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ABSTRACT: Near-infrared nanophosphors have attracted atten-
tion due to their wide application fields, including component
analysis, bioimaging, and spectral converters of sunlight for
crystalline silicon solar cells (c-Si). Yb** ions exhibit near-infrared
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reaction process. All samples exhibit NIR luminescence of Yb**
ions under ultra-violet (UV) light excitation and broadband
excitation due to the charge transfer transition between the O 2p/
Bi 6s and Mo 4d or W Sd orbitals, indicated by their optical properties of photoluminescence (PL), PL excitation (PLE), and
reflectance spectra. Furthermore, to evaluate the contribution of the Gd,MoO4BiYb (GMO:BiYb) nanophosphor to the
conversion efficiency of c-Si, a phosphor-converted film was made using dimethylpolysiloxane (PDMS) and the GMO:Bi,Yb
nanophosphor. The results showed that the conversion efficiency of c-Si with the PDMS/GMO:Bi,Yb film is higher than that of ¢-Si
with the PDMS-only film. Based on these results, the utilization of down-shifting nanophosphors is able to enhance the conversion
efficiency of c-Si, which could be beneficial in addressing future energy challenges.

Wavelength [nm] Wavelength [nm]

1. INTRODUCTION

Near-infrared (NIR) light, defined as the wavelength range
from 700 to 1400 nm," plays a crucial role in many application
fields due to its outstanding properties. For instance, NIR light
is absorbed by specific molecules, enabling its use in
component analysis and bioimaging.”~* These characteristics
make NIR light indispensable in various scientific fields.
Therefore, the development of near-infrared (NIR) phosphors
is crucial. As NIR luminescence centers, many researchers have

beneficial for bioimaging applications.”> Furthermore, the
emission wavelength of Yb®" also matches the responsivity
peak of silicon-based solar cells."* This alignment is expected
to enhance the overall efficiency of solar cells by converting a
broader spectrum of sunlight into usable energy. Given these
characteristics, Yb®" stands out as a highly promising ion for
NIR luminescence applications.

However, despite these advantages, Yb*" has a relatively low
absorption coefficient due to its forbidden transitions. To

chosen lanthanide ions such as Eu** or transition metal ions
like Cr** and Ni*".~" However, the transition types of these
ions (Eu®': 4f-5d transitions; and Cr**, Ni**: 3d-3d transitions)
affect their coordination environment. Consequently, an
appropriate host matrix must be selected for these ions to
exhibit NIR luminescence, which greatly limits the range of the
host matrix selection. This represents a significant challenge in
current NIR phosphor research. Lanthanide ions such as Yb*",
Nd*', and Er’* possess an attractive property of showing NIR
luminescence regardless of the host matrix due to their 4f-4f
intratransitions.” ' Specifically, Yb** ions exhibit a single
energy level transition of *Fg, — °F,,, resulting in an
emission around 1000 nm.'""” Their emission wavelength
aligns perfectly with the first biological window, which is highly
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improve the low absorption efficiency, it is desirable to apply
an energy transfer process from parity/spin-allowed transitions
with higher absorption efficiency than forbidden transition."”
Recently, Ce®" ions have often been utilized for the energy
donor of Yb** because Ce®" ions exhibit 4f-5d transition with
allowed transition under ultra-violet (UV) light.lé’17 However,
the total optical absorption coeflicient is still low as the
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optimum doping concentrations of Ce® toward optimum
emission intensity are only a few mol % in the matrix due to
the concentration quenching effect, resulting in limited
absorption. For instance, CaSc,0,:Ce®" exhibits only a 3%
reduction in reflectance due to the 4£-5d transition of Ce>*, and
in Ce*"-doped Ca,YZr,Al,0,, garnet, the reflectance decreased
by 10%, suggesting high possibility for enhancing the
absorption efficiency.'®'” Employing a ligand-to-metal charge
transfer (LMCT) transition of the host matrix can overcome
the issues of limited absorption efliciency from dopants
because the transition utilizes the absorption of the host
matrix rather than the dopant.”” Therefore, the NIR phosphors
showing LMCT transitions of the host matrix are expected to
absorb sunlight more efficiently compared to the conventional
Ce**-doped phosphors.

Our research has found that Yb**-doped Gd,MoOq
(GMO:Yb) nanophosphors are ideal for satisfying these
conditions.”’ GMO:Yb nanophosphors exhibit a broad
excitation band from 200 to 400 nm due to the LMCT
transition between Mo and O atoms and demonstrate NIR
luminescence of Yb®" ions around 1000 nm under 363 nm
excitation (Figure la), suggesting that they have a suitable
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Figure 1. (a) PL (4,= 363 nm)-PLE (4.,= 975 nm) spectra for the
GMO:Bi,Yb nanophosphor (blue), responsivity for c-Si (brown), and
solar spectrum (orange). (b) TEM images for GMO:Bi,Yb nano-
phosphors.

spectral modification.”” As shown in Figure 1b, they can be
synthesized in a nanosize with around 50 nm of particle size
using the solvothermal method; thus, the nanosized nature of
these phosphors suppresses the scattering of visible light from
sunlight, making them highly effective for solar energy
applications.”> Additionally, their small size is advantageous
for bioimaging applications because nanoparticles can easily
penetrate biological tissues and cells, providing enhanced
imaging resolution and deeper tissue penetration compared to
larger particles.”

Chemical composition adjustment plays a crucial role to
investigate the properties of such an attractive material with
excellent optical characteristics for the GMO:BiYb nano-
phosphor, as the strategy effectively evaluates and enhances
optical properties by modifying the coordination environment
and electronic structure.”> >* In the Gd,MoO, matrix, the
optical property can be modulated by substituting Gd and Mo
sites with other rare earths (such as Y and Lu) and W ions.
The Y,Mo0QOg and Lu,MoQOg4 matrices are isostructural with the
monoclinic phase of Gd,MoOg, " enabling a systematic
comparison and understanding of the substitution effect on
optical properties. On the other hand, Gd,WO4 exhibits
LMCT transitions between the O 2p and W 5d orbital,*!
which can significantly tune optical properties because
GMO:Bi,Yb nanophosphors also utilize the LMCT transitions.
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In this study, we synthesized and characterized the optical
properties of the GMO:Bi,Yb family, including
RE,MoOq:Bi,Yb (RE= Y, Lu) and Gd,Mo,_ W, O¢:Bi,Yb (x
0—1) nanophosphors. Additionally, GMO:Bi,Yb nano-
phosphor films were prepared in anticipation of their excellent
optical properties, as shown in Figure la, and their effect on
the conversion efficiency of solar cells was also evaluated.
Focusing on the excellent permeability, flexibility, and stability
of dimethylpolysiloxane (PDMS),** we prepared prototype
films of phosphors encapsulated in PDMS. This study provides
insights into the development of novel near-infrared phosphors
and contributes to the application of solar cells. Therefore, the
results of this research offer guidance for the design of a new
NIR luminescence phosphor.

2. METHODS

2.1. Materials. Raw materials for the synthesis of
RE,Mo0O:Bi,Yb and Gd,Mo,;_W,O¢:Bi,Yb nanophosphors
of Gd(NO,);-6H,0 (>99.95%), (NH,)sMo,0,,-4H,0
(>99.0%), S(NH,),0-12WO;-SH,0 (88.0—90.0%), and
HNO; (69.0—71.0%) were purchased from Kanto chemical
Co. Inc. Bi(NO;);:SH,0 (>99.5%), Yb(NO;);nH,0 (78—
88%), and isopropanol (99.7+%) were purchased from Fujifilm
Wako Pure Chem. Co. Y(NO;);-6H,0 (99.8%) was purchased
from Sigma-Aldrich. Lu,O; (99.9%) was purchased from
Nippon Denko Co. Ltd. Lanthanide nitrate hydrates of
Lu(NO;);nH,0 and Yb(NO,);#H,O were obtained by
dissolving Lu,0; and Yb,0O; in 1 M HNO; (aq) and drying
it at 80 °C for several days. The hydration amounts of
Lu(NO,);-nH,0 and Yb(NOs;),;-nH,O were found to be 3.7
and 5.9, respectively, through thermogravimetry analysis. To
fabricate the PDMS film, chloroform (>99.0%) was purchased
from Kanto chemical Co. Inc., and PDMS (Sylgard-184) and
the curing agent were purchased from Dow Corning.

2.2. Synthesis of RE;M00Og:Bi,Yb (RE = Gd, Y, and Lu),
RE,Mo0Qq, and Gd,Mo,_,W,0,:Bi,Yb (x = 0, 0.2, 0.5, 0.8,
and 1) Nanophosphors. The RE,MoQ,:Bi,Yb (REMO:-
Bi,Yb) nanophosphors were synthesized by using a solvother-
mal reaction method with isopropanol as the solvent. In a
typical synthesis, a solution containing Gd(NO;);-6H,0,
Y(NO;);:6H,0, or Lu(NO;);-nH,0, Bi(NO;);-5H,0, and
Yb(NO,);-nH,O in isopropanol was prepared. The solution
was stirred vigorously for approximately 10 min at room
temperature (RT) before being transferred to a Teflon-lined
autoclave vessel with a volume of 100 mL. The vessel was then
heated at 220 °C for S h in an oven. After being cooled to
room temperature, the powder was washed multiple times with
water and ethanol and then collected through filtration. The
resulting pale-gray powder was calcined at 850 °C for S h.
RE,MoO; (REMO: GMO, YMO, and LuMO) was synthe-
sized by a similar process without Bi(NO;);-SH,O and
Yb(NO,;);nH,0. The synthesis of Gd,Mo;_W,O4:Bi,Yb
followed a similar procedure, with the exception that
stoichiometric amounts of S(NH,),0-12W0;-5H,0 and
(NH,)¢Mo,0,,-4H,0 were used.

2.3. Fabrication of the PDMS and GMO:Bi,Yb Films.
An appropriate amount of the GMO:Bi,Yb nanophosphor was
dispersed in 3 mL of chloroform to obtain solutions of 0.5, 1,
and 1.5 mg/mL. The resulting solution was then added to a
mixture of 3 g of PDMS and 0.3 g of the curing agent and
stirred manually until the mixture became homogeneous. The
obtained pastes were deformed under vacuum conditions at 25
°C for 1 h. Subsequently, the deformed pastes were deposited
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Figure 2. (a) Wide scan analysis of XPS spectra, (b) Rietveld analysis for GMO:Bi,Yb (inset: enlarged one). (c) TEM images for REMO:Bi,Yb

(RE=Y (upper) and Lu (bottom)).

on a clean board and flattened to 50 ym using the doctor blade
method. Finally, the board with the pastes was dried overnight
at 60 °C.

2.4. Characterization. The thermal stability was measured
by a thermogravimetry-differential thermal analyzer (TG-
DTAS8122, Rigaku). The chemical composition was analyzed
by X-ray photoelectron spectroscopy (XPS, PHIS600,
ULVAC-PHI Inc.) The crystal phase was determined by
powder X-ray diffraction (XRD) using an X-ray diffractometer
(SmartLab 3G, Rigaku) with Cu Ka radiation (4 = 1.5406 A).
The detailed structural information was refined by the Rietveld
analysis technique using the RIETAN-FP program package.”
To obtain the chemical states of each metal component, the X-
ray absorption fine structure (XAFS) analysis for the W L-
edge and Mo K-edge was utilized by BL12C (W L;-edges and
Mo K-edge) in the Photon Factory (PF) at the High Energy
Accelerator Research Organization, Japan (KEK). The sample
was diluted by boron nitride powder and pelleted for the
measurement. The measurement mode was the transmission
mode. The obtained data from XAFS were analyzed by Athena
and Artemis programs.’* The diffuse reflectance spectra (DRS)
were measured by a UV—vis-NIR spectrometer (V-670,
JASCO Corp.) conducted with an integrated sphere attach-
ment. The morphology was observed by transmission electron
microscopy (TEM, EM-002B, Topcon Corp.). The photo-
luminescence (PL) and PL excitation (PLE) spectra and
quantum efliciencies were measured by a spectrofluorometer
(FP-8700, JASCO Corp.) equipped with a 150 W Xe lamp as
the excitation source. The temperature-dependent PL and PLE
spectra and PL lifetimes of NIR luminescence due to Yb** ions
were recorded by a photoluminescence spectrometer
(FLS1000-SD-stm, Edinburgh Inst.) equipped with 450 W
Xe lamp, and the measurement temperature was controlled by
thermal stage (THMS600, Linkam Scientific Instruments).
The photovoltaic performance of c-Si solar cells (LROGC02,
SHARP) with and without films was measured by a source
meter (IVP-060S, Asahi spectra) under 1 sun (100 mW/cm?,
AM 1.5) of solar light simulator illumination at 25 °C.

3. RESULTS AND DISCUSSION

3.1. RE;MoOg:BiYb (REMO:Bi,Yb; RE = Gd, Y, and Lu)
Nanophosphors. The chemical compositions of REMO:-
BiYb (RE=Gd, Y, and Lu) were analyzed using X-ray
Photoelectron Spectroscopy (XPS) measurements, as shown
in Figure 2a and Figure S1. Peaks corresponding to RE (Gd, Y,
and Lu), Mo, Yb, and Bi elements were observed in each
REMO:Bi,Yb. These peaks were integrated to estimate the
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molar ratios of RE, Bi, and Yb ions for quantitative analysis
(Table S1). The maximum doping level of Bi** in
REMO:Bi,Yb occurred with RE = Gd, which correlates with
the ionic radius of RE and Bi**. Bi** has an ionic radius of 1.17
A in an eight-coordination environment, and Gd*" has the
closest radius of 1.053 A compared to that of Y** (1.019 A)
and Lu®** (0.977 A).*° Therefore, Gd** is more easily
substituted by Bi** in solids. Similarly, the largest doping
amount of Yb3" is observed with RE = Y, which can be
attributed to the larger ionic radius of Yb** (0.985 A) and the
closer ionic radius of Gd**.** The evaluation of oxidation states
was carried out based on the narrow scan analysis (Figure
Sla—f) as their oxidations states were crucial factors to
consider the optical properties. The peaks observed at 149 and
141 eV for Gd 4d;/, and 4ds,,, 159 and 157 eV for Y 3d;,, and
3d;,,, and 207 and 196 eV for Lu 4d;, and 4d;,, (Figure Sla—
c) were attributed to Gd**, Y**, and Lu*, respectively.‘?’G_‘?’8
The peaks around the Y 3d spectra were deconvoluted into
three peaks due to the proximity of the Bi 4f,/, spectra to the Y
3d spectra. Two peaks at 236 and 232 eV, corresponding to
Mo 3d;/, and 3d;,, (Figure S1d), respectively, indicated the
oxidation states of Mo®".** The Bi 4f; ;, and 4f;, spectra
(Figure Sle) were observed at 164 and 160 eV, respectively,
implying the presence of Bi*" ions.”” The Yb 4d spectra
(Figure S1f) confirmed the presence of a peak at 185 eV due to
the Yb 4ds, of Yb> ions.*" In addition to the XPS spectra, we
evaluated the oxidation states of molybdenum using X-ray
absorption near edge structure (XANES) analysis because
Mo®" ions are known to be easily reduced. The XANES spectra
for Mo K-edge in REMO:BiYb (Figure S2) showed the
absorption edge and pre-edge around 20.009 and 19.992 keV,
respectively, consistent with those of MoOj; as a reference.
Another reference sample of MoO, showed only an absorption
edge around 20.006 keV, which was located at a lower energy
due to the presence of Mo*". Furthermore, the peak positions
in the derivative XANES spectra for REMO:Bi,Yb (Figure S3)
were consistent with those of MoO;. This indicated the
presence of Mo®" ions in all samples, confirming the absence of
reductive Mo® ions in REMO:Bi,Yb.

The crystal structure was determined using the powder X-
ray diffraction (XRD) method, and the observed XRD patterns
were refined by Rietveld analysis as shown in Figure 2b and
Figure S4. In GMO:Bi,Yb, most peaks were well fitted with the
monoclinic phase of Gd,;MoOy, while an unknown phase was
observed at 26°. The peaks in YMO:Bi,Yb and LuMO:Bi,Yb
were mainly attributed to the target phases of YMO and
LuMO, and the peaks of RE,Mo0,0;5 (RE=Y and Lu) and an

https://doi.org/10.1021/acs.jpcc.4c04814
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ment parameters, although the R, values are sufficiently low Energy [eV]

to be reliable. The reasons for the failures to refine them were
as follows: (i) the samples were nanoparticles, and (ii) both of
the target phases were monoclinic. Nanoparticles exhibit peak
broadening in XRD patterns due to their small size, which
presents a difficulty in accurately fitting each peak. The
refinement of crystalline systems with low symmetry is a
complex process due to the increased number of diffraction
peaks and greater freedom in refinement parameters. As a
consequence of the aforementioned factors, the refinement
process proved to be onerous, and the S values did not decline
to an adequate extent. However, the primary aim of the
Rietveld refinement was to estimate the unit cell volumes (V).
Accordingly, if only the lattice parameters are considered, it is
acceptable not to refine all structural parameters even if this
results in larger S values. The refined V values for RE = Gd, Y,
and Lu were 945.4(3), 911.5(2), and 883.2(2) A3, respectively.
They gradually reduced in the order of RE = Gd, Y, and Lu
corresponding to the relationship of ionic radius of the Gd, Y,
and Lu (Gd: 1.053 A, Y: 1.019 A, Lu: 0.977 A). The cell
parameters of RE,MoQOg were also refined for comparison with
REMO:Bi,Yb, and the refinement and refined parameters are
listed in Figure S5 and Table S3. The V values for RE,MoQOgq
were found to be 948.6(1) A2 for RE = Gd, 913.5(2) A® for RE
=Y, and 884.3(5) A3 for RE = Lu. The V values for RE = Gd
and Y decreased due to Bi** and Yb** doping, indicating that
the substitution of Yb** with a smaller ionic radius than Gd**
and Y** primarily contributed to the decrease. On the other
hand, there were almost no changes in V values of RE = Lu due
to Bi’* and Yb®" doping despite their larger ionic radius
compared to Lu**. This might be due to the small doping
amounts of Bi** and Yb** as summarized in Table S1. TEM
images of the REMO:Bi,Yb nanophosphor (Figure 2c) reveal
the presence of spherical nanoparticles with a diameter of
approximately 50 nm. No differences were observed between
REMO:Bi,Yb nanophosphors because they belong to the same
crystal structure and were synthesized under the same
conditions. Based on these observations, it suggested that
REMO:Bi,Yb nanophosphors have the potential to be utilized
with c¢-Si solar cells, as they are likely to minimize the
scattering of visible light in sunlight.

Figure 3 displays the diffuse reflectance spectra (DRS) for
REMO:Bi,Yb. The amount of impurities in RE,Mo0,0;5 (RE =
Gd, Y, and Lu) was found to be minimal and was determined
to have no significant impact on the optical properties. All
samples exhibit efficient absorptions from 200 to 400 nm due
to the charge transfer (CT) transition between Mo 4d orbitals
and O 2p/Bi 6s hybrid orbitals. Additionally, an optical
absorption was observed at around 1000 nm, which is
attributed to the ’F,, — ’F;,, transition of the Yb** ions.
The band gap energy (E,) was estimated using the Kubelka—
M‘gnk transformation and Tauc plot, calculated with eqs 1 and
2.

(hwa)'* = A(hw - E,) (1)

ol v
200 400 600 800 1000 1200

Wavelength [nm]
Figure 3. UV—vis-NIR diffuse reflectance spectra and Tauc plot
(inset) of REMO:Bi,Yb (RE = Gd (blue), Y (dark-green), and Lu
(red)).

_ (1-R)?
TR )

where hv, a, A, and R represent the photon energy, Kubelka—
Munk function, absorption constant, and reflectance, respec-
tively. The estimated E, values for REMO:Bi,Yb with RE = Gd,
Y, and Lu were 2.88, 2.82, and 2.64 €V, respectively. Those of
the host matrix (RE,MoQy) with RE = Gd, Y, and Lu were
also estimated to be 2.96, 2.88, and 2.72 eV, respectively, as
shown in Figure S6, which are reasonable E, values because the
E, values have been reported to be approximately 2.7 to 2.9
eV.® ™" Compared to the E, values of the host matrix, those of
REMO:Bi,Yb decreased with Bi** and Yb*>" doping, which was
attributed to the upward shift of the valence band maximum by
the formation of the hybrid orbitals between the Bi 6s/O 2p
orbital as observed in other Bi**-doped molybdates.”® The E,
values decreased following the order of ionic radius for RE ions
(Gd* > Y** > Lu*). In REMO:Bi,Yb, the E, values were
primally determined by the contribution of Bi** ions and the
distance between Mo and O atoms due to the crystal field
effect. The Mo 4d orbitals, forming the conduction band
minimum, are affected by the crystal field splitting effect.”
From the extended X-ray absorption fine structure (EXAFS)
analysis as shown in Figure S7, the peaks at 1.38 A for RE =Y
and Lu and 1.40 A for RE = Gd were attributed to the first
coordination sphere of the O atom around the Mo atom. The
shorter peak positions for RE = Y and Lu compared to RE =
Gd suggest that the crystal fields around the Mo atom in RE =
Y and Lu were stronger than those in RE = Gd, resulting in a
reduction of the band gap due to a lower shift in the
conduction band minimum. Thus, it was reasonable to observe
a lower band gap of RE =Y and Lu compared to that of RE =
Gd. Despite similar bond length in RE = Y and Lu, the E,
values decreased with Lu substitution. The smaller doping
amount of Bi** in RE = Lu compared to RE = Y could also
contribute to the decrease of E, values.

Figure 4a displays the photoluminescence (PL) and PL
excitation (PLE) spectra for REMO:Bi,Yb in the NIR region.
The PL spectra under 363 nm excitation showed NIR
luminescence from 950 to 1100 nm, with the strongest peak
at 975 nm, attributed to the *F;;, — °F,), transition of Yb**
ions. The spectra exhibited five peaks at 950, 975, 1034, 1055,
and 1074 nm resulting from the Stark splitting of the *Fs, and
’F,,, levels.”” The normalized PL spectra for REMO:Bi,Yb
(RE=Gd, Y, and Lu) (Figure S8) reveal consistent NIR
emission at around 1000 nm from Yb** ions. The similarity in
PL spectra across REMO:Bi,Yb suggests that the crystal field
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Figure 4. (a) PL-PLE spectra (A= 363 nm, A= 975 nm), (b) plot of integrated PL intensity in the NIR region and Arrhenius plot (inset), and
(c) decay curve (A= 360 nm, A= 975 nm) at room temperature of REMO:Bi,Yb (RE = Gd, Y, and Lu).
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Figure 5. (a) XRD patterns (*: impurity phase of Gd,(WO,);) and (b, c) XANES spectra of Mo K- and W L;-edge with reference samples of
MoO;, MoO,, WO;, and WO, for Gd,Mo,_ W,O4:Bi,Yb. (c) TEM image of Gd,Mo,sW,;O¢:Bi,Yb.

effects on the Yb** ions are similar despite the variation in the
host materials. These findings imply that Yb**-doped nano-
phosphors can effectively enhance the efficiency of c¢-Si solar
cells by providing NIR emission around 1000 nm regardless of
solid hosts. Under 363 nm excitation, the GMO:BiYb
nanophosphor exhibited the highest intensity, and the internal
quantum efficiencies of REMO:Bi,Yb with RE = Gd, Y, and Lu
were calculated to be 3.23, 1.84, and 0.53%, respectively. The
PLE spectra monitored at 975 nm showed a broad excitation
band between 300 and 500 nm for all REMO:Bi,Yb, attributed
to the CT transition between Mo 4d and Bi6s/O 2p orbitals.
The peak position of LuMO:Bi,Yb at 410 nm shifted toward
longer wavelengths compared to those of GMO:Bi,Yb and
YMO:Bi,Yb (around 363 nm). This shift was consistent with
the reflectance property shown in Figure 3. To determine the
origin of the order of luminescence intensity, temperature-
dependent PL spectra were evaluated, as shown in Figure S9
and Figure 4b. The PL intensity for all REMO:Bi,Yb gradually
decreased with increasing temperature, while peak shift or
spectral shape change was not observed. Figure 4b presents
plots of integrated PL intensity in the NIR regions for
REMO:Bi,Yb. The temperatures at which PL intensity reduced
by 50% compared to that at 80 K for REMO:Bi,Yb for RE =
Gd, Y, and Lu were estimated to be 200, 221, and 170 K,
respectively. The activation energy for REMO:BiYb in the
measured region was evaluated using the Arrhenius equations
expressed by the following equation (eq 3):

(1) 1
I 1 + (FO/E))exp(—E/kT)

(©)

where I(T) and I, are the PL intensities at temperature T and
T = 80 K, respectively, I', is the radiative rate, I'; is the attempt
rate for the nonradiative process, E is the activation energy, and
k is the Boltzmann constant (8.617 X 10™° eV K™!). The
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estimated E values were 34.8, 28.3, and 29.6 meV for RE = Gd,
Y, and Lu, respectively. The higher E values mean that the
phosphor shows less quenching with increasing temperature.
However, this was not consistent with our results, suggesting
that the temperature dependency did not contribute to the
order of PL intensity. Consequently, the lifetime of Yb** in
REMO:Bi,Yb (A= 363 nm, A,,= 975 nm) was evaluated at
room temperature as shown in Figure 4c. The decay curves
were well-fitted with the equation (eq 4).

t t
I(t) = Alexp[——] + Azexp[——]

7 7 4)
where 7,,, A, ,, and I(t) are the lifetime, decay components,
and intensity at time ¢, respectively. In addition, the average
lifetimes (7,,.) were estimated by the following equation (eq

5):

_ A1112 + A2122
At + Ay,

ave

(%)

The fitted parameters are given in Table S4. The 7, values
were 207 us for GMO:Bi,Yb, 113 us for YMO:Bi,Yb, and 64.4
us for LuMO:Bi,Yb, and the values were similar to other Yb*'-
doped NIR phosphors, such as CaLaNb;O,,:Yb (211 us) and
CdMoO,:Yb (112 us).***’ The estimated values decreased as
the ionic radius of the RE site decreased. It is considered that
the shortened lifetime is caused by concentration quenching.
Hence, the order of luminescence intensities in the NIR
spectrum for REMO:Bi,Yb nanophosphors could be attributed
to concentration quenching, which tends to occur more
frequently as the ionic radius decreases.

3.2. Gd,Mo,_,W,0¢:Bi,Yb Nanophosphor. Because
Gd,;MoOg:Bi,Yb exhibited the highest PL intensity in
RE,MoOq:Bi,Yb (RE = Gd, Y, and Lu), the Mo site was
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substituted into the W atom focusing on Gd,MoOg:Bi,Yb. (a) (b)
Figure Sa displays the XRD patterns for Gd,Mo,_,W,O:Bi,Yb. ER
The synthesis of Gd,Mo,;_,W,O¢:Bi,Yb was achieved with a 3 = 8-2
pure phase at x = 0, 0.2, and 0.5. However, an impurity phase 8 B 04
of Gd,(WO,); was observed at x = 0.8 and 1 (marked as *), Z g£902 ZS'S
indicating that the solid solution limits of Mo and W in GMO _§ © 900 V?/Z(\)/ergoo 1050 1100 1150
exist between x = 0.5 and 0.8 in this solvothermal reaction é | = //'\\\ —_ ngth [nm) -
method. Therefore, only Gd,Mo,_ ,W,O4:Bi,Yb with x = 0, 0.2, S 2 - s j:g::
and 0.5 were subjected to further evaluation for comparison. g *% 04k 0 e
Based on the XANES spectra of the Mo K-edge and the W L;- z / 3 T WSI=207,208 213
edge (Figure Sb,c), the oxidation states of Mo and W atoms in L ieen. . -3 0.01 . . :
300 400 500 0 03 0.6 0.9

Gd,Mo,_,W,O¢:Bi,Yb were determined to be hexavalent. This
was evidenced by the absorption edge at 20.009 keV for the
Mo K-edge and 10.204 keV for the W L;-edge, consistent with
the reference samples of MoO; and WO,. Additionally, from
the derivative XANES spectra of the Mo K-edge and W L;-
edge (Figure S10), the peak positions agreed well with MoO,
or WOj;, not with MoO, or WO,. Therefore, the formation of
the solid solution with Mo and W did not alter their oxidation
states, and there was no need to consider the existence of
reductive states of Mo®" and W®*. The TEM image in Figure
S5d shows that Gd,Moy W, ;O4:Bi,Yb has a spherical
morphology of 50 nm, consistent with that of GMO:Bi,Yb.
Thus, the morphology is not affected by W substitution, and
Gd,Mo,_W,O4:Bi,Yb is expected to suppress the visible light
scattering as well as the REMO:Bi,Yb nanophosphor.

Figure 6 displays the DRS spectra for Gd,Mo,_,W,O¢:Bi,Yb
(x = 0, 0.2, and 0.5), which exhibit absorptions from 200 to
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Figure 6. UV—vis-NIR diffuse reflectance spectra and Tauc plot
(inset) of Gd,Mo;_W,O¢:BiYb (blue: x = 0, light blue: x = 0.2,
green: x = 0.5).

300 nm due to CT transitions between Bi 6s/O 2p orbitals and
Mo 4d or W 5d orbitals. Additionally, absorption due to the
Yb** ions was observed in the NIR region around 1000 nm.
Furthermore, a shift of the absorption edge toward shorter
wavelengths was observed as x increased. The estimated values
of E, obtained from eqs 1 and 2, were 2.88, 2.97, and 3.05 eV
for x values of 0, 0.2, and 0.5, respectively. The increase of E
values could be attributed to the enhanced contribution of the
W 5d orbital, which is located at a higher energy level than the
Mo 4d orbitals.*”*° These results indicated that the absorption
property can be tuned by the ratio of the W and Mo amount.

Figure 7a shows the PLE spectra for the
Gd,Mo,_,W,O¢:Bi,Yb (x = 0, 0.2, and 0.5) monitored at an
NIR luminescence of 975 nm. The discrepancy between the
PLE spectra of the GMO:Bi,Yb spectrum and Figure 4a is due
to the presence or absence of the detector correction. In the
PLE spectra for Gd,Mo;_ W, O¢:Bi,Yb, no correction allowed
for the deconvolution of the excitation band. The PLE spectra

Wavelength [nm] Time [ms] ’

Figure 7. (a) Normalized PLE spectra (d,,= 975 nm), (b) PL
spectra, and (c)decay curve (d,= 360 nm, A,= 975 nm) for
Gd,Mo,_ W,O4:Bi,Yb (blue: x = 0, light blue: x = 0.2, and green: x =
0.5).

for Gd,MoOg:Bi,Yb were deconvoluted into two bands,
attributed to the 6s — 6p transition of Bi** ions and CT
transition between Bi 6s/O 2p hybrid orbitals and Mo 4d
orbitals, respectively, peaking at 303 and 380 nm.”' In
comparison, the PLE spectra for Gd,Mo,_,W,O4:Bi,Yb (x =
0.2 and 0.5) were deconvoluted into three bands peaking at
approximately 283, 342, and 377 nm. Based on the attribution
of PLE spectra in GMO:Bi,Yb, the bands at 283 and 377 nm
should be attributed to 6s — 6p of Bi** and the CT transition,
respectively, as these band positions would not show drastic
changes with W substitution. Therefore, the band at 342 nm
was due to the CT transitions between the Bi 6s/O 2p hybrid
orbitals and the W Sd orbitals. From the PL spectra for all
Gd,Mo;_,W,O4:Bi,Yb under 363 nm excitation (Figure 7b),
NIR luminescence was observed from 900 to 1150 nm due to
the 4f-4f transitions of Yb** ions. In Gd,Mo,_ W, Oq:Bi,Yb,
Gd,Mo W, sO¢:Bi, Yb exhibited the highest PL intensity, with
an increase of up to 1.7 times compared to the GMO:Bi,Yb,
The internal quantum efficiencies for Gd,Mo,;_,W,O4:Bi,Yb (x
=0, 0.2, and 0.5) under 363 nm excitation were found to be
3.23, 2.55, and 3.81%, respectively. The results indicate that
the concentration of the W® ion has an effect on the
luminescence intensity. From the normalized PL spectra for
Gd,Mo,_,W,04:Bi,Yb (x = 0, 0.2, and 0.5) as displayed in
Figure S11, there was no shift or spectral shape difference,
indicating the similarity of the crystal field effects on the Yb*"
ions. Figure 7c¢ presents the decay curve for
Gd,Mo,_,W,0¢:Bi,Yb (4,= 363 nm, A,,,= 975 nm) at room
temperature. The decay curve follows eq S, and the fitted
values are summarized in Table SS. The 7,,, values remained
consistent across different W concentrations (x = 0:207,
0.2:208, and 0.5:213 us), which mean that there were no
changes in radiative transition rate of Yb3*. Therefore, the
variation in PL intensity observed in Gd,Mo,_ W, O:Bi,Yb
might be attributed to the energy transfer processes from CT
transitions in Gd,Mo,_ W, O:Bi to Yb*.

3.3. Current—Voltage (/-V) Characteristics of the
GMO:Bi,Yb Nanophosphor. In this study, we focused on the
GMO:Bi,Yb nanophosphor due to its strong luminescence
intensity and possibility up to long wavelengths. Figure 8a
displays the in-line transmittance spectra for the PDMS/
GMO:Bi,Yb film, as well as the PDMS film put onto quartz
glass as the reference. The PDMS film exhibited high
transmittance, approximately 92%, while it showed a reduction
of transmittance from near-UV (NUV) to the NIR region of
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Figure 8. (a) Transmittance spectra of quartz, PDMS film, and
PDMS/GMO:Bi,Yb film. (c) I-V curve for c-Si solar cells with the
PDMS film and c-Si/PDMS/GMO:Bi,Yb film.

approximately 1% compared to quartz. This reduction should
not significantly impact conversion efficiency, although strong
absorption was observed in the wavelength region below 250
nm due to the intrinsic absorption of PDMS. It suggests that
the GMO:Bi,Yb nanophosphor with absorption over 250 nm
would be beneficial if using PDMS as a polymer resin to
mitigate the effects of absorption of PDMS. Compared to the
PDMS film, the PDMS/GMO:Bi, YD film displayed a reduction
in transmittance of 2—4% in the visible to NIR region due to
scattering and absorption by GMO:BiYb nanophosphors.
Additionally, the transmittance in the NUV region around 300
nm decreased further by approximately 10% due to the LMCT
transition in GMO:Bi,Yb. Therefore, it was anticipated that the
PDMS/GMO:Bi,Yb film would enhance the properties of c-Si
solar cells. Figure S12 shows a photograph of the PDMS/
GMO:Bi,Yb film, which was highly transparent due to the
absorption of GMO:Bi,Yb only in the UV region and its
nanoscale size with an average thickness of 312 ym. Figure 8b
illustrates the current—voltage (I—V) characteristic of c-Si with
and without a film. The conversion efficiency (17) of bare c-Si,
PDMS, and PDMS/GMO:BiYb film was 5.47, 4.71, and
5.01%, respectively. The PDMS film led to a 0.8% decrease in
n value compared to the bare state, attributed to the scattering
of the light, indicating that film deposition conditions, such as
film thickness, are necessary to be optimized. Although there is
still room for improvement in the deposition conditions, the 7
value of the PDMS/GMO:Bi,Yb film is 0.3% higher than that
of the PDMS film. This improvement was attributed to the
contribution of the GMO:Bi,Yb nanophosphor. Moreover, the
conversion efficiency was evaluated by varying the concen-
trations of the GMO:Bi,Yb chloroform solution. The # values
for 0.5, 1.0, and 1.5 mg/mL were found to be 4.94, 5.01, and
4.42%, respectively, with the highest efficiency observed at a
concentration of 1.0 mg/mL.

4. CONCLUSIONS

In this research, RE,MoO:Bi,Yb (RE = Gd, Y, Lu) and
Gd,Mo,;_,W,04:Bi,Yb (x 0—0.5) nanophosphors were
successfully synthesized using a solvothermal reaction method.
The RE,Mo00QO4:Bi,Yb nanophosphors exhibited peaks corre-
sponding to the Yb** and Bi** ions in XPS spectra, suggesting
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successful substitution in the host matrix. The TEM images
revealed that all samples had spherical nanoparticles with a
diameter of approximately 50 nm, and no difference was
observed among them. Furthermore, the RE,MoOg:Bi,Yb
nanophosphor exhibited absorption in the UV region and high
reflectivity in the visible region. A broad excitation band
attributed to the CT transition between the Bi 6s/O 2p and
Mo 4d orbitals was observed. Additionally, upon excitation at
364 nm, the RE,MoOg:Bi,Yb nanophosphor displayed NIR
luminescence around 1000 nm due to the 4f-4f transition of
Yb** ions, and Gd,MoOg:Bi,Yb exhibited the highest
luminescence intensity. By tuning the chemical compositions
of Gd,Mo,_W,O¢:Bi,Yb nanophosphors, the band edge in
reflectance spectra shifted toward a shorter wavelength with
increasing x values, and also the blue shift of peak position was
observed in the PLE spectra. The PL intensity at 975 under
363 nm excitation was the highest in Gd,Mo,sW,sO4:Bi,Yb.
The PDMS/GMO:BiYb film showed a 0.5% increase in
conversion efficiency compared to the PDMS film, indicating
that the GMO:Bi,Yb nanophosphor played a significant role in
the enhancement. This study suggests that other phosphors
also improve the conversion efficiency of ¢-Si solar cells, and
the combination of GMO:Bi,Yb nanophosphors could help
address global energy issues.
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