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Advances in high-efficiency solar cells introduce photon management challenges, including the difficult
texturization of flat surfaces and low photon utilization at short wavelengths. While bifacial crystalline
silicon solar cells have a front pyramid structure and SiN, layers reduce reflections, managing photons
on the flat backside remains a challenge. To enhance light utilization, a soft nanoimprint technique was
utilized to create pyramid micro-structured polyurethane films doped with europium (Eu®*) complex.
These films, which possess anti-reflection and down-conversion properties, can be applied externally to
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backside of bifacial PERC solar cells revealed that the optimal composite functional film increases the

DO 10.1035/d4ra03397¢ integrated current by 5.70%, with a 1.27% gain from down-conversion effects. This specialized film
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1. Introduction

Crystalline silicon solar cells currently dominate the market,
accounting for over 90% of the market share. This dominance is
attributed to their high photoelectric conversion efficiency
(PCE) and cost-effectiveness.! Improving photoelectric conver-
sion efficiency further can be achieved through two approaches.
First, effectively passivating internal and surface interfaces to
increase minority carrier lifetimes. Second, increasing the
incident light amount through methods such as texture struc-
ture and anti-reflective films, which is also a key focus area for
researchers.”> As an indirect bandgap semiconductor, silicon
exhibits relatively poor light absorption capabilities, particu-
larly in the near-infrared region.’* Furthermore, over 30% of
incident light is lost due to reflection at short wavelengths.
Consequently, optical losses due to low absorption at long
wavelengths and high reflection at short wavelengths limit the
number of photons that can be converted into electricity in
silicon solar cells. Typically, a textured surface featuring
randomly distributed micron-scale positive pyramids is
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presents a novel approach to interface matching for different types of solar cells.

fabricated on the surface of crystalline silicon. This extends the
optical path length and effectively compensates for the low
absorption coefficient. Additionally, SiN, layers with varying
silicon/nitrogen ratios (typically 2-3 layers) are used to further
minimize light reflection.*

To further improve the conversion efficiency of silicon solar
cells, researchers have developed some new solar cell struc-
tures. One of the most promising technologies is the bifacial
passivated emitter and rear cell (bi-PERC), which adopts
aluminum grid lines on the back to replace the conventional
full aluminum backfield structure. This technology harnesses
solar energy from both front and back surfaces, significantly
enhancing energy utilization and reducing electricity costs.’
However, the back surface's lack of texture still causes
substantial light reflection, despite Al,O; and SiN, layers for
passivation and anti-reflection. Furthermore, for some flat cells
that are not ideal for surface texturization, such as perovskite,
silicon/perovskite tandem and other thin film solar cells, it is
imperative to develop advanced textured surfaces to reduce
reflectivity. Numerous random and periodic nanostructures,
such as nanowires,”® nanopillars,® nanocones,
nanoneedles’™” and nanospheres'®?® have been extensively
studied as back reflectors or front anti-reflection layers. The
gradual change in the effective refractive index from the top to
the bottom of these nanostructured textures, similar to multi-
layer anti-reflection films, enhances light trapping throughout
the visible spectrum.*® However, the introduction of nano-
structures with high specific surface area on silicon surfaces can
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induce defects and promote surface recombination,* limiting
their practical use.

On the other hand, the primary factor limiting solar cell
efficiency is the mismatch between the solar cell's absorption
bandgap and the incident solar spectrum.”® The spectral
response of crystalline silicon solar cells is concentrated in the
visible region, while ultraviolet (UV) and infrared (IR) radiation,
comprising about 50% of solar radiation, cannot be effectively
utilized for photoelectric conversion. Moreover, PV modules
encapsulated with glass and EVA still experience degradation
under ultraviolet radiation, especially for heterojunction solar
cells passivated with amorphous silicon. Lanthanide ions,**
such as Eu®",» Sm*'* Tb** %" and Dy’*,?® have distinctive 4f
electronic configurations that enable UV light absorption and
visible light emission.?® Specifically, it includes the following
two points. Shielding effect: The 4f orbital is deeply buried in
the inner layer and is shielded by the outer 5s and 5p orbitals,
with less influence from crystal field effects. In this way, the
electronic energy levels of the 4f orbital are relatively fixed and
less susceptible to external environmental interference. Tran-
sition effect: the 4f-4f transition is usually a forbidden transi-
tion, which means that the transition probability is low, but the
energy level of the emitted light is relatively stable and not easily
affected by external factors. This characteristic allows them to
emit stable light even after prolonged excitation. This positions
them as excellent candidates to enhance UV spectral response
and protect solar cells from UV degradation, thus improving
conversion efficiency. However, rare earth elements possess
a rich set of f-orbitals; however, due to the Laporte forbidden
rule that prohibits transitions between f-orbitals, these ions
exhibit limited absorption capacity for UV and visible light,
resulting in low luminescence efficiency.’* Organic ligands
coordinated with lanthanide ions form complexes that
compensate for the weak absorption of down-conversion ions,
significantly enhancing luminescence.** Nevertheless, down-
conversion ions require a specific thickness for effective UV
absorption and cannot be directly doped into silicon wafers.
Currently, down-conversion ions doping in EVA encapsulant is
employed,*” but its high cost prevents large-scale application.

In response to these challenges, this study introduces a novel
photon management strategy using Eu** complex-doped pyra-
midal micro-structured polyurethane (PU:Eu®" complex) films
with anti-reflection and down-conversion properties. The
incorporation of random positive pyramids structures can
enhance the propagation path of incident light within the
photovoltaic material, thereby reducing light reflection and
increasing light capture. Lanthanide ions (such as Eu®") have
also been repeatedly applied in photovoltaic cells, demon-
strating their effective role in down-conversion processes. The
film is designed to be affixed onto the SiN, layer and electrode
gridlines of backside of the commercial bi-PERC mono-
crystalline silicon solar cell. The polyurethane material's
refractive index is adjusted to meet the optical requirements
between the SiN, and EVA layers. This thin film not only ach-
ieves texturization on the backside of PERC cells to enhance
photon utilization but also facilitates the effective conversion of
300-400 nm UV light into visible wavelengths to reduce UV
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attenuation. The nano/micro-structure of the film can be
customized through template design to further enhance light
incidence. It can also be applied to flat solar cell surfaces as
a replacement for traditional texturing, making it suitable for
silicon/perovskite tandem and other thin film solar cells. Our
research group has successfully fabricated various nano-
structured polyurethane films via nanoimprinting, demon-
strating strong anti-reflection performance.*® This work aims to
further incorporate down-conversion functions into poly-
urethane films to investigate their optical management
capabilities.

2. Material and methods
2.1 Materials

Ethanol, m-Xylylene Diisocyanate (XDI), dibutyltin dichloride,
triethoxy-1H,1H,2H,2H-tridecafluoro-n-octylsilane
purchased from Aladdin, europium(u) nitrate hexahydrate
(Eu(NO3);-6H,0) was purchased from HX-R, 4,7-diphenyl-1,10-
phenanthroline  was  purchased from  Meryer, 4-
mercaptomethyl-3,6-dithia-1,8-octanedithiol (GST) was
purchased from Wengjiang Reagent, polydimethylsiloxane
(PDMS, DC 184 DOW SIL) was from Dow Corning. All chemicals
were used without further purification. The commercial
pyramid-textured solar cells, used as original hard templates,
were purchased from CHINT SOLAR and first cut into pieces
(3 cm x 3 cm). Soft templates were prepared using PDMS.
Nanoimprint lithography was used to prepare the anti-reflective
and down-conversion structure on the backside of the
commercial bi-PERC mono-crystalline silicon solar cells.

were

2.2 Preparation of Eu®** complex

We follow the method described by Dai Songyuan.* Firstly, 4,7-
diphenyl-1,10-phenanthroline (2 mmol) and Eu(NO;);-6H,0 (1
mmol) were fully dissolved in 20 mL of ethanol, respectively. A
white Eu®" complex precipitate was formed after slowly adding
Eu(NO3);-6H,0 solution to 4,7-diphenyl-1,10-phenanthroline
solution with constant stirring. The reaction process is shown
in Fig. 1. After stirring for 30 min, the complex was then purified
by centrifugation and washed several times with ethanol and
then dried at 40 °C.

\
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Fig. 1 Schematic illustration of the reaction of Eu** with organic
complex to form Eu®* complex.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.3 Preparation of PDMS soft templates

Triethoxy-1H,1H,2H,2H-tridecafluoro-n-octylsilane was diluted
to a concentration of 0.5% in ethanol, and the pH was adjusted
to the range of 4-5 to prepare an anti-adhesive solution.
Textured solar cells were immersed in this solution for 10
minutes, allowing for the self-assembly of a molecular layer on
the surface to impart hydrophobic and anti-adhesive properties.
To transfer the pyramidal structure through the PDMS soft
template, DC184 was mixed (main agent:hardener = 10:1,
mass ratio) and stirred thoroughly to replicate the morphology.
The mixed solution was then spin-coated onto the surface of the
solar cell with random positive pyramids morphology that had
undergone anti-adhesive treatment, and cured in a vacuum
oven at 60 °C for 6 h. The obtained PDMS film was peeled off
from the template, resulting in a soft template with a random
micron-scale inverted-pyramidal morphology surface. The
preparation process is schematically shown in process 1, Fig. 2.

2.4 Preparation of PU:Eu** complex composite functional
film

To prepare an uncured PU solution, we followed the method
described by Zhang Guiming:** dibutyltin dichloride (2 mg) was
added to XDI (1 g) to form a mixture. The above mixture (0.2 g)
was then added to XDI (1.19 g) and stirred in an ice bath for 10
minutes. Followed by the addition of GST (1.28 g) which was
stirred for an additional 5 minutes. Different ratios (1 wt%,
2 wt%, 3 wt%, content higher than 3 wt% caused coagulation of
the sol) of the as-prepared Eu** complex was added and the
obtained mixed solution was transferred to a vacuum oven and
degassed for 10 min to obtain uncured PU solutions with
a molar ratio of GST: XDI = 2:3 while also possessing down-
conversion properties, which was marked as PU:Eu®* complex-
1 wt%, PU:Eu®' complex-2 wt% and PU:Eu’" complex-3 wt%,
respectively.

Commercial bi-PERC solar cells were used as the substrates
for soft nanoimprint lithography. Before the process, the solar
cells were washed with a mixed solution with a volume ratio of
acetone : ethanol : H,O = 1:1:1 for 15 minutes, followed by
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ultrasonic cleaning in DI water. The mixed PU solution was
spin-coated onto the backside surface of the cleaned solar cells
at a rotational speed of 1000 rpm. The patterned PDMS soft
template was then attached to the PU solution, applying
a pressure of 10 N to allow sufficient infiltration. A thermal
nanoimprinting process was carried out under 120 °C for 2 h to
complete curing. The textured PU:Eu®" complex composite
functional films were obtained after removing the PDMS. The
film is also self-supporting and can be easily adhered to various
flat solar cell surfaces. The preparation process is schematically
shown in process 2, Fig. 2.

2.5 Characterization

The surface morphologies of textured silicon, patterned PDMS,
imprinted PU:Eu®* complex film, as well as cross-sectional
morphologies and the energy dispersive X-ray spectroscopy
(EDX) of imprinted PU:Eu** complex film were all investigated
by scanning electron microscopy (GeminiSEM 300, Zeiss). The
UV-vis-NIR reflectance spectra were recorded at the wavelength
range of 300-1100 nm using the U-4100 spectrophotometer
(HITACHI). The photoluminescence emission (PL) and excita-
tion (PLE) spectra were measured with a fluorescence spec-
trometer (FLSP920). The external quantum efficiency (EQE)
spectrum was measured with a quantum efficiency measure-
ment instrument (QEX10). The photovoltaic parameters of the
PERC cell were investigated by the solar cell current-voltage (J-
V) characteristic curve measurement system (IV5, PV measure-
ment) under the illumination of AM 1.5 G (100 mW cm ?).

3. Results and discussion
3.1 Morphology and composition of the films

In previous studies, we successfully fabricated anti-reflection
films featuring diverse morphologies using multiple
templates.®® In this study, we use a random pyramid-textured
template alongside the nanoimprint method to fabricate PU-
based anti-reflection films. Furthermore, we investigate the
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Fig. 2 Schematic illustration of transfer random positive-pyramidal morphology to PU:Eu®* complex film.
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effect of doping with down-conversion materials on the
performance of solar cells.

A silicon wafer featuring a micro-scale, random positive-
pyramidal morphology acts as the master template for soft
nanoimprint. The SEM image of this surface is shown in
Fig. 3(a). Notably, the large-scale, randomly distributed struc-
tures (ranging in length from 0.5 pm to 2 pm) are obtained
through anisotropic etching of Si wafer by alkaline solution. The
master template is durable, allowing repeated use without
degradation in standard processes. SEM images of the PDMS
soft template's surface and cross-section are shown in Fig. 3(b)
and (c), respectively. This template was created by transferring
the morphology from the original silicon template. The SEM
images for both the surface and cross-section of the PU:Eu*"
complex films, prepared via soft nanoimprint using the PDMS
soft templates, are shown in Fig. 3(d) and (e). Notably, it can be
observed that the random positive-pyramidal morphology of the
silicon template has been perfectly replicated.

3.2 Photoluminescence analysis of the films

Upon exposure to a 365 nm UV lamp, the PU:Eu”" complex film
exhibits red luminescence and boasts excellent light trans-
mittance, as shown in Fig. 4(a). Meanwhile, an EDX spectros-
copy analysis of the PU:Eu®** complex film on a PERC solar cell
identifies S, C, O, and N in the PU matrix, and Si, Al in the
silicon wafer. A trace amount of europium (Eu) is also identi-
fied, confirming the successful doping of Eu** complex into the
PU film. These results are shown in Fig. 4(b)-(g). The presence
of sulfur (S), originating from GST, contributes to the PU
matrix's elevated refractive index within the visible spectrum,
clocking in at 1.64 at 500 nm, which was observed in our
previous study.**

Upon irradiation of the films with excitation light at 320 nm,
the highest emission peak was observed at 617 nm, and the
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excitation spectrum at 617 nm was measured subsequently,
with the results depicted in Fig. 4(h) and (i). The increase in
concentration of Eu** complex in PU film is accompanied by
a gradual increase in excitation and emission spectral intensity.
The Eu®* complex concentration is limited at 3 wt% to avoid
increases in viscosity affecting nanoimprint operations.
Heightened excitation in the 300-400 nm band confirms the
PU:Eu*' complex's UV absorption capabilities. Furthermore, the
composite functional film shows multiple photoluminescence
peaks at wavelengths of 581, 594, 617, 653, and 688 nm. These
peaks correspond to electron transitions from *D, — “F,, *Dg
— "Fy, °Dy — 'F,, Dy — F3, and °D, — ’F,, respectively, as
shown in Fig. 4(i).*° The emission spectra reveal the character-
istic red luminescence of Eu** under UV excitation.

3.3 Anti-reflection and down-conversion effect of the film,
and photovoltaic performance of solar cells

The backside of the bi-PERC solar cell, depicted in Fig. 3(f), is
flat and lacks light-trapping structures. This surface is coated
with an Al,O;/SiN, layer for passivation and anti-reflection,
complemented by a metallic grid applied through screen
printing. The PU:Eu*" complex composite functional film is
fabricated on this backside to investigate its anti-reflection and
photon down-conversion abilities, as illustrated in Fig. 5. The
film's textured pyramidal surface features are designed to
repeatedly reflect and refract sunlight, thereby facilitating
enhanced solar incidence in a broad wavelength spectrum. In
addition, high-energy photons, are absorbed by the film and
converted into lower-energy photons to implement the appli-
cation of short-wavelength photons. This down-converted red
light is more readily absorbed by the solar cell, thereby
improving the short-circuit current and conversion efficiency.
The spectra in Fig. 6(a) show that the weighted average
reflectivity (R,) of different samples. R, of the sample in

Fig.3 SEMimage of (a) the surface of textured silicon master template, (b) the surface of PDMS soft template, (c) the cross-section of the PDMS
soft template, (d) the surface of PU:Eu** complex-3 wt¥% film, (e) the cross-section of PU:Eu®* complex-3 wt% film and (f) the backside of bi-

PREC solar cell.
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Fig. 4 (a) Digital photography of PU:Eu®* complex-3 wt% film when exposed to UV light at 365 nm, (b) EDX spectrum, (c) S, (d) C, (e) O, (f) N and
(g) Eu element distribution map of the surface of PU:Eu** complex-3 wt% film, the photoluminescence (h) excitation and (i) emission spectra of

PU:EU®*" complex films (Eu** complex content: 1, 2, and 3 wt%).

Visible light UV light

~——Silicon
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Fig. 5 Schematic illustration of down-conversion mechanism of
PU:EU®" complex film coated silicon solar cell.

a specific band is calculated according to the following equa-
tions (where Ry, Ao, A1, ps, Es are weighted average reflectivity,
initial wavelength, cut-off wavelength, reflectance for a specific
wavelength, solar spectral radiation density at AM 1.5 G):

© 2024 The Author(s). Published by the Royal Society of Chemistry
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R,, of the backside surface of the bi-PERC solar cell is 20.40%.
Notably, a PU film with random positive pyramids reduces this
reflectivity to 8.44%. Moreover, the R, further decreases to
7.50% at a 3 wt% Eu’" complex concentration in the PU film.
The Eu®" complex's effect is greatest in the 300-400 nm range,
due to the film's improved UV absorption and reduced
reflections.

To investigate the effect of PU:Eu®** complex film on the
photoelectric performance of solar cells, EQE spectra were
analyzed with illuminations from backside, as shown in
Fig. 6(b). The EQE improvement provided by the PU film
without Eu*" complex is mainly limited to the 400-700 nm
wavelength band, due to its positive-pyramidal surface's anti-
reflection properties. The EQE curves of these cells displayed
similar profiles within the wavelength range of 400 to 1200 nm,
attributed to the non-absorption of the Eu®" complex. On the
contrary, PU films with Eu®" complexes significantly enhance
the EQE of solar cells due to enhanced light absorption in the
300-400 nm range.
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Fig. 6 (a) Reflectance spectra, (b) EQE spectra and (c) integral current density spectra of bi-PERC solar cells coated with PU film and PU:Eu®*
complex-3 wt% film on the backside (the inset shows the magnified spectra of 300-400 nm band), (d) J-V curves of bi-PERC solar cells with

PU:EU®*" complex-3 wt% film on the backside.

The integral current density is calculated according to the
following equations (where Jsc, Ao, A1, F(A), and EQE(A) are
integral current density, initial wavelength, cut-off wavelength,
solar spectral photon flux at AM 1.5 G and EQE value at specific
wavelengths).

Jse = Ll F()EQE(2)dA )

The integral current density spectra shown in Fig. 6(c) indi-
cate that Jsc increases from 35.42 mA cm ™2 to 37.44 mA cm >
when coated with PU:Eu®" complex film. PU:Eu®** complex film
at 3 wt% concentration has a relative total gain of 5.70% relative
to rear-PERC and a relative down-conversion gain of 1.27%
relative to PU film, underscoring the value-added benefit of

incorporating Eu®* complex into the PV design, as illustrated in
Table 1.

The J-V curves of the backside of bi-PERC solar cells with and
without PU:Eu®" complex film is shown in Fig. 6(d). PCE in the
table inserted in the figure is calculated according to the
following equations (where 7, Jsc, Voc, FF and P;, are photo-
electric conversion efficiency, short-circuit current density,
open-circuit voltage, fill factor and power density of the incident
photon, respectively).

JSC X VOC x FF

== - 3
n P (3)
It can be seen that Voc and FF of the cell exhibit negligible
change, indicating that PU:Eu®*" complex film does not alter the
Fermi energy distribution in the solar cell's p-n junction. At

Table1l R, and Jsc of the backside of bi-PERC solar cells and backside coated with PU film and PU:Eu®* complex film (Eu®* complex content: 1,

2, and 3 wt%)

Rear-PERC  PU PU:Eu’" complex-1 wt%  PU:Eu’* complex-2 wt%  PU:Eu®' complex-3 wt%
Ry, (%) 20.40 8.44 8.14 7.86 7.50
Jsc (mA em™?) 35.42 36.99  37.03 37.22 37.44
Relative gain of Jsc (%) to rear-PERC/PU ~ —/— 4.43/—  4.55/0.12 5.08/0.65 5.70/1.27
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3 wt% Eu’" concentration, Jy¢ rises from 31.30 mA cm 2 to 32.56
mA cm > and PCE rises from 15.33% to 16.17%, reaching
a relative enhanced PCE of 5.45%. This suggests that the
geometrical trapping of the randomly distributed positive-
pyramidal structure increases the utilization of incident
photons, while the addition of Eu®*" complex improves the
efficiency of UV utilization and provides extra red photons for
absorption by the silicon cell, leading to an observed
enhancement of photocurrent in the j-V curve. It is worth
noting that the Jsc measured by the J-V curve (Fig. 6(d)) is lower
than that calculated by EQE (Table 1). This discrepancy is
probably due to the presence of leakage current from the
surrounding area during the /-V measurement.

Moreover, the existing down-conversion layers currently for
solar cells include halide nanocrystals, rare earth ion phos-
phors, carbon or graphene quantum dots, compound quantum
dots, etc. (Table 2). The synthesized Eu®* complex in this study
exhibits advantages of a simple synthesis method, abundant
raw material source, and remarkable down-conversion effect,
providing a new technological pathway for commercialization
of down-conversion for solar cells.

4. Conclusion

In this study, a composite functional film with a random
positive-pyramidal  light-trapping structure and down-
conversion capabilities has been successfully prepared by the
soft nanoimprint technique. The film is specifically designed
for integration onto the backside of bi-PERC solar cells without
additional surface texturing. When the textured PU film is
doped with 3 wt% Eu®" complex, it reduces the R, value to
7.50%, which is superior to rear-PERC without a down-
conversion layer (20.40%). This demonstrates the film's effec-
tiveness in reducing light reflection. The micro-scale anti-
reflection structure, which consists of randomly distributed
positive-pyramidal structures, provides a geometric light-
trapping effect. Additionally, the photon conversion of Eu**
complex converts UV photons into red photons. This yields
a maximum total gain of 5.70% and a down-conversion gain of
1.27% for the integrated current of solar cells. A relative
enhanced PCE of 5.45% was achieved when coated with
a PU:Eu’®" complex film. In addition, the light capture structure
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on the surface of the thin film can be customized by controlling
the template to further enhance its anti-reflection properties.
This innovative approach is promising for next-generation,
high-efficiency solar cells that are incompatible with tradi-
tional acid-alkali textured structures. This is especially relevant
for solar cells like perovskite/c-Si tandem and multi-layer
perovskite tandem, which face surface texturing challenges
and UV degradation problems.
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Table 2 Comparison of down-conversion materials to increase efficiencies of solar cells

Relative
Excitation Increase of PCE  gain
Type of solar cell Downconverter used (nm) Emission (nm) (%) (%) Reference
Silicon solar cell CsPbCl, sBr; 5:Yb*", ce®* 365 400-500, 988, 1540 From 18.1 to 21.5 18.8 35
nanocrystals
Mono-crystalline silicon solar  Ce**-Yb** co-doped YAG 460 500-700, 900-1100 From 13.18 to 4.9 36
cells phosphors 13.82
Hybrid solar cell Graphene quantum dots (GQDs) 373 415 From 11.50 to 15.0 37
13.22
Mono-silicon solar cell CdO nanotips (NTs) 512 695 From 12.1 to 13.8 14.0 38
Bi-PERC solar cell Eu®" complex 320 581, 594, 617, 653, and From 15.34 to 5.45 This work
688 16.14
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