows, a theoretical maximum of 75% of the down-shifted light is
trapped in the lightguide via TIR. The remaining 25% of down-shifted
light is lost through the escape cone [24,25]. One way to increase
the trapping efficiency in DSLs is by nanostructuring the lightguide
surface [26-29]. Such synergistic integration has been explored for
the emergent perovskite-based PV technology, namely by optimizing
photonic-structured front contacts overcoated with encapsulanting films
embedded with DSL nanoparticles [13,30]. Additionally, the nanostruc-
tured DSLs can reduce reflection losses as well as provide passive cooling
[31-35].

Recently, nanostructured PV cells fabricated using organic materi-
als have captured attention due to the abundance, low-cost, and non-
toxicity of these nanomaterials. Their primary issue is the degradation
over time under the sunlight [36,37]. A possible solution is switch-
ing to inorganic materials for the nanostructured coatings, such as the
ones fabricated via conventional lithography in clean rooms. For ex-
ample, vertically aligned nanowires can increase the surface area of
solar devices and improve the light trapping, but their fabrication re-
lies on complex and expensive equipments, making it less practical for
large-scale production [38]. As an example, the electron-beam lithogra-
phy technique is highly precise, but the process is slow and confined to
millimeter-scale areas, limiting its use mainly to research and high-value
applications [39]. Furthermore, nanoimprint uses a stamp to imprint
nanostructures onto the substrates, which is faster and cost-effective, but
the fabrication of the stamps suffers from the same issues described so
far, plus concerns on the stamp durability and alignment accuracy that
can impact the quality of the nanostructures [40,41]. Thus, although in-
organic nanostructuring can improve the efficiency in BIPV, scalability
and costs are common issues when considering conventional lithogra-
phy techniques.

Colloidal lithography offers an attractive alternative, being nowa-
days regarded as one of the soft-patterning methods with highest poten-
tial for nano/micro-structuring in PV industry [41]. Colloidal lithogra-
phy methods rely on the spontaneous self-assembly of nano or micropar-
ticle monolayers at liquid interfaces and their transfer to substrates to
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create nano/micro-structured surfaces that can have strong light trap-
ping capabilities [42-44]. It is cost-effective and inherently scalable
due to the spontaneous self-assembly of nanoparticle monolayers at
interfaces, without the need of clean room conditions nor expensive
equipment. The main disadvantage is achieving uniformity and con-
trolling the size distribution of the nanostructures [45,46]. In order to
tackle these issues, we propose to use a soft colloidal lithography (SCL)
approach. In SCL we use microgels as building blocks, which are soft
nanoparticles made of crosslinked hydrogels. The main advantage is that
the self-assembly of microgels at liquid interfaces creates highly ordered
arrays that are easily transferred to solid substrates thanks to the self-
healing properties of the elastic monolayers. In previous works, some of
us showed that the SCL can be used to obtain large-area complex nanos-
tructured patterns without the need for expensive equipment nor clean
room conditions. A great variety of self-assembled nanostructures can
be achieved by adjusting the size and composition of the microgels, the
compression of the monolayer, and with additional strategies such as
sequential depositions [47-49].

In this study, an unprecedented combination of DSL and photonic
nanostructuring is assessed for application in cost-effective LSC tech-
nology. We develop a new SCL technique to fabricate inorganic nanos-
tructured coatings composed of TiO, nanoparticles, via SCL negative
templating. We use these nanostructured inorganic coatings to enhance
the light trapping of DSL-based BIPV in windows. Given the prime im-
portance of the fabrication of real-world-sized devices, this novel tech-
nique was scaled-up from glass slides on a Langmuir-Blodgett trough
to 11x11 ecm? windows. We then explore the role of having a nanos-
tructured TiO, coating (nTiO,), assisted by SCL negative templating,
compared to a homogeneous coating (hTiO,), plus having an additional
DSL layer on top (tDSL) or at the bottom (bDSL) of the glass window,
with conventional PV cells installed on the sides of the window. We find
a significant synergistic effect, where the enhanced light trapping and
scattering properties of the nTiO, coatings enhance the efficiency of the
down-shifting spectral conversion of the DSLs.

2. Materials and methods
2.1. Materials

For the DSLs, we used TFNB (Aldrich) and BBA (Aldrich), Phen
(Alfa-Aesar), sodium hydroxide (NaOH), hydrochloride acid (HCl), and
ethanol (EtOH). We obtained an Europium chloride (EuCl;, 0.2 M) aque-
ous solution by dissolving europium oxide (Eu,05, Yuelong New Mate-
rial Co., Ltd., Shanghai, China) in HCI (37%, Aldrich). We removed the
remaining acid by successive evaporation and dissolved the resulting
solid in Milli-Q water. The SEBS material (Calprene H6180X, with 85/15
ethylene butylene/styrene ratio) was supplied by the Dynasol Group.

The inorganic nanoparticles for the nanostructured thin layers
that we used in this study are titanium(IV) oxide (TiO,) nanoparti-
cles dispersed in water, consisting of a mixture of rutile and anatase
(40%, Sigma Aldrich). We synthesized the microgels for the soft col-
loidal lithography negative templating by precipitation polymerization.
The synthesis involved N-vinylcaprolactam (4.52 g, VCL, 98%, Sigma
Aldrich) as monomer, N-methylenebisacrylamide (0.0816 g, BIS, 99.5%,
Sigma Aldrich) as crosslinker to obtain a crosslinking density of 1.6%
mol, and 2,2’-azobis (2-amidinopropane) dihydrochloride (0.0816 g,
V50, 98%, Acros) as initiator, all dissolved in 200 mL of Milli-Q water.
After adding the initiator the reaction was kept for 7 h under N, flow
at 60°C. At the end, the microgels were centrifuged 3 times at 39400
rcf replacing the supernatant by Milli-Q water. We used isopropyl al-
cohol (99.8%, Sigma Aldrich) as an extension agent for experiments at
water/air interfaces. We used NaOH (97 %, Acros) and HClI (37%, Sigma
Aldrich) to vary the pH of nanoparticle dispersions. We used all chemi-
cals as received without further purification.

We used glass substrates with two distinct dimensions: 26X76x1
mm3-microscope slides (Normax, Portugal) and 11x11x0.8 cm3 win-
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dows (Alucristal, Spain). The latter are made of extra-clear glass and
we performed an extra-polishing on the edges using a Grinder-Polisher
(Buehler AutoMet 250) following a protocol with different grit sizes.
First, we used two grit sizes of silicon carbide papers (400 [P800] and
600 [P1200]). Subsequently, we employed a polishing cloth wetted with
a diamond suspension (size 9 pm) to further improve the surface finish.
After the polishing process, we cleaned the substrates using Milli-Q wa-
ter, isopropyl alcohol and dried with N,. We used these substrates for
the deposition of microgel monolayers.

2.2. Nanoparticle characterization in dispersion

We determined the size and electrical properties of the microgels
in dispersion by dynamic light scattering and laser doppler micro-
electrophoresis using a ZetaSizer Nano Z (Malvern Instruments). This
technique provides detailed information about the hydrodynamic diam-
eter d of the particles and their electrophoretic mobility y,, indicative
of their surface charge and stability in dispersion. We used an autoti-
trator coupled to the ZetaSizer to automatically vary the pH of the
nanoparticle dispersions. By incrementally adding precise amounts of
hydrochloric acid (HCl, 0.1M) or sodium hydroxide (NaOH, 0.1M), we
were able to systematically study the influence of pH on the microgel
and TiO, nanoparticle properties. We conducted all measurements at a
controlled temperature, ensuring that any observed changes in d and
U, were attributable to the pH adjustments rather than to the thermore-
sponsiveness of the microgels. For each characterization, we prepared
microgel and TiO, nanoparticle dispersions with a concentration of 0.1
wt% 15 minutes prior to each measurement.

2.3. Langmuir-Blodgett deposition and scaling-up for windows

We used a Langmuir-Blodgett trough (KSV NIMA, Biolin Scientific)
for the self-assembly of microgels at a water/air interface and their sub-
sequent deposition on glass substrates, i.e. the soft colloidal lithography
(SCL) technique. First, we attached a glass substrate to the motorized
dipper arm of the Langmuir-Blodgett trough and lowered it below the
interface level at an angle of 60° respect to the interface. Next, we filled
the trough with Milli-Q water fully covering the glass substrate. We mea-
sured the surface pressure (IT) with a Wilhelmy plate made of paper. We
cleaned the interface by compressing the interface-area and aspirating
the surface with a vacuum pump. Once we considered the interface clean
enough, indicated by compressing the interface and obtaining I1 < 0.4
mN m~!, we deposited the microgel dispersion at the interface using a
100 pL glass microsyringe. We then added microgel dispersion up to I1
~ 5 mN m~!, letting it to rest for 10 min. Next, we transferred the mi-
crogel monolayer to a glass substrate by raising the substrate across the
water/air interface at a rate of 0.5 mm/min. During the deposition, we
kept IT constant thanks to the motorized barriers.

In addition, we characterized the compression curve of our micro-
gels to obtain all possible ranges of separation between microgels while
maintaining uniformity of the deposited monolayer. During these exper-
iments, the monolayer was compressed while lifting the substrate across
the interface. Immediately before the substrate fully crossed the inter-
face, we fully opened the barriers to induce a rapid change in II. This
sudden change is a reference point enabling the correlation of each po-
sition on the substrate with its corresponding IT value (see Fig. S 1 in
SD.

Next, we describe the novel negative templating assisted by SCL. We
used the microgel monolayers deposited on glass substrates as nega-
tive templates for the final nanostructure composed of TiO, inorganic
nanoparticles. This was achieved by immersing the microgel-laden glass
substrate in a water dispersion of TiO, nanoparticles at 0.01 wt%. The
TiO, nanoparticles attach to the substrate in the interstices of the micro-
gels thanks to electrostatic interactions. To illustrate this, we measured
the p, of the TiO, nanoparticles and microgels (see Fig. S 2 in SI). The
inorganic nanoparticles have opposite charge than the substrates, while
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it is similar charge than the microgels. The steric repulsion of the micro-
gels also plays a role in avoiding the deposition of TiO, nanoparticles
on the microgels [50]. After 30 min, we rinsed the substrates with Milli-
Q water and incinerated the microgels via air plasma ashing (Emitech
K1050X) at 50 W for 15 min. After the plasma ashing, we obtained a
nanohole-hexagonal array on the TiO, nanoparticle coating.

In order to scale up the SCL methodology for 11x11x0.8 cm? win-
dows, we combined a bigger trough, a motorized dipping arm to control
the deposition speed, and a custom made holder attached to the dipper.
We used a light source and a silicon substrate as mirror on the bottom
of the trough to reflect the light dispersed as rainbow colors by the mi-
crogel monolayer absorbed at the interface, guiding us in the proper
formation of a microgel monolayer.

2.4. Luminescent layer deposition

The luminescent material was selected considering its optical prop-
erties and previously reported performance in LSC devices [51]. We de-
posited the DSLs based on Eu-doped styrene-ethylene-butylene-styrene
(SEBS) polymer (synthesis details reported in [51] and in Supplementary
Information) on the glass substrates using the doctor-blade deposition
method. We deposited them on bare windows, on top of the TiO, coat-
ing, and on the opposite side of the window with TiO, coating.

Synthesis of Eu-based complex. We synthesized the Eu-based complex
according to our previous method with some modifications [3]. We ob-
tained a mixture of 3 mmol of TFNB and 1 mmol of Phen dissolved in
20 mL of ethanol (EtOH), then we added 3 mmol of NaOH aqueous so-
lution under stirring. After that, we added 1 mmol of EuCl; aqueous
solution. The solution was stirred at 50°C and we filtered the resulting
precipitate, washing with EtOH and n-hexane, drying at 50°C to get the
Eu-based complex, named as Eu-TFNB-Phen.

2.5. Atomic force microscopy (AFM) characterization

We characterized the substrates via an Atomic Force Microscope
(AFM Dimension 3000) in tapping mode with home-made motorization
[52]. The AFM was equipped with Tap300Al-G cantilevers (300 kHz, 40
Nm~!, BudgetSensors, Bulgaria). We acquired images with a resolution
of 512 x 512 pixels® over areas of 40 x 40 ym? and 10 x 10 ym?. We
post-processed the acquired images using Gwyddion to level them and
enhance contrast.

2.6. Optical and electrical characterization

We recorded the photoluminescence spectra with a modular double-
grating excitation spectrofluorimeter with a TRIAX 320 emission
monochromator (Fluorolog-3, Horiba Scientific) coupled to a R928
Hamamatsu photomultiplier. We measured the absolute emission quan-
tum yield (q) values at room temperature using a system (C9920-02,
Hamamatsu) with a 150 W xenon lamp coupled to a monochroma-
tor for wavelength discrimination, an integrating sphere as the sample
chamber, and a multichannel analyzer for signal detection. The method
is accurate to within 10%. We characterized the diffuse and total re-
flectance in the UV-visible-NIR spectral range using a spectrophotometer
(Lambda 950, Perkin-Elmer) equipped with an integrating sphere. Ad-
ditionally, we used an ellipsometer (Horiba Jobin Yvon) to determine
the refractive index (n) of the TiO, coatings, using a Cauchy-absorbent
model for the fitting. We used a silicon wafer with (100) orientation
(p-type, Boron doped, 1-10 Q cm from University Wafer Inc., USA) for
these measurements.

We characterized the current-voltage (I-V) curves of solar cells cou-
pled to the edges of substrates at room temperature under simulated
AM1.5G radiation (OSRAM Ultra-Vitalux 300W, ~225 W/m?2). For this,
we connected a SourceMeter 2400 (SMU Instruments, Keithley) to a
computer to control the measurements via a home-made MATLAB script.
We framed the 11x11 cm? glass windows with polyvinyl chloride (PVC),
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Fig. 1. (a) Schematic representation of the building integrated nanostructured TiO, thin layer plus DSLs coating on a window with PV cells on the sides of the window.
The inorganic nanostructured coating is depicted on the right half of the window as hexagonal patterning. The red arrows indicate the total internal reflection (TIR) of
both the captured and down-shifted sunlight, which it is increased by the nanostructured coating. (b) Global horizontal and vertical solar irradiance for a south-facing
glazing unit over one year in Spain. Adapted with permission from [22]. (¢) Schematic representation of sample preparation methodology and nomenclature.

attaching an array of 16 c-Si solar cells connected in series IXOLARTM
SolarBITs, ANYSOLAR, KXOB25-01X8F).

In order to study the behavior of light incidence on the edges of the
coated substrates at different angles, we used a tilting platform with
fixed angles at 0°, 15°, 30°, 45°, and 60°. We characterized the I-V
curves as above explained for each substrate at all fixed angles. We fab-
ricated two independent samples for each configuration and performed
each experimental characterization in both of them, obtaining an aver-
age and standard deviation for each configuration to ensure consistency
and reproducibility.

2.7. Optical modelling

The finite-differences time-domain method (FDTD) is a well-known

and widely used method to understand the optical behavior of nano/micro-

structures [53,54]. It determines light propagation by numerically solv-
ing Maxwell’s equations in the time domain. In this work, an FDTD
solver [55] was employed to determine the reflection profile (specular
and diffuse) of the fabricated samples. Since the FDTD method only de-
termines the total reflection, it was necessary to develop a post-analysis
process to calculate the fractions of specular and diffuse components of
the outgoing light. This analysis uses both the simulation-determined
electric and magnetic fields to determine the Poynting vector (P in
Equation (1)).
- 1= =
P= EE X H* (€D)
Here, E and H* are the electric field vector and the complex con-
jugate of the magnetic field vector. The Poynting vector indicates the
direction of power flow and is thus the ideal quantity to distinguish
between the specular and diffuse components of light propagation. Fur-
thermore, it can also be directly used to calculate the specific reflection
(R(f)) of each of those components (Equation (2))

P(f)monitor _ ZJ]CV ZJJ’V PZ(f)AXAy

P(f)source P(f)source

where P(f)ponitor iS the power flow in a specific monitor (transmission
or reflection), P(f)source 1S the source power (necessary to normalize
the results), P, is the z-component of the Poynting vector, since the
monitor is the xy plane only the z-component of light is relevant for

R(f)=

®))

light propagation, A, and A, are the size of each grid element in the
monitor.

The angle of light propagation (6, Equation (3)) was also determined
as it allows to better define a limit to separate specular and diffuse light.
In this work, such separation value was set at 5°.

)

The simulations were performed under periodic boundary condi-
tions, anti-symmetric in x and symmetric in y, and perfect matching
layer (PML) in z, considering 64 stretched coordinate PML layers, to
better attenuate light scattered to bigger angles from the structures. We
also performed an infinite medium approximation for the DSL and Glass
layers, due to their significant thickness. Notably, higher thicknesses in
low absorbing materials create several interference peaks in the reflec-
tion and transmission profiles, but the average behavior of the profiles
remains similar [56,57].

Z

P
6 = arccos
|P|

-

3

3. Results and discussion

We show a schematic representation of LSC windows for BIPV ap-
plication on vertical fagades, being composed of a luminescent down-
shifting layer (DSL) material as sketched in Fig. 1a, where the PV cells
are attached to the window edges. The nanostructured inorganic coating
is depicted by the hexagonal patterning on the right half of the window
surface, which we use to increase the captured light as depicted by the
number of arrows representing captured light. There are two main ad-
vantages: a larger area available for PV energy harvesting, and using
a bigger portion of the irradiance that reaches the facades throughout
the year, as depicted in Fig. 1b[22]. It is worth noting that the irra-
diance reaching the vertical facades can even overcome the horizontal
irradiance on roofs during a significant portion of the year. Given all the
configurations studied in this work, where we explore the role of having
a nanostructured TiO, thin coating (nTiO,) compared to a homogeneous
one (hTiO,), and having an additional DSL layer on top (tDSL) or bot-
tom side (bDSL), we offer a scheme with the nomenclature that we use
in Fig. lc.

The DSL coating results in the down-shifting of UV light towards the
visible and at the same time in the light-guiding towards the sides as
shown in Fig. 2a on a 11x11 cm? glass window. We show the room
temperature emission spectra of the DSL excited at the wavelength that
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Fig. 2. (a) Window after DSL coating exposed to simulated solar radiation. Note the reddish down-shifted light redirected towards the sides of the window under
perpendicular irradiation. (b) Excitation (PLE) and emission (PL) spectra of the DSL monitored at 612 nm and excited at 370 nm, respectively. The right y-axis
represents the AM1.5G photon flux and the shadowed area is the overlap integral with PLE. (c¢) Electrical characterization set-up with PV cells mounted on the sides
of the window, mounted on a tilting platform respect to a fixed vertical irradiation. (d) Soft Colloidal Lithography (SCL) on a Langmuir-Blodgett trough, limited to
glass slides, and (e) a bigger trough to scale up the SCL to 11x11 cm? glass windows. We used a silicon wafer at the bottom as a mirror to reflect light and show the
diffraction pattern produced by the self-assembled microgel monolayer. (f)-(h) AFM images of the SCL negative templating: (f) the microgel monolayer deposited
on glass at [1=5mN /m, (g) after immersion in the dispersion containing TiO, nanoparticles, and (h) after removing the microgels by plasma ashing.

maximizes the emission intensity in Fig. 2b, showing the expected Eu>*
5Dy = 7 F,_4 transitions. Similarly to what was already reported [51],
we did not observe any sign of the SEBS intrinsic emission regardless
of the selected excitation wavelength (275 — 380 nm), suggesting an
efficient SEBS-to-ligand/Ln* energy transfer. The absolute emission
quantum yield values were also comparable to those already reported,
q = 0.54 £ 0.05. The absorption ability was evidenced in the excitation
spectra monitored around the more intense transitions, which resembles
that of the literature [51], with two main components peaking at 330
and 390 nm ascribed to the 7 — z* electronic transition of the Phen lig-
and [58], showing overlap with the AM1.5G solar irradiation with an
overlap integral of ~ 1.5% of the solar photon flux on Earth (4.3 - 102!
photons s~ m~2). A crucial test for our device is the characterization of
the efficiency of the coatings in capturing, down-shifting and redirect-
ing the light towards the sides of the windows. We coupled PV cells on
the sides of the windows and mounted the window on a tilting platform
that enabled us to study their energy harvesting efficiency as a function
of the angle of incidence of the incoming light (see Fig. 2c).

In order to obtain nanostructured coatings on the windows we pro-
pose to use the SCL to assist in a novel negative templating methodol-
ogy. Usually we perform the SCL on a Langmuir-Blodgett trough (see
Fig. 2d) to set and keep a given surface pressure II and to deposit the
self-assembled monolayer by raising the substrate through the interface.
Thus, the center-to-center distance of the microgels can be tuned by set-
ting IT at the interface during the microgel deposition. As II increases,
the distance between microgels decreases (see Fig. S 1 in SI). Despite
being the gold standard, this technique is constrained to the size of
a glass slide. For this reason, for the first time we report an alterna-
tive process to scale up the SCL technique to 11x11 cm? glass windows

(see Fig. 2e, and more details in Materials and Methods). We show a
monolayer deposited at I[1 =5mN /m in Fig. 2f via AFM, with homo-
geneous feature size and interparticle distance. The microgels form a
close-packed hexagonal array with a high degree of long-range order
arising from the interplay between the capillary attraction and steric re-
pulsion between the microgels adsorbed at water/air interfaces. Next, in
order to use the microgel-laden substrates as negative templates, we im-
mersed them in a dispersion containing the TiO, nanoparticles resulting
in the coating of the interstices as shown in Fig. 2g thanks to electrostatic
interactions. Finally, we removed the microgels by plasma ashing, leav-
ing holes behind (see Fig. 2h). The thickness of the TiO, nanoparticle
layer is ~ 80 nm, compatible with a single monolayer of TiO, nanopar-
ticles. We label these substrates as nTiO,, compared to homogeneous
TiO, coating, labeled as hTiO,. While for the sake of simplicity we will
stick to hexagonal patterns in the main text, we demonstrate that the
SCL negative templating can be expanded to more complex tessellations
used as negative templates to create non-hexagonal nanostructures via
sequential depositions of microgel monolayers [47] (see Fig. S 3 in SI).
This novel technique facilitates the fabrication of large-area, low-cost
inorganic nanoparticle coatings. Finally, since we want to elucidate the
role of the combination of nTiO, or hTiO, thin layers with efficient DSL
coatings [1], we deposited the DSL coatings on both bare windows, and
on nTiO, and hTiO, coated windows as depicted in Fig. 1c.

Now we focus on the optical characterization of the different sam-
ples in the range between 250 and 2000 nm, including the NIR region
which corresponds to light that contributes to heating the PV panels
decreasing their efficiency. First, we present the total and diffuse re-
flectance from the FDTD simulations in Fig. 3a to assess what should
be expected in the experimental characterization. In these simulations
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Fig. 3. (a) Total and Diffuse reflectance results from FDTD simulations. Haze factor of the (b) glass substrates with TiO,, (c) glass substrates with TiO, and DSL on

the top (tDSL) and (d) glass substrates with TiO, and DSL on the bottom (bDSL).

either the glass substrates or the top or bottom DSL layers are semi-
infinite, while the nanostructured or homogeneous TiO, coatings are
80 nm-thick. We compared this semi-infinite approach to finite thick-
ness for the materials (see Fig. S 4a-b in SI). The overall behavior under
the semi-infinite approximation seems to better fit the experiments. The
Glass-hTiO,-bDSL configuration in finite media shows a reflection aver-
age similar to the semi-infinite simulation. The Glass-hTiO,-tDSL exhibit
higher values for the finite media compared to the semi-infinite approx-
imation, since the top reflection from the DSL layer is not considered.
This shows that it is possible to avoid the added complexity in the pro-
files and also avoid the exponentially higher simulation times required
to analyze those structures, while keeping the overall correct trends.
From now on we restrict to semi-infinite media simulations in Fig. 3a.
These simulations show that the samples with hTiO, coatings always
present higher reflection than their nTiO, counterparts, with their dif-
fuse reflection being zero. Nanostructuring the TiO, layer effectively
reduces the total reflectance of the surface, although this does not sig-
nificantly impact on the transmittance of the samples, which is mainly
influenced by the existence or not of the DSL. The dip in reflection at
about 400 nm wavelengths can be ascribed to constructive interference
arising from the TiO, layer thickness used, which provides the most sig-
nificant change in refractive index from all the materials in the stack.
This constructive interference results in much reduced reflection, as is
customary observed with anti-reflection coatings. Moreover, by deter-
mining the scattering angle of light after passing through the structures,
and assuming that higher average angles imply better scattering, it is
possible to determine the ideal structural configuration for the size of
the holes in the TiO, layer and its thickness (see Fig. S 5c-d in SI). As
a general trend, we find that bigger holes and TiO, thickness should
lead to more scattering. Furthermore, the highest diffuse reflectance is
obtained for the Glass-nTiO,-bDSL, since the higher refractive index of
TiO,, here taken to be n ~2.5, leads to more refraction and increased
anti-reflection, when compared to the one of glass and DSL, n ~1.5, al-
though the higher reflection of that sample should also have a small
negative impact on the energy harvesting.

In order to start characterizing the fabricated samples, we measured
experimentally the refractive index n (see Fig. S 5 in SI), where a similar
increase in n is visible for the nTiO, and hTiO, coatings, compared to
that of the bare glass window. It is worth noting that this refractive index
is lower than the one of bare TiO, (=2.5) considered in the FDTD model.
The lower experimental refractive index of our layer points out to an ex-
pected lower total and diffuse reflectance compared to the simulations,
as it provides a reduced index contrast relative to the glass substrate.
Experimentally, we quantify the surface reflection of the PV cells by
the haze factor. The haze factor refers to the degree of incident light
scattered forward towards the absorber layer. It can be described by
the ratio between the diffuse reflectance (Ry; f 7,5.) and total reflectance
(Ryorar): Haze = Ryir ryse/ Riorar- Larger haze values correspond to in-
creased scattering and hence an increased optical path length, which is
of critical importance to improve the light absorption [59-61]. First,
we considered glass windows with either hTiO, or nTiO, thin coat-
ings in Fig. 3b. The haze factor increases from the bare glass when a
homogeneous hTiO, coating is applied, and further increases for the
nanostructured nTiO, coating, especially in the visible range. An in-
crease in this factor indicates that the TiO, coating will scatter more
light, thereby enhancing the light absorption of the solar cells. Fig. 3¢
and 3d show the haze factor of the glass substrates with TiO, and DSL
on the top and at the bottom, respectively, showing that the main differ-
ences are on the DSL absorption spectral range, where the DSL induces
an increase in the diffuse reflectance (see SI Fig. S 6 for extended data
of transmittance, S 7 for total reflectance, S 8 for diffuse reflectance, S 9
for haze factor, and S 10 for visual appearance, respectively).

We electrically characterized all samples by their I-V curves for edge-
coupled PV cells as a function of the angle of light incidence in Fig. 4,
showing that the addition of both the TiO, coatings and the DSL induces
an enhancement in the generated electrical power (P,,), as shown in
Fig. 5a and Table S 1 in the Supporting Information. While the reduc-
tion in P, at higher incidence angles is expected from pure geometrical
considerations, future work is needed to assess the complex relation be-
tween optical and electrical parameters as a function of the angle of
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incidence. We inferred the relative increase of P, resulting of the ap-
plication of the TiO, and/or luminescent DSL as follows:
AP (%) — Pcoated B Pbare % 100

bare
in which P, is the power generated by the LSC device with the TiO,
or DSL coating, and P,,,, is the power generated by the corresponding
device without the referred coating.

The substrates coated solely with TiO, coatings exhibit an increase of
AP up to 17% and 33%, for the hTiO, and nTiO, coatings, respectively,
compared to the bare glass window (Fig. 5 and Table S 1 in Supporting
Information).

We observed a significant enhancement in P, for the substrates
with DSL in comparison to the bare glass (Fig. 5 and Table S 1 in Sup-
porting Information). In the absence of the TiO, coatings, the tested
configurations of adding the DSL on top or at the bottom of the glass
did not reveal any significant differences in P,,, except for the case
at 60° tilting. Also, with the tDSL, there is no significant differences in
P, when using hTiO, or nTiO, (Fig. 5 and Table S 1 in Supporting
Information). This might be due to the fact that the DSL layer is cho-
sen to match n of the bare glass, and thus it fills the voids and match
n in this configuration, defeating the diffraction produced by the TiO,
coating. However, the efficiency of the bDSL significant changed de-
pending on having the nTiO, compared to the hTiO, coating, achieving
the highest performance of all substrates and configurations tested. In
general, the results indicate that, independently of the angle of inci-
dent light, the nTiO, coating consistently enhances the P, of the solar
cells attached to the edges of the glass substrate. We find increased AP
values around 57% (with a power conversion efficiency PCE of 0.07%)
for angles in the 0° to 45° range, and above 100% for the case at 60°
tilting (0.038% PCE), compared to the glass with only the bDSL (with
0.044% and 0.017% PCE at 0° and 60°, respectively). See Fig. 5 and

Table S 1 in Supporting Information for an extensive data compari-
son. Overall, from the experimental results, we can conclude that the
enhanced diffusivity provided by the nTiO, coating on a bDSL config-
uration is more beneficial than the reflection losses predicted in the
simulations.

4. Conclusions

In this work we address efficiency issues of DSL-based BIPV solu-
tions by tackling the problem of down-shifted light lost through the
escape cone in the lightguide. We propose to use nanostructured in-
organic TiO, nanoparticle coatings in combination with the DSL-coated
windows to increase their efficiency in capturing and redirecting the
down-shifted light towards PV panels installed on the sides of the win-
dow, transforming them into energy-generating units while maintaining
their transparency and functionality. Since it is crucial to have a low-cost
and scalable methodology for this endeavor, we successfully developed
the soft colloidal lithography negative templating technique to produce
nanostructured inorganic TiO, nanoparticle coatings. We achieved a sig-
nificant milestone by scaling the technique to 11x11 cm? glass windows
to explore their use in BIPV. This breakthrough promises to enhance the
efficiency and aesthetic integration of solar energy solutions in modern
building designs, contributing to more sustainable and energy-efficient
urban environments. We explored a large combination of configurations
regarding the TiO, and DSL coatings both in simulations and experi-
ments, and obtained the highest enhancement of power output when
we used nanostructured TiO, coatings on the window in combination
with a DSL on the bottom side. Our experiments demonstrate the capa-
bility of capturing and down-shifting simulated sunlight from a broad
range of incident angles. In particular we found increases in P, of
around 57% for angles of incidence below 45°, and above 100% for 60°,
compared to the window with only the DSL layer on the bottom side.
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each prepared samples according to the tilting angle.

This capability ensures that even when sunlight strikes the window at
glancing angles, a significant portion of the light is still absorbed and
re-emitted towards the PV cells. This approach ensures that BIPV win-
dows not only contribute to the aesthetic appeal and functionality of
modern buildings but also provide a robust and efficient solution for
harvesting the solar energy throughout the day/year, regardless of the
sun’s position.
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