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Abstract

Yb“-doped Ba,LaV;0,; vanadate phosphors with near infrared (NIR) emission are synthesized
via the sol-gel method. The phase purity and structure of samples are characterized by X-ray
diffraction (XRD). The electronic structure of self-activated phosphor host Ba,LaV;0;; is
estimated by density functional theory (DFT) calculation, and the host absorption is mainly
ascribed to the charge transition from the O-2p to V-3d states. Photoluminescence emission (PL)
and excitation (PLE) spectra, decay curves, absorption spectra and theoretical quantum yields of
samples are also investigated. It indicates that Ba,LaV;0y;: Yb** phosphors have strong broad
band absorption and efficient NIR emission, which matches well with the spectral response of the
Si-based solar cells. The energy transfer processes from [VO,]* to Yb>" and possible transfer
models are proposed on the concentration of Yb*" ions. Results demonstrate that Ba,LaV;0,:
Yb'* phosphors might act as promising NIR DC solar spectral converter to enhance efficiency of

the silicon solar cells by utilizing the broadband absorption for solar spectrum.
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1. Introduction
Solar energy is an inexhaustible renewable green energy and expected to provide about 16% of the
entire global electricity by the year 2050, leading to the rapid growth of the solar energy
application and research in recent years. > Photovoltaic cells could convert solar energy directly
into electricity, which has aroused more interests of many governments, large-scale enterprises
and experts to develop. Among various solar cells, crystalline silicon (c-Si) solar cells still
dominate the commercial market though its photo-electric conversion efficiency is far below the
theoretical maximum value 30% (the Schockley-Queisser limit) due to the spectral mismatch
between sunlight spectrum (300-2500 nm, AM 1.5G) and the response curve of c-Si
semiconductor (E; = 1.12 eV, A = 1100 nm). 34 In general, the spectral response of conventional
Si-based solar cells (as shown in Fig. 8) is much weaker in ultraviolet region below 400 nm, and
the much higher energy than E, of ultraviolet-visible (UV-Vis) photons will lose as heat during
the fast thermalization of hot charge carriers. Moreover, the low energy photons (£ < E,) at
infrared region cannot be absorbed. > To reduce the spectral mismatch losses and enhance the
efficiency of silicon solar cells, down-conversion (DC) phosphors including down-shift (DS) and
quantum cutting (QC) modes based on the energy transfer process have been put forward to put in
the front of the solar cells to modify the incident spectrum, which could provide a promising way
for the improvement of solar cell efficiency by convert inefficient UV-visible short-wavelength
light to available near-infrared (NIR) photons close to Eg.s'8

Recently, investigations of the NIR DC materials were mainly focused on the RE**-Yb’" (RE
=Tb*", Pr’’, Tm’", Ho’", Er’ or Nd®") or Ce*"/Eu’"-Yb*" co-doped phosphors, in which RE* or
Ce’" /Eu” ions act as sensitizers to UV-Vis and transfer their energy to Yb’' to produce near
infrared emission. However, the former typical narrowband donors (e.g. Tb3+) suffer from
naturally weak and narrow absorption cross-section in the UV /blue region because of the partially
forbidden 4f-4f transitions; *'* the latter broadband absorption ions (Ce’*, Eu*") from the allowed
4f-5d transitions have to be produced in reducing atmosphere and easy to produce reduction state
like Yb*","* "* leading to weak NIR emission. In these systems, Yb*" ion is used as proper acceptor
and efficient NIR emitting center at around 1000 nm assigned to simple 2F5/2 — 2F7/2 transition,
which is in agreement with the optimal spectral response of c-Si. 3 Yb3+—doped host-sensitized
NIR DC luminescent materials (e.g. VO43’, Nb043’, WO42' and M0066' group contained host
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matrices) like YVO,, CaLaNb;O;, could not only avoid the above drawbacks but also offer
excellent physical and chemical stability, strong absorption in the UV range and intense emission
in the Vis / NIR region, efficient energy transfer (ET) from the host to the doping Yb*" ions, which
satisfy the requirements for phosphors in the application of silicon solar cells.'®" As a
self-activating material, most vanadates possess broad and strong excitation band from n-UV to
visible region as well as broad emission covering from blue to red due to their charge transfer (CT)
transitions in the [VO,]*” group.

In this work, monoclinic structure Ba,LaV;0,; is selected to accommodate Yb** ions and to
investigate their NIR emission properties under UV light. The structure, visible and NIR emission
spectra and decay curves are investigated to prove the existence of ET from [VO,]” to Yb*". ET
mechanisms are systematically studied and discussed. Results indicate that the current
Ba,LaV;0;;: Yb’" NIR DC phosphor have potential application to modify the solar spectrum and

enhance the conventional efficiency of silicon solar cells.

2. Experimental
2.1 Preparation of phosphors

The Ba,LaV;0,;: xYb** (x=0,0.01, 0.04, 0.08, 0.16, 0.20, 0.30) powers are synthesized via
sol-gel method. At the beginning, the stoichiometric amounts of raw materials, including high
purity La;03, Yb,03 (99.99%, Shanghai Yuelong Nonferrous Metals Ltd.) and analytical reagents
(A.R) BaCO;, NH4VO; and citric acid are weighted, respectively. First, rare earth oxides and
BaCQO; are dissolved in nitric acid HNO; (AR) with heating and stirring, and the redundant HNO;
is dried out by heating and evaporation. Afterward, a certain amount of de-ionized water is added
to form transparent solution. Then, NH,;VOj3; and chelating agent citric acid for the metal ions are
added in succession, and the molar ratio of total chelate metal cations to citric acid is fixed at 1: 2.
At the end, the pH value of the mixture is adjusted to 1 by adding diluted HNOs, with constant
stirring until highly transparent green-yellow precursor solution is obtained. Then obtained
solutions are heated at 70 C for 48 h in an oven to get black resins, further dried at 120 °C for 24
h to form foam black dried gel. Finally, the dried gels are pre-heated in air at 500 C for 5 h,
reground, and then calcined at 1000 ‘C for 5 h to get final product.

2.2 Characterization of phosphors
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The powder X-ray diffraction (XRD) of samples are carried out by using a Rigaku-Dmax 3C
powder diffractometer (Rigaku Corp, Tokyo, Japan) at 40 kV, 30 mA with Cu-Kaasan incident
radiation (A = 1.54065 A). Diffuse reflection spectra (DRS) are taken on a VARIAN CARY 5000
UV-Vis-NIR spectrophotometer with a reference BaSO, powder. The PL excitation and emission
spectra and decay curves are recorded on an Edinburgh FLS920 spectrometer equipped with a 450
W Xe lamp and combined pF900 microsecond flash-lamp as excitation sources. PL spectra of all
samples are tested more than three times to reduce the error and all of the measurements are
performed at room temperature.

2.3 Computational procedure

Our calculations are performed using the VASP 5.2 program, in which the first principles
wave-basis pseudo-potential method is used within the density functional theory (DFT).*" ?'
Projector-augmented-wave (PAW) potentials are adapted for Ba, La, V and O atoms, while
generalized gradient approximation (GGA) under the scheme of Perdew-Burke-Ernzerhof (PBE)
functional is used for the electron exchange-correlation interactions.” A plane-wave basis set with
an energy cutoff of 400 eV is employed. Self-consistency is considered to be achieved when the
total energy difference between succeeding iterations is less than 10” eV. A k-point sampling of

1x3x5 Monkhorst-Pack mesh is used for the relaxation calculations and a 3x10x15 mesh is

applied for the calculations of DOS.

3. Results and discussion
3.1. X-ray diffraction and structural characterization

It is well known that the structure determines the property of materials, thus it is necessary to
identify the structure of samples. The XRD patterns of the as-synthesized Ba,LaV;0;: xYb*"
samples are used to characterize the structure of sample and shown in Fig. 1a as a function of Yb*"
doping concentrations. It is found that all the XRD patterns are similar and match well with the
standard data of Ba,BiV3;0,; (JCPDS No.81-1778), no any purity diffraction peaks appeared with
the introduction of Yb*". This indicates that Ba,LaV;0q; and Ba,BiV;0;; are iso-structural and
adopt the same monoclinic structure, and the introduction of Yb’" does not cause any changes of
structure. However, it is observed that the diffraction peaks gradually shift toward higher angles
with the increase doping of Yb’"ions and variable trend of main peak (021) is shown in Fig. 1b,
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which due to the replacement of La>" (R,= 1.03 A for CN = 6) by Yb** ions with smaller ionic
radius (Ryy=0.87 A, CN = 6).

Ba,LaV;0,; and Ba,BiV;0,; with the general formula Ba,MV;0;; (M=Bi, In, or rare earth)
crystallize in the monoclinic system with the space group P2//a, which contains both an
orthovanadate group [VO,]” and a pyrovanadate group [V,O04]". [V>0;]" is formed by two
[ V04]3" groups sharing one oxygen atom, and the V> jons in [VO4]3’ and [V207]4' groups are
tetrahedrally surrounded via connecting four oxygen atoms, the formula of Ba,MV;0;; can be
rewritten as Ba,M(VO,)(V,0,). » Figure 1c displays the sketch of the contents of a Ba,MV30y,
unit cell. It is observed that the M>" atom coordinates to six oxygen atoms forming a distorted
octahedron and there are two types of Ba atoms with coordination numbers of 11 (Bal) and 10
(Ba2). The calculated cell parameters of Ba,LaV30,; are a =24.63 A, b =7.77 A, ¢ =5.55 A and
V=1034.24 A°, are close to those of Ba,BiV;0y, (a = 24.65 A, b =773 A, ¢ =5.64 A and V=
1046.50 A°, JCPDS 81-1778) due to the tiny difference of ionic radii between Ry ,= 1.032 A and
Rg;i=1.030 A for CN=6.*

3.2. Electronic structure and diffuse absorption spectra of Ba,LaV;0;; host

The electronic structure of Ba,LaV;0y; is investigated by first principle calculation using
VASP code, and the calculated band structure of host compound is expressed in Fig. 2a. The
results display that the pure Ba,L.aV3;0;; has a direct band-gap of 3.09 eV because the valence
bands maximum (VBM) and the conduction bands minimum (CBM) located at the same point. It
can be concluded that the Ba,L.aV;0y; is a suitable host for luminescence materials with a wide
band gap between 3.0 and 6.0 eV because it helps to accommodate both the ground and excited
states of luminescent ions within the band gap.” In order to understand the composition of the
energy bands, the total and partial density of states (DOS) of Ba,LaV;0y; are calculated (see Fig.
2b). It is clearly observed that the top of valence band is composed of dominant O-2p and there is
a small contribution from the V-3d, 3p, 4s and La-5d states ranging from -5 eV to the Fermi level
(set at 0 eV). Another band between -8 eV and -20 eV is created by Ba-5p, La-6p, V-3d, 3p, 4s and
0O-2s states, while the bottom of conduction band in Ba,LaV;0; ranging from 3.09 eV to 7.60 eV
is mainly formed by V-3d states and a slight contribution of the O-2p. Results provide useful
information about the host lattice, which displays that host absorptions can be mainly ascribed to
the charge transition (CT) from the O-2p to V-3d states.
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The UV-visible diffuse reflectance spectrum of pure Ba,LaV;0;; is depicted in Fig. 3a. The
strong absorption band below 400 nm of the spectrum is ascribed to the host absorption, which
may primarily ascribe to the transitions from O™ to different levels of V" in tetrahedral [VO4]3’
group. The optical band gap energy E,; can be calculated by the method based on the

transformation of diffuse reflectance measurements put forward by Kubelka and Munk. The

Kubelka—Munk function F' (R, is defined as: 2
F(R)=(1-R)*/2R=K /S )

where R, K and § are the reflection, the absorption and the scattering coefficient, respectively. The

modified Kubelka-Munk equation gained as follow: >’

[F(R, )] = A(hv~E,) )

here /v is the photon energy, 4 is a proportional constant, £, is the value of the band gap, n=2 for
a direct transition or 1/2 for an indirect transition. From the linear extrapolation of [F (Rm)hv]ZZO,
the band gap of as-synthesized Ba,LaV;0,; is calculated to be 3.35 eV as shown in Fig. 3b.
However, the experiment value is higher than the theoretical calculated value (3.09 eV) due to

GGA potential usually underestimates the size of the band gap. 2

3.3 Analysis of photoluminescence spectra and energy transfer processes
3.3.1 Luminescent properties of self-activated Ba,LaV;0;; phosphor

Photoluminescence excitation (PLE) and emission (PL) spectra of the un-doped Ba,L.aV;0y;
at room temperature are presented in Fig. 4a. According to the electronic structure calculation
results, the broad band emission is attributed to charge transfer of an electron from the 2p orbital
of the oxygen atom (O-2p) to the vacant 3d orbital of V>* ions (V-3d ) in tetrahedral [VO,]> group
with T4 symmetry. In order to better understand the assignment of the spectra, schematic energy
levels for the possible excitation and emission transitions in VO, tetrahedron are shown in Fig. 4b.
Typically, the molecular orbitals of the V™" jon with Ty symmetry are expressed as a ground state
lAl and four excited states lTl, sz, 3T1, and 3T2, and the energy separation between 3T1 and 3T2 is
about 2000 cm™. % Monitoring at about 502 nm, Ba,L.aV;0,; exhibits a broad excitation band
between 240 and 395 nm centered at 338 nm. According to the Gaussian analysis, the excitation

band can be decomposed to two absorption bands peaking at about 312 and 344 nm, which are
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assigned to the partly enabled spin-allowed transitions from the ground state to the excited state
'T,and 'T| transitions, respectively. Regarding the two absorption bands in the PLE spectrum, the
minor intensity band corresponding to the 'A>'T, (Ex;) transition is known as a shoulder peak;
and the major intensity is due to the 'A;—'T, (Ex,) transition. The intensities and positions of the
two excitation bands Ex; and Ex, may depend on two factors: the concentration of the [VO,]>
groups and the nature of the host lattice.*® From the PL spectrum with the excitation of 338 nm, it
is clear that phosphor exhibits the characteristic broad band emission ranging from 400 and 700
nm in yellow-green region with band maxima at 502 nm. It is well known that the asymmetric
emission band of the vanadate contains two broad band peaks with maxima at 495 nm and 550 nm
corresponding to the 3T2—>1A1 (Em;) and 3T1—>1A1 (Emy) spin-forbidden transitions of [VO4]3’
group, respectively. The de-convolved two emission bands are overlapped and they look like a
single band with the naked eye because of the insignificant energy difference (about 0.2 eV)
between the 3T1 and 3T2 excited states. To observe the difference between the two transitions, the
emission spectrum is de-convolved into two bands using Gaussian fittings and the Em; band
centered at 495 nm is more intense than that of the Em, band at 550 nm, as shown in Fig. 4a.
These illuminate that Ba,LaV;0;; could easily absorb high energy photons in the range of
240-400 nm and emit photons with lower energy in the visible region, which could be used to
enhance the efficiency of Si-based solar cells without more heat dissipation.
3.3.2 Luminescence and ET in NIR DC Ba,LaV;0;: Yo't phosphors

According to above results, it indicates that the emission of [VO,]> group could sensitize Yb*",
and the PL and PLE spectra of samples Ba,LaV;0,;: xYb’" as a function of Yb*™ contents are
displayed in Fig. 5. The PLE spectra of sample with or without doping Yb*" include a broad
intense absorption band ascribed to the CT band involving [VO4]3’ groups rather than that of o*-
Yb*" which usually located at a wavelength shorter than 250 nm in inorganic compounds. '® In
addition, the profiles of PLE spectra for samples Ba,LaV;0y;: Yb*" are similar except relative
intensity as monitoring the [VO4]3' emission at 502 nm and the 2F5/2 — 2F7/2 transition of Yb*" at
1004 nm are shown in Fig. 5a, which indicates the energy transfer occurred from host to Yb*".
Under the excitation of 338 nm, the PL spectra of Yb3+-doped Ba,LaV;0,; samples consists of a
strong yellow-green emission at around 502 nm from the [VO4]3' emission and an intense NIR
emission with several weak shoulders peaking at 977, 995, 1004, 1069 nm from transitions among
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the different stark levels of *F; (J=5/2, 7/2) of Yb>" (as shown in Fig. 5b),>' which also prove the
existence of ET from host to Yb’". Seen from Fig. 5c, it is observed that the PL intensity of
[VO4]3' host intrinsic emission depresses monotonously with increased Yb*" concentration from 0
to 0.3, whereas the NIR emission intensity firstly increases and then decreases after reaching the
maximum at x=0.16 due to the concentration quenching effect.

Above results indicate that energy transfer plays an important role for the NIR emission in the
Yb* +—doped Ba,L.aV;0y; systems. To further confirm the ET existence from [VO4]3 " group to Yb3+,
the decay curves of [VO4]> group emission at 502 nm in Ba,LaV30;;: xYb>" system are plotted
with variable Yb®" concentrations upon 338 nm excitation are shown in Fig. 5d. The average

lifetime (t) of [VO4]*" group in Ba,LaV;0,;: Yb** samples could be calculated by: >

= d,dt / [ 1t 3)

Where /;) is the luminescence intensity at time ¢. The decay time of Ba,LaV3;0,; host is about 6.13
us. With the introduction of Yb>" ions, the decay curves significantly deviate from the single
exponential rule and the decay rate of [VO4]> becomes faster with the increase of Yb*" dosage.
The energy transfer efficiency (ETE, 7gre) from [VO4]” group to Yb*" could be described as:>
UETEZI_Tx/To 4)

In which 7, and 7, denote the decay life time of [VO,]’” emission with and without Yb>" doping. As
the calculated values shown in Table 1, the average decay times of [VO4]3’ group diminish and the
ETE rises correspondingly with the increase of Yb>* content from 0 to 0.3. The average lifetimes
(7) are calculated to be about 5.81, 5.37, 4.73, 3.82, 2.08, 1.38 us and #grg are 6.2%, 12.4%, 22.8%,
37.7%, 66.1% and 77.5% for x=0.01, 0.04, 0.08, 0.16, 0.20 and 0.30, respectively. It is worth
mentioning that #grg reaches as high as 77.5% for Ba,LaV;0;: 0.30Yb>" sample.
3.3.3 Energy transfer mechanism in Ba,LaV;0;;: vy

The above luminescent spectra and decay lifetimes have proved the occurrence of ET from
[VO4]3' to Yb' in Yb** doped Ba,LaV;0,; host. In order to comprehensive understand the ET
process and the mechanism from [VO,]’" group to Yb", the schematic energy levels of [VO4]*
and Yb*" with possible energy transfer pathway are demonstrated in Fig. 6. Under the excitation of
near ultraviolet light, [VO,]> groups are excited as a result of electron transfer from O-2p valence

band to V-3d conduction band, and the radiative relaxation of the excited state to ground state
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could emit a green photon or transfer its energy to the nearby Yb’™ ions through ET process. As
shown in the scheme, the ET from the [VO,4]" to the Yb" has two possible routes: [1 Cooperative
ET: The energy of [VO4]3’ from *T, /°T, - 'A, transition is approximately twice as high as the
energy difference between the ’F 2 and ’F s levels of Yb* and Yb>" has no other levels up to UV
region, thus the energy of [VO,]” is simultaneously transferred to two nearby Yb’* ions emitting
two NIR photons with a wavelength around 1000 nm. [ Single-photon ET: The excited state of
[VO,]* group could split into two levels 1T1,2 and 3T1,2, and the energy of higher excited states is
close to that of O* - Yb>* charge transfer state (CTS)."® With the help of multi phonons, the excited
[VO4]3' state can transfer its energy to CTS of Yb*", then Yb*" undergo fast intra-ion thermal
relaxation down to the excited *Fs, state companied with energy loss, resulting a single NIR
photon for each UV photon excitation. For the mentioned pathway, the former could convert one
UV photon into two NIR photons (called QC), but the latter process is a one-to-one conversion
process. However, both two processes are significant for application in enhancing efficiency of
silicon-based solar cells by converting the inefficient UV photon for Si-based solar cell to
available NIR photon at around 1000 nm where the Si solar cell exhibits the most efficient spectral
response. According to previous theoretical calculation, the quantum yield (QY) is over 100% and
reach about 200% in the former QC process, but almost all measured QY in the samples with so
called “QC” are far below 100%,"* which is due to the possible reasons: different detectors for Vis
and NIR emission measurement; the direct ET from the excited [VO4]3' state to CTS of Yb’".
Fortunately, ET from [VO4]” to Yb’" is sure to be occurred, NIR emission peaked at 977 and
1004 nm is available and offers the ability to improve the spectral response of the c-Si solar cells
to short-wavelength sunlight.

According to previous results, the mechanism of the ET from VO43' to Yb*' in Ba,LaV;0;:
Yb’" sample could be judged in light of the dependence of the energy transfer rate (W, related to
reciprocal of the decay time of the sensitizer 7') on Yb>* ion concentration (x). For single-photon
ET process, the host transfers its energy to sole Yb*" ion. The energy transfer rate (Wsgr) from a
donor (VO43’) to an acceptor (Yb3+) can be written as Wsgr =A'x, A is the sum of distance
function multiply by the radiative decay rate and x is Yb>" concentration. While the donor (VO,)
synchronously transfers its energy to two acceptors (Yb3+) for CET process, the relationship
between energy transfer rate (Wcgr) and Yb** doping concentration (x) is Wcgr = Ax? 3530
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According to the lifetime values in Table 1, the ET rate (W}os.yb) can be expressed as follows: 33

p 1L ©

Host-Yb z—x TO

Here 1/z, means the total transfer rate when the Yb*" content is x, and 1/7, is the transfer rate when
ET is inexistent (x=0). The double logarithmic plot of ET rates (W) versus Yb’" doping
concentration (x) is shown in Fig. 7. As discussed above, when the concentration of Yb*" ions
changes from 0.01 to 0.08, the slope n; value is about 1 indicating that the single-photon ET is
dominant; while when x further increases to 0.30, the slope n, value is the calculated to be 2,
displaying that the ET is mainly by the CET process as the content of Yb*" in the range of
0.08-0.30.% On the basis of the above analysis, it indicates that the ET process from [VO4]* ions
to Yb*" ions dominated by the single-photon ET when the Yb®" concentration is below 0.08;
whereas, the CET process occurs and its possibility gradually rises with the increase of the Yb**
concentration, when the Yb’" ion concentration (x) exceeds 0.08 the CET process dominated the
ET. Unfortunately, the proportion of the two processes can’t be determined and the theoretical
quantum yield cannot be calculated. However, the theoretical quantum yields (1qy, defined as the
ratio of the number of photons emitted to the number of absorbed photons) of the samples doped
with high concentration (x>0.08), in which the ET occurs only by the cooperative process, can be

estimated as:*°

17 Qv = M Host (1 -7 ETE) + 277Yb77 ETE (6)

where 705 and 7y, are the internal quantum efficiencies of host and Yb3+, respectively. Here, it is
usually assumed that all the excited Yb’" ions and the residual excited [VO,]” ions decay
radiatively by ignoring the non-radiative energy loss, i.e., #uos=#%yv=1. Therefore, the upper limit
of the theoretical total QY is estimated to be about 137.7%, 166.1% and 177.5% for x= 0.16, 0.20,
0.30 according to Eq.(6). Therefore, the highest QY in the present samples has been found to be
177.5%, which indicates that 77.5% energy absorbed by host is transferred to 2F5/2 level of Yb**
ions to achieve the NIR emission and the energy transfer from host to Yb®" is extremely efficient.
For clearly showing the applicability of present sample in Si-based solar cell, the PLE and PL
spectra of Ba,LaV;0y;: 0.16Yb*" phosphor with optimal composition, the AM 1.5G solar

spectrum and the spectral response of c-Si solar cells are shown Fig. 8 with a comparable way. It

10
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is clear that the most efficiently spectral absorption of c-Si solar cells is 900-1100 nm NIR region
where photons energy close to the silicon band gap (£, = 1.12 eV, 1100 nm), but the UV-Vis light
with much higher energy than that of band gap dominates the incident solar spectrum.
Ba,LaV;04; could absorb the UV-Vis light with wavelength below 400 nm and emit broadband
visible light in 400-700 nm (blue line), while Yb3+—doped Ba,LaV;0;; NIR DC phosphors offer
the strong absorption in UV region (240-400 nm, purple line) and give intense NIR emission
(900-1100 nm, red line) in the optimal response region of c-Si solar cells. Therefore, Ba,LaV;0y;
and Yb’"-doped Ba,LaV;0;; down-conversion phosphors have great potential applications in

enhancing the efficiency of silicon-based solar cells.

4. Conclusions

In summary, a class of Ba,LaV;0;: Yb*" NIR down-conversion phosphor are synthesized by
sol-gel reaction. The host Ba,L.aV;0,; shows broad PLE band from 240 to 395 nm associated with
CTB (CT band) of [VO,]’ group, and intense broad band yellow-green emission ranging from
400 to 700 nm centered at 502 nm. The efficient NIR emission of Yb3+-doped Ba,LaV;0y,
samples from 900 to1100 nm match well with the optimal spectral response of the c-Si solar cells.
The energy transfer plays a critical role in the Yb**-doped Ba,LaV;O;; phosphors, and the
decreasing lifetimes of host emission with increasing Yb*" are measured to prove the occurrence
of ET from host to Yb’". Based on the analysis of relationship between the energy transfer rate
and Yb®" content, the possible energy transfer processes and NIR emission mechanism in
Ba,LaV;0;;: Yb* phosphors are proposed. It illuminates that the ET process from [VO4]3' group
to Yb’" ions is dominated by single-photon ET process when the Yb*" concentration is below 0.08;
whereas the ET mainly occurs through the CET process when dosage concentration (x) exceeds
0.08 and the estimated highest theoretical quantum yield reaches 177.5% at x = 0.30. Results
demonstrate that the present Ba,L.aV;0;; and Ba,LaV;0;: Yb** down-conversion phosphors
could be used as solar spectral converters, which could make full use of the sunlight and enhance

the efficiency of silicon-based solar cells.
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Figure captions:

Fig. 1 (a) XRD patterns of phosphors Ba,LaV;0,;: xYb*" (x = 0, 0.01, 0.08, 0.16, 0.20, 0.30) with the standard

profile of Ba,BiV3;0;; (JCPDS 81-1778); (b) Enlarged (021) peak in various XRD patterns; (¢) The crystal

structure of Ba,LaV;0y;.

Fig. 2 (a) The calculated energy band structure of Ba,LaV;0;;; (b) DOS of Ba,LaV;0;; (Fermi level at 0 energy).

Fig. 3 (a) UV-Vis diffuse reflectance spectrum (DRS) and (b) (ahv)z-hv curve of Ba,LaV;0;; sample.

Fig. 4 PLE (A(n=502 nm) and PL (A,=338 nm) spectra of Ba,LaV;0;; with their Gaussian components (a) and

schematic energy level for excitation and emission processes in the (VO,)>” tetrahedron (b).

Fig. 5 (a) PLE spectra of Ba,LaV;0;; (4., = 502 nm) and Ba,LaV;0;: 0.16Y5*" (A, = 1004 nm), (b) PL spectra

of Ba,LaV;0;;: xYb*" (x =0, 0.01, 0.08, 0.16, 0.20, 0.30) in visible / NIR (4., = 338 nm) and (¢) Vis/NIR

integrated intensity and (d) decay lifetime of [VO4]* emission depends on the Yb*" concentration x under 338 nm

excitation.

Fig. 6 Schematic energy level diagram and the possible energy transfer process for VO, and Yb*" in Ba,LaV;0y.

Fig. 7 Plot (log-log) of the energy transfer rate (Wyos.yp) Vs- Yb** concentration (x) in Ba,LaV;0y;: xYb** (x=0.01,

0.04, 0.08, 0.16, 0.20, 0.30).

Fig. 8 AM 1.5G solar spectrum (black line) and spectral response of c-Si solar cells (green line). PLE (4., = 1004

nm) and PL (4,,, = 338 nm) spectra of Ba,LaV;0y;: 0.16Yb*" phosphor.
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Fig. 1 (a) XRD patterns of phosphors Ba,LaV;0;: xYb* (x =0, 0.01, 0.08, 0.16, 0.20, 0.30) with the standard
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structure of Ba,LaV;0y;.
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Fig. 2 (a) The calculated energy band structure of Ba,LaV;0,;; (b) DOS of Ba,LaV;0;; (Fermi level at 0 energy).
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Fig. 4 PLE (A,,=502 nm) and PL (A.,=338 nm) spectra of Ba,LaV;0,; with their Gaussian components (a) and

schematic energy level for excitation and emission processes in the (VO,)” tetrahedron (b).
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Fig. 7 Plot (log-log) of the energy transfer rate (Wyost.yp) Vs- Yb** concentration (x) in Ba,LaV;0y;: xYb** (x=0.01,
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Fig. 8 AM 1.5G solar spectrum (black line) and spectral response of ¢-Si solar cells (green line). PLE (4,,, = 1004

nm) and PL (4,,, = 338 nm) spectra of Ba,LaV;0y;: 0.16Yb*" phosphor.
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