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Efforts to enhance the solar conversion efficiency have prevailed for decades. There is a growing interest in im-
proving the spectral response of solar modules, especially in harvesting UV photons, which offer intense energy
in a narrow wavelength range. To harvest UV photons and reduce reflection without interfering with the formu-
las and manufacturing process of solar cells, in this work, thin films that possess downshifting and antireflection
capabilities were fabricated on the cover glass of multicrystalline Si solar cells. The thin films were composed of
graded index layers of europium-doped yttrium orthovanadate (YVO,4:Eu) and hollow silica nanoparticles
(HSNPs). The design of the composite thin films was assisted by the FDTD mathematical model that simulated
the refractive index and thickness of each layer to obtain the optimum transmittance. The cover glass with mul-
tifunctional thin films harvested more than 30% of UV photons and enhanced the solar conversion efficiency by
4.12% at normal incidence compared to the uncoated cover glass.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The maximum efficiency of a single-junction solar cell is bounded by
the Shockley-Queisser limit. The majority of solar modules deployed in
the field for terrestrial applications, including multicrystalline Si, crys-
talline Si, cadmium telluride (CdTe) and copper indium gallium (di)sel-
enide (CIGS) thin film solar cells, are single-junction solar cells. These
modules show inadequate spectral response to ultraviolet (UV) pho-
tons, which results in a significant portion of incident UV photons
being absorbed in high recombination regions and not converting to
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photocarriers. The photon energy in the UV range accounts for 4.62%
of solar energy (AM 1.5G spectrum) [1]. Current commercial Si solar
photovoltaic modules, including monocrystalline and multicrystalline
Si, which have been widely used in the field and account for more
than 90% of total solar photovoltaic production, can achieve high photon
conversion efficiency in the visible and near-infrared (NIR) regions but
not in the UV region. Additionally, the unused UV photons can have neg-
ative impacts on the Si solar PV modules, such as optical losses due to
EVA browning and delamination.

The solar conversion efficiency (SCE) of organic-inorganic hybrid pe-
rovskite solar cells has increased from 3.81% to 22.1% in less than ten
years. Despite such impressive progress, several challenges prevent
the commercialization of perovskite solar cells, such as the lack of UV
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stability. Thus, it is highly beneficial to utilize UV photons to improve the
solar conversion efficiency of solar PV modules. Multijunction photovol-
taics (PVs) is an elegant and effective approach to capture UV photons
by stacking several PV materials with different optical bandgaps into
one solar cell. Multijunction solar PVs can achieve the highest solar con-
version efficiency with broad-spectrum coverage [2]; however, their
high cost and convoluted fabrication processes are problematic for
large-scale manufacturing.

Downshifting (DS) materials, which can convert higher-energy pho-
tons (e.g., UV photons) into lower-energy photons (e.g., NIR photons),
were first proposed by Hovel et al. [3] to improve the spectral response
of solar cells. The majority of these previous studies focused on integrat-
ing the downshifting materials directly on top of the solar cells or be-
tween the solar cell and the cover glass. For example, Klampaftis et al.
incorporated multiple fluorescent dyes into the ethylene vinyl acetate
(EVA) encapsulation layer of the polycrystalline silicon (pc-Si) solar
cell and Cu(In, Ga)Se, (CIGS) solar cell, which resulted in a 0.18% higher
absolute efficiency and a 1.8% higher short-circuit current density (JSC),
respectively [4,5]. Alternatively, the DS materials can be incorporated
with cover glass. This approach has three potential advantages:
(1) there is no interference with the formulas and fabrication processes
of solar cells; (2) it can be directly applied to the top of the cover glass of
current solar modules in existing solar farms; and (3) more UV photons
that are not reflected or absorbed by cover glass are available. T>*-
doped tellurite glass [6] and Tb*>*-Eu®*-doped barium borate glass [7]
were reported to increase the relative SCE of a commercial silicon
solar cell by 7% and a CdTe solar cell by 1%, respectively. However, tech-
nical challenges still exist in manufacturing such glass on a large scale
and in replacing the current cover glass. An effort to apply Eu®™-
doped PMMA film on top of cover glass was made to improve the re-
sponse to UV photons [8]. One fundamental challenge of applying
downshifting materials onto cover glass is maintaining and improving
the transmittance of the cover glass in the visible or NIR regions. Merely
applying phosphors on cover glass usually results in the reduction of the
transmittance in the visible range since the phosphor refractive index
(RI) is substantially discrepant from that of cover glass. In this study,
we introduce hollow silica nanoparticles (HSNPs), which have a low
R], into a downshifting thin film to reduce the RI discrepancy. The com-
posite thin film is assembled as graded index layers to avoid dilution of
the DS material. The graded index layer can also further reduce the re-
flections, as reported in previous studies [9,10].

The commonly used DS phosphors include lanthanide phosphors,
dyes, and quantum dots. Silicon quantum dots [11] and dyes have
been reported to increase the SCE of solar cells by 4% and 17%, respec-
tively [12,13]. Compared to dyes and quantum dots, lanthanide crystals
have broad absorption in the UV region and adequate separation be-
tween absorption and emission peaks, which efficiently avoids self-
absorption. Prior articles demonstrated that the absorption bandwidth
of Si solar cells was broadened by lanthanide phosphors such as Y,0s:
Eu [14], Ba,SiO4:Eu [15], and YVO4:Bi, Ln [16]. The lanthanide lumines-
cent crystals also possess excellent thermal, mechanical, and optical
properties [17], which are critical when applying them to cover glass
and under exposure to harsh environments. Europium-doped yttrium
orthovanadate (YVO,4:Eu), one of the lanthanide luminescent crystals,
is selected in this study due to its photostability, efficient quantum con-
version, and broad absorption in the UV region (250-400 nm). The host
crystal, YVOy, has a relatively low RI of 2.0 and a high optical bandgap of
3.5 eV compared to other hosts such as titanium dioxide [18]. These
properties allow the YVO, thin film on the cover glass to have a rela-
tively high transmittance in the visible region according to the Fresnel
equation [19]. YVO4:Eu with different configurations has been used as
a DS phosphor in various types of solar cells [20-22]. However, the op-
tical performance when using YVO4:Eu layers on cover glass has not
been reported in the literature.

In this study, a composite thin film on cover glass (Fig. 1b & ¢) was
designed to improve the response of multicrystalline Si solar cells in
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the UV region via wavelength downshifting and to enhance the trans-
mission of visible photons by RI engineering. The thin film composed
of the graded index layers was optically simulated by the finite differ-
ence time domain (FDTD) method to achieve an optimum transmit-
tance in the range of 400-800 nm. The thin films fabricated according
to the optimized parameters possessed both downshifting and antire-
flection capabilities.

2. Methods and materials
2.1. FDTD model

The thin film of five graded index layers on a glass substrate was op-
tically simulated by the finite-difference time-domain (FDTD) model of
Lumerical FDTD Solution 8.19.1416. Two-dimensional (2D) Maxwell's
equations were used in our model. Each layer of the graded thin film
(Fig. 1) was modeled as a bulk material, for which the thickness and re-
fractive index were defined or set as parameters to be optimized. A
plane wave imitated solar energy and provided laterally uniform elec-
tromagnetic energy to the top of the graded thin film. Two frequency
domain power monitors (FDPMs) were used to record reflection and
transmission. The total transmittance of the incident light through the
graded film (Tsym = 1 — Ryym) Was used as the criterion for the optimi-
zation of the RI and thickness of each layer. R, can be obtained by
Eq. S3 in the supplementary material. More details of the FDTD model
can be found in the supplementary material.

2.2. Multilayer film fabrication

Inks containing YVO,4:Eu and HSNPs (Table 1) were used to experi-
mentally fabricate the multilayer thin film with optimized FDTD param-
eters. The inks were prepared by dispersing YVO,:Eu powder and HSNP
solution in ethanol via ultrasonication. A TEOS-based binder, which was
an ethanol solution formulated with 1.26 M H,0, 2.3 mM HCI, and
0.21 M TEOS, was added to the ink. The TEOS-based binder can affix
the loose particles on the top of the substrate or the previous layer
after baking at 60 °C for 30 min. The as-prepared inks (Table 1) were
spin-coated onto a glass substrate of 1 cm x 1 cm at different revolu-
tions per minute (rpm) to reach the optimized thickness proposed by
the FDTD model. According to the calculated RI of each ink (Table 1)
and the optimized parameters of the FDTD model (Table 2), the fabrica-
tion of the five-layer graded thin film was initiated by coating ink E onto
a glass substrate, and then ink D, ink A, and ink C were sequentially ap-
plied. Finally, another layer of ink E was deposited on the top to com-
plete the five-layer structure. The thickness of each layer, which was
controlled by the coating cycles and rpm, was experimentally optimized
to achieve the highest transmittance in the visible region. Each layer
was cured at 60 "C for 30 min before applying the next layer. The
TEOS-based binder and HSNP solution were added to the ink immedi-
ately before spin-coating. As shown in Table 1, the refractive index
was controlled by the ratio between YVO,4:Eu and HSNPs according to
the refractive index mixing rules (supplementary material, Eq. S1).

2.3. Materials and preparation

Tetraethyl orthosilicate (TEOS, reagent grade, MilliporeSigma), poly
(acrylic acid) (PAA, MW = 5000, 50 wt% in aqueous solution,
Polysciences), ammonium hydroxide (NH4OH, 28-30%, MACRON), yt-
trium(IIl) nitrate hydrate (Y(NO3)3.xH,0, 99.99%, Alfa Aesar), euro-
pium(IIl) nitrate hydrate (Eu(NOs)3xH,0, 99.99%, Alfa Aesar), sodium
orthovanadate (NasVO, 99.98%, Alfa Aesar), sodium hydroxide
(NaOH, pellets, >98%, ACS, MACRON), hydrochloride (HCI,
MilliporeSigma) and ethanol (EtOH, ACS, MACRON) were used as re-
ceived without any further purification. Deionized water (H,0, 18
MQ-cm, Millipore Milli-Q) was used throughout the experiment.
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Fig. 1. (a) FDTD model and (b) schematic diagram of the graded thin film on cover glass. (¢) Schematic diagram of the graded-thin-film-coated cover glass interacting with UV and visible

photons.

Table 1

YVOy,: Eu and HSNP inks.
Ink A B C D E
YVO4:Eu (mg) 3.0 2.7 24 2.1 0
HSNPs vol. (uL)! 0 6.5 13 19.5 65.0
EtOH vol. (mL) 04 0.3994 0.3987 0.3981 0.3935
Refractive index 1.81 1.79 1.76 1.73 1.36

1 0.136 g HSNPs was redispersed in 10 mL EtOH.

Table 2

Optimized RI and thickness of each layer simulated by the FDTD method. (The user-de-
fined figure of merit (FOM) history and trend of the simulation can be found in the supple-
mentary material).

Refractive index Thickness
Layer 1 1.36 104
Layer 2 1.73 100
Layer 3 1.80 343
Layer 4 1.76 102
Layer 5 1.36 109

Hollow silica nanoparticles (HSNPs) were synthesized by the
microfluidic-assisted method of He et al. [23]. The particle diameter of
the HSNPs was 38.9 + 9.7 nm. A TEM image of the HSNPs can be
found in Fig. S1 (supplementary material). The HSNPs were washed
with deionized water and ethanol. Finally, 0.136 g washed HSNPs was

redispersed in 10 mL EtOH by ultrasonication. YVO4:Eu nanoparticles
were synthesized using the following hydrothermal batch reaction pro-
cedure: 3 at.% Eu>" was doped in the YVO, crystal to obtain a maximum
quantum yield and a comparatively long lifetime [24]. A 5 mL aqueous
solution containing 0.11 M Na3VO,4, 15 mM PAA and 0.14 M NaOH
was added dropwise into another 5 mL aqueous solution with 3 mM
Eu(NOs)5; and 100 mM Y(NOs3)3 under continuous stirring at 600 RPM.
The mixture was maintained at 200 °C for 24 h in a 50-mL autoclave
(PPL high-temp polymer liner chamber, Col-Int Tech. LLC). The as-
prepared YVO4:Eu nanoparticles were washed with water and ethanol
and then dried under vacuum at room temperature.

2.4. Characterization

An Ocean Optics USB2000 spectrograph fiber-coupled to an integrat-
ing sphere and a deuterium-halogen light source (DH-2000, Ocean Op-
tics) was used to measure the absorbance in the range of 225-400 nm
(supplementary material, Fig. S1). The absorption coefficient of YVOy,:
Eu can be obtained by linearly fitting the absorbance at 275 nm for dif-
ferent concentrations based on the Beer-Lambert law (supplementary
material). A UV-Vis-NIR spectrophotometer (Jasco V-670) was used to
measure the transmittance of the coated samples. A spectrofluorometer
(Horiba Jobin Yvon) was used to characterize the photoluminescence
emission (PL) spectrum. Scanning electron microscopy (SEM, FEI
Quanta 3D) was used to obtain top and cross-sectional views of the
coated thin films. Transmission electron microscopy (TEM, FEI TITAN
80-200) was employed to provide an image of the as-synthesized
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YVO,:Eu. Selected area diffraction (SAED) was performed to identify the
crystal phase of YVO,4:Eu. The solar conversion efficiency of the PV cells
with coated and uncoated cover glass was measured by an Oriel 96,000
full spectrum solar simulator under AM 1.5G illumination.

3. Results and discussion
3.1. FDTD model of composite thin film

In the FDTD model of the single layer of YVO,4:Eu, the optimized
thickness is obtained as 880 nm by sweeping the thickness from
50 nm to 1000 nm. Even with the optimized thickness, the maximum
Tsum can only reach 93.9%, which is 5.04% lower than that of the simu-
lated bare glass. The simulated spectrum in Fig. 2 indicates that the
YVO,:Eu transmittance over the entire wavelength is lower than that
of the bare glass, which is consistent with the experimental data for
above three cycles in Fig. 3e. In terms of film fabrication, films with
thicknesses as high as 880 nm easily crack and have high scattering be-
cause of increased roughness. It is not practical to achieve adequate
transmittance in the visible range by relying on a single layer of YVO,:
Eu. One feasible approach to increase the transmittance in the visible
range for the downshifting film is to reduce its RI. HSNPs with a low
RI of 1.12 [23] can be used to reduce the RI. However, adding HSNPs
means reducing the amount of YVO,4:Eu in a single film and therefore
diminishing the downshifting performance. Accordingly, a thin film of
five graded index layers was applied to maintain the YVO4:Eu content
as well as the transmittance of the cover glass in the visible region. A
schematic diagram of the graded film and its FDTD model is shown in
Fig. 1. The optimized formulation (Table 2) reduces the average reflec-
tance in the range of 450-850 nm by 30.6% and 14.3% relative to the
simulated one-layer film and bare glass, respectively (Fig. 1). The math-
ematical simulation demonstrates the possibility of creating a
downshifting film on a glass substrate without diminishing the trans-
mittance in the visible region. The delicate adjustment of the RI by intro-
ducing more layers could further enhance the transmittance of the
films. This study uses a five-layer thin film as a simple structure to dem-
onstrate the proposed concept.

3.2. YVOy: Eu layer

Before investigating the composite thin film, understanding the op-
tical performance of YVO4:Eu on a glass substrate is crucial. As pre-
sented in Fig. 3a & b, the transparent glass coated with the
experimentally-prepared ink A emitted red light when illuminated by
UV light at 254 nm. The amount of YVO,4:Eu on a substrate and the in-
tensity of the emitted light increased with increasing spin-coating
cycle from one to ten (Fig. 3e). The PL spectrum of the YVO,:Eu-coated
glass (10 cycles) in Fig. 3c presents the typical energy transitions
"Do—"F; (j = 1, 2, 3, 4) of europium. The main emission peak
(°Do—"F,) and the secondary emission peak (°Do—’F,) are located at
approximately 615 nm and 700 nm, respectively, where the pc-Si cell
has high absorption [25]. YVO4:Eu has a subwavelength size of
48.35 4+ 14.22 nm, as shown in Fig. 3d. The SAED pattern (inset of
Fig. 3d) indicates that YVO4:Eu has the same (312), (200), and (112)
crystal plane as the pure tetragonal (zircon) phase (JCPDS 72-0861)

with unit cell parameters a = b = 7.123 A and c = 6292 A.

The amount of YVO4:Eu on glass substrates was experimentally
quantified by its absorption coefficient. The absorption coefficient of
the as-synthesized YVO,4:Eu was determined to be 1.213 x 10°> mmol ™'

cm?, based on Beer's law (supplementary material). The absolute ab-
sorbance of YVO4:Eu coated on substrates (supplementary material,
Fig. S4c) was determined by subtracting the reflection (supplementary
material, Fig. S4b) from the measured absorbance (supplementary ma-
terial, Fig. S4a) in the range of 225-400 nm. Combining the absolute ab-
sorbance spectrum with the absorption coefficient, the molar
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Fig. 2. Simulated transmittance spectra of bare glass with the one-layer YVO4:Eu (ink
A) coating and with the optimized graded-thin-film coating.

concentrations of YVO,4:Eu on glass substrates created by different coat-
ing cycles are shown in Fig. S4d in the supplementary material. More
coating cycles result in more YVO,4:Eu deposited on substrates. The con-
centration of YVO4:Eu on the substrate was increased by 76% from
4.25x10~*mmol cm—2to 7.5 x 10~* mmol cm~2 (supplementary ma-
terial, Fig. S4d). The typical sizes of residential and commercial solar
modules are 1.64 x 10* cm? and 2.23 x 10* cm?, respectively [26-28].
If the concentration of YVO4:Eu is 7.5 x 10~4 mmol cm 2, then 2.5 g
and 3.4 g YVO4:Eu are required to create a DS film on the cover glass
of residential and commercial solar modules, respectively. The YVO,:
Eu used in this study contains 3 at.% europium, which provides rela-
tively high quantum efficiency, as reported in previous research [24].
Approximately 0.54 g and 0.74 g europium precursor (Eu(NOs)3) are re-
quired to obtain 2.5 and 3.4 g YVO4:Eu, respectively, as the synthesis
yield is 30 wt%.

In addition to the optical performance in the UV region, the trans-
mittance of the YVO4:Eu-coated glass in the visible region
(400-800 nm) is critical for its application to pc-Si solar modules. Ac-
cordingly, a JASCO UV-Vis-NIR spectrometer coupled to a 60-mm inte-
grating sphere was used to measure the transmittance in the visible
region. The integrating sphere enabled the collection of all transmitted
and scattered photons. In the visible region, the glass substrates coated
withink A (YVOg4:Eu and TEOS-based binder) have a lower transmission
than the bare glass (Fig. 3e). Depositing more YVO,:Eu results in a sig-
nificant decrease in the transmittance. Since both glass and YVO4:Eu
have low extinction coefficients and low absorption in the visible re-
gion, the transmittance decrease is mainly attributed to the reflectance
generated by the light propagation in different media and can be de-
scribed by the refractive index (RI). The Fresnel equation (Eq. (1)) can
be used to determine the reflectance R of a thin-film-coated substrate
at normal incidence, where ng;;, ns, and n are the Rls of air, the substrate,
and the thin-film coated on the substrate, respectively [19]. The reflec-
tance R achieves zero when n is equal to \/fig; 75, Which is 1.23, where
the substrate is glass with an n; of 1.50 [29]. The film created from ink
A is a composite of YVO4:Eu and SiO, and has an RI of 1.81, which di-
verges from the ideal RI, resulting in strong reflections. The FDTD
model of a single layer of YVO4:Eu in Fig. 2 also shows that the YVO,:
Eu film on the glass substrate has higher reflectance than the bare glass.

Ngirls—n? 2
R= |:nairns + nz] (1)
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Fig. 3. (a) Optical images under normal daylight and (b) UV (254 nm) light of the YVO,4:Eu-coated glass substrates with different spin-coating cycles. (c) Photoluminescence emission spectrum
of a YVO,4:Eu-coated glass substrate (10 cycles). (d) TEM image and SAED pattern (inset) of the as-synthesized YVO,4:Eu NPs. (e) Transmittance spectra of YVO4:Eu-coated glass substrates.

3.3. Experimentally-fabricated composite thin film

According to the optimized RI of each layer in Table 2, inks of different
RIs were experimentally formulated as shown in Table 1. Cross-sectional
SEM images of the films made from inks A, B, C and D are presented in
Fig. 4a-f. The film made from ink E primarily consists of dense silicon di-
oxide, which is hardly distinguishable from glass substrates. We found
that increasing the mole ratio of HSNPs leads to a compact packing pat-
tern and a reduction of the film thickness (volume), as shown in
Fig. 4a-f. The HSNPs are well-defined spherical particles with a smaller
diameter of approximately 30 nm [23] and an excellent dispersion in
the TEOS-based binder compared to YVO,4:Eu. As described by the simu-
lation model of Jia et al. [30], adding small particles can reduce the poros-
ity and promote the coordination number of a thin film and therefore
create a tight particle packing structure. The coordination number corre-
sponds to the contact between a particle and its neighbors. A larger coor-
dination number means more contact among particles and their
neighbors. Additionally, HSNPs and YVO,4:Eu NPs interact differently
with the glass substrate due to the difference in shape and surface struc-
tures. In our study, a higher volume ratio of HSNPs tends to provide a
more uniform film and a better particle distribution on glass substrates
(Fig. 4). Fig. 4g shows that the film of YVO4:Eu is spotty and contains
hills and valleys, which are formed by aggregated YVO,4:Eu. When the
mole ratio of HSNPs is increased from zero to 10%, the hills and valleys
are replaced by small islands (e.g., the bright sites circled in Fig. 4h).

Due to the formation of islands, the cross-sectional views of ink B exhibit
a discontinuous film where the thickness is hard to measure (supple-
mentary material, Fig. S5). Ink B is inappropriate for creating a transpar-
ent film because its unevenly distributed islands are much larger than
the visible wavelength. The film becomes increasingly smooth and
dense when the mole ratio of HSNPs reaches 20% and 30% (Fig. 4i & j).
The high-magnification images (insets of Fig. 4i & j) indicate that the par-
ticles are embedded in the films and form some small bulges. The bulges
in the film of ink D are much smaller than those of ink C.

Fig. 5a & b shows the cross-sectional SEM view of the film of graded
index layers. The layers likely intermix with each other. This intermixed
structure might be due to the semihardened layer being redissolved by
the freshly applied ink during spin-coating. The remixed particles likely
settled and created an intermediate region between each layer. As
discussed in previously published studies [31,32], the antireflective coat-
ing could benefit from the intermediate region which eliminates the rigid
boundaries between two layers and consequently reduces the reflection
created by the abrupt change in RI The intermediate layer enabled the
film to have a more delicate adjustment of the RI and therefore achieve
a gradually varying Rl in contrast to stacked multilayers. The top view
of the graded thin film is presented in Fig. 5b, which shows a continuous
film with some bulges. At high magnification (inset of Fig. 5b), well-
defined spherical HSNPs assembled on the top can be observed.

The transmittance spectrum in Fig. 5¢ shows that the transmittance of
the graded thin film is much higher in the visible region than that of the



Y. He, J. Liu, S.-J. Sung et al.

5 Cycles

Materials and Design 201 (2021) 109454

Fig. 4. Cross-sectional and top-view SEM images of the films created from ink A (a,b& g), ink B (h), ink C (c,d & i), and ink D (e, f&j). Three spin-coating cycles were applied in (a), (c) and
(e), while five spin-coating cycles were used in (b), (d), (f) and (g) - (j). The red circles in (h) are examples of the YVO,4:Eu islands. A cross-sectional image of a discontinuous film made
from ink B can be found in the supplementary material. The insets show high magnification images.

ten-cycle-coated sample. In comparison with the bare glass substrate, the
graded thin film has a higher transmittance in the range of 400-675 nm
and a slightly lower transmittance above 675 nm. We have to pointed
out that the YVO,4:Eu-coated glass substrates have a transmittance peak
that exceeds 100% in the UV range. This is due to the photoluminescence
emission of YVO4:Eu and the measuring apparatus (JASCO spectropho-
tometer). The photon detector used in the JASCO spectrophotometer
was a photomultiplier tube (PMT) detector, which counted the number
of incident photons but cannot distinguish the energy of photons. In
our case, YVO4:Eu absorbs UV photons and emits visible light, which
means that when the UV light passed through the YVO,4:Eu-coated
glass, both transmitted UV photons and emitted visible photons were
counted as transmitted UV photons. As the PMT detector has a higher re-
sponse to visible photons than UV photons, the presented transmittance
can be higher than 100%. More substantial emission of YVO4:Eu leads to a
stronger transmittance signal in the UV region. The graded thin film has a
transmittance peak as high as 120% (Fig. 5¢), which is 30% and 10% higher
than those of the bare glass substrate and the ten-cycle-coated sample,
respectively. The graded thin film not only preserved the most transmit-
tance in the visible region but also added YVO4:Eu content, which en-
ables more UV photons to be transformed into visible photons.

We placed the graded-thin-film-coated glass and bare glass sub-
strates on top of the same pc-Si PV cell to measure the solar conversion
efficiency. As shown in Table 3, the graded-thin-film-coated glass re-
sulted in a higher short-circuit current density, JSC, and likewise a rela-
tive efficiency improvement of 4.12% compared to the uncoated cover
glass. Fig. 5d shows that Jsc is elevated with coating of the graded thin
film, which indicates an increased light-generated current, while the
open-circuit voltage (Voc) is maintained at 0.56 V. The maintained V¢
demonstrates unchanged carrier concentration and diffusion length of
the solar cell. Fig. 5d clearly indicates that the SCE enhancement with
the graded thin film is mainly attributed to the increased amount of
available light and not to intrinsic variations of the solar cell. The en-
hanced SCE also can be witnessed in the external quantum efficiency
tests between the samples with uncoated and graded-thin-film-coated
glasses (supplementary material).

4. Conclusion

We designed, simulated, fabricated, and characterized graded thin
films on the cover glass of pc-Si solar modules to harvest both UV and
visible photons. The computational and experimental optical studies
showed that a single layer of the downshifting phosphor YVO4:Eu on a
glass substrate resulted in a reduction of the transmittance in the visible
region due to its unmatched refractive index with the glass substrate.
HSNPs, which have a low RI of 1.12, were introduced into the YVO4:Eu
film to engineer the refractive index. The graded thin film of five layers
with different RIs was applied to maintain the content of YVO,4:Eu re-
quired to capture UV photons without sacrificing the transmittance in
the visible region. The RI and thickness of each layer of the graded
thin film were deduced by the FDTD model, leading to an optimized
transmittance in the range of 400-800 nm. The graded thin film that
fabricated according to the FDTD model possessed a downshifting capa-
bility and increased the transmittance of visible photons. A 4.12% rela-
tive increment of the solar conversion efficiency of the pc-Si solar
module was obtained by coating the graded thin film on the cover
glass. The multifunctional thin films can harvest 31.8% of UV photons
for solar electricity generation. To further improve the performance,
the use of different downshifting materials to produce optimum spectra,
tailored for solar cells, and the application of state-of-the-art
upconverting nanophosphors [33] can be designed using our approach
to achieve greater power enhancement. Since implementing multifunc-
tional films on cover glass is well suited for the retrofit approach, the
present solar technologies can utilize this technology without interfer-
ing with the manufacturing flow of solar modules.
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Fig. 5. (a) Cross-sectional and (b) top-view SEM images of the five-layer graded thin film with the optimized parameters. The red circles in (a) indicate the area of particles in the bulk film.
(c) Transmittance spectra of the bare glass substrate, the ten-cycle-coated film of ink A and the graded thin film deposited on a glass substrate. (d) I-V curve of a pc-Si solar cell with graded

thin film-coated and uncoated cover glass.

Table 3
SCE data of the pc-Si PV cells with the glass substrates placed on top.

Open-circuit voltage (mV) JsC (mA cm™2) Fill factor (%) Efficiency (%) 'Relative improvement (%)
Bare Glass 528.34 41.04 66.37 14.39 -
Graded-thin-film-coated Glass 526.93 42.78 66.47 14.98 4.12%

! SCE improvement of the graded-thin-film-coated glass compared to the bare glass.
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