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Abstract
Raising photoelectric conversion efficiency and enhancing heat management are two critical concerns for silicon-
based solar cells. In this work, efficient Yb3+ infrared emissions from both quantum cutting and upconversion were
demonstrated by adjusting Er3+ and Yb3+ concentrations, and thermo-manage-applicable temperature sensing based
on the luminescence intensity ratio of two super-low thermal quenching levels was discovered in an Er3+/Yb3+ co-
doped tungstate system. The quantum cutting mechanism was clearly decrypted as a two-step energy transfer
process from Er3+ to Yb3+. The two-step energy transfer efficiencies, the radiative and nonradiative transition rates of
all interested 4 f levels of Er3+ in NaY(WO4)2 were confirmed in the framework of Föster-Dexter theory, Judd-Ofelt
theory, and energy gap law, and based on these obtained efficiencies and rates the quantum cutting efficiency was
furthermore determined to be as high as 173% in NaY(WO4)2: 5 mol% Er3+/50 mol% Yb3+ sample. Strong and nearly
pure infrared upconversion emission of Yb3+ under 1550 nm excitation was achieved in Er3+/Yb3+ co-doped
NaY(WO4)2 by adjusting Yb3+ doping concentrations. The Yb3+ induced infrared upconversion emission enhancement
was attributed to the efficient energy transfer 4I11/2 (Er

3+)+ 2F7/2 (Yb
3+)→ 4I15/2 (Er

3+)+ 2F5/2 (Yb
3+) and large

nonradiative relaxation rate of 4I9/2. Analysis on the temperature sensing indicated that the NaY(WO4)2:Er
3+/Yb3+

serves well the solar cells as thermos-managing material. Moreover, it was confirmed that the fluorescence thermal
quenching of 2H11/2/

4S3/2 was caused by the nonradiative relaxation of 4S3/2. All the obtained results suggest that
NaY(WO4)2:Er

3+/Yb3+ is an excellent material for silicon-based solar cells to improve photoelectric conversion
efficiency and thermal management.

Introduction
The total amount of widely used fossil fuels on Earth is

limited and decreases at an accelerating rate day by day
owing to the increase of world population and the
expansion of industrial scale1–4. Moreover, the

continuous use of fossil fuels will result in worldwide
energy depletion, serious environmental pollution, and
greenhouse gas emissions. Therefore, an urgent task is to
find clean and renewable energies to replace fossil
fuels5–7. Amongst all renewable energies, including wind
energy, tidal energy, nuclear energy, hydro-energy, and
solar energy, the solar energy is highly favored. Conse-
quently, in recent years, solar cells that can convert light
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energy into electrical energy have attracted growing
interest, and many kinds of solar cells, such as silicon
solar cells, dye-sensitized solar cells, cadmium telluride
thin film solar cells, perovskite solar cells, quantum dots
solar cells, and organic solar cells, have been devel-
oped8–11. Amongst all of these solar cells, the silicon-
based solar cells are the most technically mature and well-
commercialized. Usually, it is acceptable in practical
applications if the photoelectric conversion efficiency of
silicon-based solar cells is larger than 15%. In fact, the
efficiency of 15% is just close to the half of its theoretical
value of the silicon-based solar cells, and even 1% increase
in efficiency is beneficial to the economic profits and
promoting applications. Increasing the efficiency through
technical improvement for the traditional silicon-based
solar cells will greatly increase the economic expenses and
lower the cost performance and that is not preferred.
Except for the technical improvement of the traditional

solar cell processes, another route to raising the silicon-
based solar cell efficiency is to introduce light conversion
materials. One of the light conversion materials is capable
of converting one photon with energy close to or higher
than the two times silicon bandgap energy into two or
more photons with energy larger than the silicon bandgap
energy. This conversion is widely known as quantum
cutting or down-conversion12–15. In the silicon-based
solar cells, the photocurrent generated by quantum-cut
photons can double in comparison with that before
quantum cutting, thus further elevating the energy yield
of the solar cells. Another type of light conversion
materials for silicon-based solar cells is so-called upcon-
version materials, which can combine two or more
infrared photons with single-photon energy lower than
silicon bandgap energy to one photon with energy higher
than the silicon bandgap energy16–19. This upconversion
can expand the effective wavelength range of silicon-
based solar cells, thus further elevating the energy yield of
the solar cells. It should be mentioned that the use of
either quantum cutting materials or upconversion mate-
rials can increase the electric energy yield of the silicon-
based solar cells with no need of changing any perfor-
mance of the silicon-based solar cells.
The photovoltaic devices must operate when they are

exposed to sunlight. Especially, the concentrator solar
cells suffer from high-intensity sunlight irradiation20–23.
The high-intensity sunlight irradiation can result in a high
temperature of the solar cells. At the high temperature,
the photoelectric conversion efficiency will decrease since
the electron and hole recombination efficiency will
increase. Therefore, the thermal management for the solar
cells cannot be disregarded. The advanced thermal man-
agement asks for the temperature measurements. Nowa-
days, the temperature can be detected via many
techniques, for example, thermistor temperature

measurement, thermocouple temperature measurement,
infrared radiation temperature measurement, fluores-
cence temperature measurement and so on24–26. For the
practical application of temperature measurement in solar
cells, the technical limit, economic cost, and longevity
must be taken into account. Amongst all these tempera-
ture measurement routes mentioned above, the fluores-
cence temperature measurement may be a better choice
since the inorganic fluorescence materials can be easily
injected into the silicon-based solar cells in a close contact
way, and the fluorescence signal for detecting temperature
can be read out in a contactless way. In addition, the
inorganic fluorescence materials are chemically and phy-
sically stable. Therefore, finding a suitable fluorescence-
based temperature-measuring material is a key step to
advanced thermal management for solar cells.
In recent years, aiming at improving the performance of

silicon-based solar cells, both quantum cutting and
upconversion materials are widely studied27–35. Though
the temperature sensing rooting in the spectral mea-
surements is widely reported36–38, there are no attempts
to use the fluorescence temperature measurement to
realize thermal management for solar cells. To our best
knowledge, each research paper is concentrated on one
issue amongst quantum cutting, upconversion, and tem-
perature sensing. In this work, we attempt to develop a
material that integrates quantum cutting, upconversion,
and temperature sensing into one together. To this end,
the NaY(WO4)2 is chosen as host for the quantum cutting
study of Er3+ and Yb3+ duo since it has moderate phonon
energy, which enables effective nonradiative relaxations
from the upper energy level to the lower quantum cutting
level (responsible for the first step of quantum cutting)
and relatively weak nonradiative transition of the lower
quantum cutting level. Moreover, the rare earth ions in
NaY(WO4)2 usually exhibit large transition rates39–41.
Meanwhile, the WO4

2- group containing 5 ions can
effectively space out the rare earth luminescence centers
in NaY(WO4)2 host and further repress the depopulation
effect of the quantum cutting levels via cross-relaxation
between rare earth ions and self-generated fluorescence
quenching42, thus benefiting the quantum cutting emis-
sion at high doping concentration. Moreover, Y3+ inclu-
sion in NaY(WO4)2 host is beneficial to the high
concentration doping of rare earth luminescence centers.
Er3+ is chosen as the donor ion since it has uniformly
distributed energy level structure in the energy space that
may be helpful to the multistep energy transfers from
donor to acceptor. Yb3+ is chosen as the acceptor ion
since it has simplest energy level structure and suitable
emission wavelength43,44.
In this work, the optimum Er3+ concentration was

confirmed by taking the visible fluorescence quenching
into account, and then the concentration-varied Yb3+
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were introduced into the Er3+ concentration-optimized
samples for the quantum cutting investigations. The
quantum cutting mechanism was discovered by the
optical spectroscopic analyses, and the quantum cutting
efficiencies were calculated in assistance of Judd-Ofelt
theory, Föster-Dexter theory, energy gap law. The nearly
pure color upconversion emission of Yb3+ was observed
under 1550 nm excitation, and the upconversion
mechanism was conducted. Moreover, the temperature
sensing based on the fluorescence intensity ratio was
studied, and the thermal quenching mechanism of 4S3/2
green emission was assigned to nonradiative transition.
All these results indicate that NaY(WO4)2:Er

3+/Yb3+

phosphor integrating quantum cutting, upconversion, and
temperature sensing in one system is an excellent material
especially for the silicon-based concentrating solar cells in
which it can be coated on the reflector side surface to
realize the light conversions45.

Experimental section
Sample preparation
Tungstate phosphors NaY(1-x)Erx(WO4)2 (x= 0.5, 1.0,

2.0, 5.0, 10.0, 20.0 and 50.0) and NaY(0.95-y)Er0.5Y-
b

y
(WO4)2 (y= 0.5, 1.0, 2.0, 5.0, 10.0, 20.0 and 50.0) were

prepared via a high-temperature solid-state reaction
method. The raw materials, Y2O3 (99.99%), Er2O3

(99.99%), and Yb2O3 (99.99%) were supplied by Shanghai
Second Chemical Reagent Factory (China). Other che-
micals including Na2CO3 and WO3 were obtained from
Tianjin Reagent Chemicals Co Ltd. (China). All the che-
micals were analytical grade and no further purification
was carried out.
To prepare the samples, the starting materials were

weighed according to the designed stoichiometric ratio.
Then, the raw materials were ground in an agate mortar
for 30min to mix them evenly. The well-mixed batch was
put into an alumina crucible, and then was placed into an
electric furnace. After calcined in air at 1000°C for
4 hours, the sample was obtained when the electric fur-
nace was gradually cooled down to room temperature.

Sample characterization
The crystal phase structure of the prepared samples was

checked by an X-ray powder diffractometer (Shimadzu
XRD-6000 equipped with Cu Kα1 radiation resource
(λ= 0.15406 nm), in a 2θ range from 20° to 70° at a scan-
ning step of 0.02 °/s. Hitachi F-4600 fluorescent spectro-
meter equipped with an internal 150W xenon lamp was
used to collect the visible luminescence spectra. The infra-
red luminescence spectra and the fluorescence lifetimes
were measured by Edinburgh FLS1000 spectrofluorometer
equipped with a sample holder for powders. The UC
emission spectra were measured on a Hamamatsu Vis/IR
mini- spectrophotometer C10083MD, and an external

1550 nm fiber output laser was conducted as the excitation
source. The diffuse-reflection spectra of the samples were
measured by a spectrophotometer UV-3600 (Shimadzu,
Japan) equipped with an integrating sphere accessory (Ante,
China, 206-23851-91). It should be mentioned that the
BaSO4 powder provided by the spectrometer manufacturer
was used as the reference for measuring the diffuse-
reflection spectra. A homemade temperature controlling
system DMU-450 with a temperature accuracy of better
than 0.5 °C was used to control the sample temperature.

Results and discussion
Crystal structure
To identify the crystal structure of the obtained sam-

ples, the X-ray diffraction (XRD) patterns for all obtained
NaY(WO4)2 phosphors were measured and are shown in
Fig. S1 in the supporting information file. It is seen from
Fig. S1 that the diffraction patterns of all synthesized
samples are in good agreement with the diffraction pat-
tern reported in the JCPDS card No. 48-0886, thus indi-
cating all prepared samples are tetragonal-phased
NaY(WO4)2 polycrystalline powders.

Quantum cutting of Er3+/Yb3+ co-doped NaY(WO4)2
This section primarily concentrates on the quantum

cutting properties of Er3+/Yb3+ co-doped NaY(WO4)2
phosphors, including the observation of short wavelength
absorption, optimization of the doping concentration,
discovery of the quantum cutting mechanisms, and cal-
culations of the quantum cutting efficiencies.

Short wavelength absorption of Er3+ in NaY(WO4)2
To examine the short wavelength absorption of Er3+ in

NaY(WO4)2 phosphors, the excitation spectra for the
samples with different Er3+ concentrations were mea-
sured by monitoring 552 nm emission corresponding to
4S3/2→

4I15/2 transition and are shown in Fig. 1. It is seen
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Fig. 1 Short wavelength absorption of Er3+ in NaY(WO4)2.
Excitation spectra for NaY(WO4)2:Er

3+ doped with different Er3+

concentrations by monitoring 552 nm emission
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that each spectrum contains five narrow absorption peaks
and one broad absorption band. As marked in Fig. 1 the
five narrow absorption peaks can be assigned to the
transitions from 4I15/2 to 4F7/2,

4F5/2/
4F3/2,

2H9/2,
4G11/2,

and 4G7/2/
2K15/2/

4G9/2, respectively, but the broad
absorption band corresponds to the W6+-O2- charge
transfer transition. From Fig. 1 it is seen that the
NaY(WO4)2:Er

3+ exhibits plentiful narrow absorption
bands in the range from 350 to 500 nm, and the most
intense absorption transition locates at 378 nm corre-
sponding to 4I15/2→

4G11/2 transition.

Er3+ concentration optimization
It is known that intense absorption of Er3+ for the

shorter wavelength will benefit the quantum cutting. The
intense absorption asks for a high doping concentration.
However, as common sense that the high doping con-
centration will result in the depopulation of the upper
levels via cross relaxations which further depresses the
quantum cutting efficiency. Therefore, optimization of the
Er3+ doping concentration is required.
To examine the influence of Er3+ concentration on the

population of upper metastable state, the emission spectra
for all NaY(WO4)2:Er

3+ phosphors were measured under
378 nm excitation and are shown in Fig. 2a. It was found
that two intense emissions peaking at 530 and 552 nm
corresponding to 2H11/2→

4115/2 and 4S3/2→
4115/2 transi-

tions are observed. Two very weak emissions peaking at 657
and 700 nm corresponding 4F9/2→

4115/2 and
2H9/2→

4I9/2
transitions are observed when the spectra ranging from 600
to 750 nm were replotted as in the inset of Fig. 2a. This
result also implies that all the levels locating between 4G11/2

and 2H11/2 depopulate through cascade nonradiative
relaxations since their emissions of these levels are not
observed even for the samples with low Er3+

concentrations. It is well known that the emission intensity
of a level is proportional to its population, therefore, the
change of emission intensity reflects the population change.
Figure 2b shows the dependences of normalized integrated
emission intensities for all observed transitions on the Er3+

concentration. From Fig. 2b it can be seen that the emission
intensity of the metastable levels 2H11/2/

4S3/2 reaches
its maximum at around 5mol% of Er3+. Therefore, the
5mol% of Er3+ concentration is suggested for designing the
Er3+/Yb3+ co-doped NaY(WO4)2 quantum cutting phos-
phors. In addition, the 4F9/2 as a metastable level may also
get involved in the quantum cutting process, but its
population under 378 nm excitation is much smaller than
that of the levels 2H11/2/

4S3/2. Therefore, the contribution of
level 4F9/2 to the quantum cutting would be less and can be
ignored. Moreover, from Fig. 2b the 2H9/2 level shows very
gentle fluorescence concentration quenching, but its
influence on the quantum cutting process is limited since
its population is very less in comparison with levels
2H11/2/

4S3/2.

Quantum cutting mechanisms
In this section, we will explore the quantum cutting

mechanisms in Er3+/Yb3+ co-doped NaY(WO4)2 phos-
phors. To this end, the emission spectra of Er3+ and Yb3+

co-doped NaY(WO4)2 were measured under 378 nm
excitation and are shown in Fig. 3a, b whose wavelength
ranging from 500 to 750 nm and from 800 to 1700 nm,
respectively. The insert of Fig. 3a displays the enlarged
emission spectra in the wavelength range from 600 to
750 nm. It should also be mentioned that there are no
emissions observed in the wavelength shorter than
500 nm. This implies that the 2H11/2/

4S3/2 levels are
populated mainly via cascade nonradiative relaxations
from 4G11/2. This also means that the quantum cutting for
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Fig. 2 Er3+ concentration optimization. a Emission spectra of NaY(WO4)2: x mol% Er3+ (x= 0.5-50) phosphors under 378 nm excitation.
b Dependences of normalized integrated emission intensities on Er3+ concentration
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the levels lying between 4G11/2 and
2H11/2 will not happen

since these levels were not effectively populated.
From Fig. 3a it can be seen that the samples with varied

Yb3+ concentrations exhibit four emissions as observed in
the Er3+ single-doped samples. Figure 3c, d show the
dependences of the three visible emission and two NIR
emission intensities on the Yb3+ concentration, respec-
tively. It is found that though the Er3+ concentration is
fixed, the emission intensity of 2H11/2/

4S3/2→
4I15/2

decreases with increasing Yb3+ concentration. This fact
means that the Yb3+ plays a role of depopulating
2H11/2/

4S3/2 levels, that is to say an energy transfer from
Er3+ to Yb3+ occurs. Based on the energy matching rule,
the energy transfer path can be confirmed as ET1:
4S3/2(Er

3+)+2F7/2(Yb
3+) →4I11/2(Er

3+)+ 2F5/2(Yb
3+). The

large energy mismatch between the energy difference
from 4S3/2 to

4I11/2 and the energy difference from 2F7/2 to
2F5/2 means the phonon-assisted energy transfer is
involved, and the ET1 happens by annihilating lattice
phonons to maintain the energy conservation. After this
energy transfer one Er3+ gets into 4I11/2 and one Yb3+ gets
into 2F5/2. Analogically, from the dependence of red
emission intensity on the Yb3+ concentration, an energy
transfer 4F9/2(Er

3+)+ 2F7/2(Yb
3+)→4I13/2(Er

3+)+2F5/
2(Yb

3+) can be deduced, and this energy transfer process
is not drawn in Fig. 3e since its contribution to the
quantum cutting is very less owing to the ignorable
population of 4F9/2 of Er

3+ under 378 nm excitation. From

Fig. 3b it can be seen that the emission intensity of 2H9/2

level is almost not changed with Yb3+ concentration, thus
indicating that there is no any energy transfer originating
from 2H9/2 level. It should also be stated that the impact of
2H9/2 level on the quantum cutting will also be ignored
since the population of this level is less too.
By inspecting the energy level scheme of Er3+ and Yb3+

in Fig. 3e, it can be deduced that the infrared emission
intensity of Yb3+ would increase with the increase of Yb3+

concentration as a result of the energy transfer ET1, at the
same time, the infrared emission intensity of Er3+ (cor-
responding to 4I13/2→

4I15/2 transition) should synchro-
nously increase due to the increase of 4I13/2 level
population via a nonradiative relaxation from 4I11/2 level.
From the dependences of integrated emission intensities
of 2F5/2→

2F7/2 (Yb
3+) and 4I13/2→

4I15/2 (Er3+) transitions
on the Yb3+ concentration in Fig. 3d, it is found that Yb3+

emission intensity does increase with increasing Yb3+

concentration as we predicted, but the intensity of
4I13/2→

4I15/2 (Er3+) transition decreases with increasing
Yb3+ concentration which is against our prediction. The
decrease of 4I13/2→

4I15/2 (Er3+) transition implies the
decrease of 4I13/2 population with increasing Yb3+ con-
centration. Owing to large energy mismatch, the energy
transfer 4I13/2 (Er

3+)+ 2F7/2 (Yb
3+) → 4I15/2 (Er

3+)+ 2F5/2
(Yb3+) cannot happen. Therefore, the energy transfer 4I11/2
(Er3+)+ 2F7/2 (Yb3+) → 4I15/2 (Er3+)+ 2F5/2 (Yb3+)
(marked as ET2 in Fig. 3e) would occur indubitably. It
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should be pointed out that if ET2 does not exist, the
intensity of 4I13/2→

4I15/2 (Er3+) transition will increase
following the same trend as the Yb3+ emission intensity
does. This is because that the 4I13/2 is populated via both
radiative transition 4I11/2 → 4I13/2 and nonradiative
relaxation from 4I11/2, and the 4I11/2 is populated via the
energy transfer ET1 which evokes the increase of Yb3+

emission intensity with increasing Yb3+ concentration. It
should also be noticed that if the population of 4I11/2
gained via ET1 process is totally contributed to Yb3+ via
ET2 process, then with increasing Yb3+ concentration the
intensity of 4I13/2→

4I15/2 transition will keep a constant
intensity as in the 5 mol% Er3+ single-doped sample. If the
population of 4I11/2 gained via ET1 process is partially
contributed to Yb3+ via ET2 process and partially con-
tributed to 4I13/2 via radiative transition and nonradiative
relaxation from 4I11/2, then the infrared emission of
4I13/2→

4I15/2 transition will also show an increasing trend
when Yb3+ concentration increases. The decrease of
infrared emission intensity of 4I13/2→

4I15/2 transition with
increasing Yb3+ concentration indicates great enhance-
ment of the energy transfer rate of ET2 process with
increasing Yb3+ concentration.
Based on the above analyses, the specific photon-splitting

routes are illustrated in Fig. 3e. In the first step, the Er3+ in
the ground state 4I15/2 is promoted to the excited state
4G11/2 by absorbing a 378 nm photon, and then relaxes
rapidly to 2H11/2/

4S3/2 states. The Er
3+ in 2H11/2/

4S3/2 states
could be de-excited via three possible routes, namely
radiative transition 2H11/2/

4S3/2→
4I15/2, nonradiative

relaxation from 4S3/2 to
4F9/2, and energy transfer ET1 4S3/

2(Er
3+)+2F7/2(Yb

3+)→4I11/2 (Er3+)+ 2F5/2(Yb
3+). The

radiative transitions generate the green emissions as shown
in Fig. 1a, and the nonradiative relaxation results in the
population of 4F9/2 and further induces the very weak red
emission as shown in the insert of Fig. 1a. The ET1 process

can eventuate simultaneously two effects that infrared
emission of Yb3+ and population of 4I11/2 of Er

3+. The Er3+

in 4I11/2 can be de-excited via radiative transitions
4I11/2→

4I15/2 and 4I11/2→
4I13/2, nonradiative relaxation to

4I13/2, and energy transfer ET2. The radiative transition
4I11/2→

4I15/2 can generate 980 nm photons. The radiative
transition 4I11/2→

4I13/2 and nonradiative relaxation from
4I11/2 to 4I13/2 will result in 1550 nm emission. The ET2
process generate infrared emission of Yb3+.

Quantum cutting efficiency
This section will focus on quantitatively estimating the

quantum cutting efficiency. It should be mentioned that the
energy transfer efficiency from Er3+ to Yb3+ cannot be cal-
culated in the way as done for Tb3+/Yb3+ co-doped system
since the energy transfer mechanisms are different. To cal-
culate the quantum cutting efficiencies, the nonradiative
transitions from 4I13/2 to 4I15/2 and from 2F5/2 to 2F7/2 are
ignored, but the nonradiative transitions in the possible cases
are considered. The radiative transitions are quantitatively
evaluated in the framework of Judd-Ofelt calculation.

Energy transfer efficiency for ET1 from Er3+ to
Yb3+ The energy transfer efficiency of ET1 can be
written as

ηET1 ¼
IEr � IErþYb

IEr
ð1Þ

where IEr and IErþYb are the luminescence intensities of
4S3/2→

4I15/2 for 5 mol% Er3+ single-doped and 5mol%
Er3+/ x mol% Yb3+ co-doped samples. By taking the
integrated luminescence intensity data in Fig. 3b into Eq.
(1) the energy transfer efficiencies were calculated, and
the dependence of energy transfer efficiency on the Yb3+

concentration is shown in Fig. 4a. It can be seen that the
energy transfer efficiency dramatically increases with
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increasing Yb3+ concentration, and the energy transfer
efficiency can reach 70% when Yb3+ concentration is
50 mol%.

Radiative transition rates of Er3+ in NaY(WO4)2 From
the quantum cutting mechanism shown in Fig. 3e, it can be
known that to quantitatively calculate the quantum cutting
efficiency, the radiative transition rates between 4 f levels of
Er3+ should be determined. To this end, the Judd-Ofelt
calculation for Er3+ in NaY(WO4)2 host should be carried
out in advance. In this work, the Judd-Ofelt parameters were
obtained via an approach proposed by Zhan Y et al. 46,47

using the diffuse reflection spectrum. The specific calcula-
tion procedure is presented in supporting information file as
the Item <Judd-Ofelt calculation>48,49, and the calculation
results are listed in Table 1.

Nonradiative transition rates of Er3+ in NaY(WO4)2
From Fig. 3e it can be found that the nonradiative
transitions are involved in the quantum cutting process,
and some of them, for example, the nonradiative transition
of 4I11/2 level, play an important role. Moreover, the cascade
nonradiative transitions (NR1, NR2, and NR3) are a
pathway for populating 4I11/2 level. Therefore, to determine
the quantum cutting efficiency, the nonradiative transition
rates for some levels should be determined in advance.
At a certain temperature, the nonradiative transition rate
Anr of an energy level can be expressed by as follows,

Anr ¼ Ce�α4E ð2Þ
where C is temperature-dependent parameter, and at a
not-too-high temperature the parameter C can be
considered as a constant independent from 4E; α is a
constant in a certain system; 4E is the energy gap
between the studied energy level and its most adjacent
lower energy level. To confirm these parameters C and
α, the fluorescence decays of 4F5/2,

4F9/2, and
4I9/2 levels

for 1 mol% Er3+ doped NaY(WO4)2 phosphor were
measured and are shown in Fig. S4. It can be seen that
all decays display straight lines in the semi-logarithmic
coordinate system, thus implying all decays follow the
mono-exponential function. Therefore, mono-
exponential function was fit to these decays, and the
fluorescence lifetimes were confirmed and are marked
in the figure. In the sample single-doped with 1 mol%
Er3+, the energy transfers between Er3+ can be ignored
since the distance between Er3+ is large enough.
Therefore, the nonradiative relaxation rate for a level
can be expressed as

Anr ¼ 1
τex

� Ar ð3Þ

where τex is fluorescence lifetime, Ar is total radiative
transition rate as listed in Table 1. By taking the lifetimes

obtained from Fig. S4 into Eq. (3), the nonradiative
relaxation rates for 4F5/2,

4F9/2, and 4I9/2 levels are
confirmed, and the energy gaps from 4F5/2,

4F9/2, and
4I9/2 levels to their own most adjacent lower levels can be
obtained from Table 1. The dependence of the non-
radiative relaxation rate on the energy gap is shown in
Fig. 4b as the solid squares. The data in Fig. 4b were fit to
Eq. (2), and the values of the free parameters C and α were
confirmed from the fitting process to be 1.9×106 s-1 and
6.8×10-4 cm. Thereby the nonradiative relaxation rates for
all level can be derived by taking energy gap value
between the studied level and its most adjacent level into
Eq. (2). The nonradiative relaxation rates for interested
levels of Er3+ in NaY(WO4)2 were calculated and are
listed in Table 1 as the second column from right hand. It
should be stated that the 2H11/2 and 4S3/2 were not
involved in the determination of the parameters C and α
since they are in a thermal equilibrium, and 4I13/2 was not
involved either since the distance between 4I13/2 and

4I15/2
is too large.

Energy transfer efficiency for ET2 from Er3+ to
Yb3+ The energy transfer rate for ET2 could be
calculated based on the Fӧrster-Dexter energy transfer
theory, the energy transfer rate AD!A

et between donors and
acceptors can be expressed as follows49,50,

AD!A
et ¼ 3hc2QAQD

4R6π3n2

Z
f DðEÞf AðEÞ

E2 dE ð4Þ

where AD!A
et is the energy transfer rate for ET2 process

from donor Er3+ to acceptor Yb3+, h is Planck constant, c
is the velocity of light in vacuum, QA and QD are the
integrated cross-sections for acceptor absorption (Yb3+:
2F7/2→

2F5/2) and donor emission (Er3+: 4I11/2→
4I15/2),

f A Eð Þ and f DðEÞ are the normalized spectral line shape
functions of acceptor absorption and donor emission,
respectively. n is the refractive index of the host
NaY(WO4)2. E is the photon energy, namely hv, and R
is average distance between Er3+ and Yb3+ ions in
NaY(WO4)2 and can be calculated based on the following
formula51,

R ¼ 0:62ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NA þ ND

3
p ð5Þ

where NA and ND are numbers of Yb3+ and Er3+ ions in a
unit volume, respectively.
The emission cross-section spectrum σEremðλÞ for

4I11/2→
4I15/2 transition was calculated based on the

Füchtbauer-Ladenburg and is plotted in Fig. S5 as
dashed curve. The absorption cross-section σYb

ab λð Þ for
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Table 1 Transition rates, branch ratios, total transition rates, nonradiative transition rates, and radiative lifetimes of
Er3+ in NaY(WO4)2 phosphor

Initial level Final level Wave-number Transition rate (S-1) Branch

Ratio (%)

Total radiative

rate (S-1)

Non-radiative

rate (S-1)

Radiative

liifetime (ms)
ED MD

4F5/2
4F7/2 1772.32 12.69 0.27 4663.43 57482.33 0.214

2H11/2 3065.13 5.08 0.11

4S3/2 3839.87 12.69 0.27

4F9/2 6931.7 314.79 6.75

4I9/2 9675.17 538.19 11.54

4I11/2 11891.64 614.34 13.17

4I13/2 15546.65 2729.01 58.52

4I15/2 22222.22 436.64 9.36

4F7/2
2H11/2 1292.81 5.08 0.06 7928.11 79668.76 0.126

4S3/2 2067.55 0.00 0.00

4F9/2 5159.38 50.77 0.64

4I9/2 7902.85 337.64 4.26

4I11/2 10119.32 863.13 10.89

4I13/2 13774.33 2465.00 31.09

4I15/2 20449.9 4206.49 53.06

2H11/2
4S3/2 774.74 0.00 0.00 87282.66 23443.66 0.011

4F9/2 3866.57 345.25 0.40

4I9/2 6610.04 926.59 1.06

4I11/2 8826.51 558.50 0.64

4I13/2 12481.52 949.44 1.09

4I15/2 19157.09 84502.88 96.82

4S3/2
4F9/2 3091.83 0.00 0.00 637.20 1.569

4I9/2 5835.3 96.47 15.14

4I11/2 8051.77 22.85 3.59

4I13/2 11706.79 147.24 23.11

4I15/2 18382.35 370.64 58.17

4F9/2
4I9/2 2743.47 45.70 0.87 5242.25 29701.50 0.191

4I11/2 4959.94 281.79 5.38

4I13/2 8614.95 352.87 6.73

4I15/2 15290.52 4561.89 87.02

4I9/2
4I11/2 2216.47 0.00 4.09 0.57 722.52 42502.27 1.384

4I13/2 5871.48 20.31 2.81

4I15/2 12547.05 698.12 96.62

4I11/2
4I13/2 3655.01 45.70 20.30 11.35 581.34 15975.20 1.720

4I15/2 10330.58 515.34 88.64

4I13/2
4I15/2 6675.57 165.01 82.83 100 247.82 4.035
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2F7/2→
2F5/2 transition of Yb3+ was calculated by below

formula,

σYb
ab λð Þ ¼ 1

2

1
τex

� AMD
4I13!4I15=2

A0ED
4I13!4I15=2

α0Yb λð Þ ð6Þ

where α0Yb λð Þ is the spectral intensity for 2F7/2→
2F5/2

transition of Yb3+ at wavelength λ, AMD
4I13!4I15=2 is magnetic

dipole allowed transition rate for 4I13/2→
4I15/2 transition

and can be found in Table 1, A0ED
4I13!4I15=2 is relative radiative

electric dipole allowed transition rate for 4I13/2→
4I15/2

transition and can be calculated directly from Eq. (S6).
The reason for the insert of coefficient 12 in Eq. (6) is that the
Yb3+ concentration is two times the Er3+ concentration. By
taking the corresponding data in Fig. S2 into Eq. (6), the
emission cross-section σYbab λð Þ was confirmed and plotted in
Fig. S5 as solid curve. It should be mentioned that in Fig. S2
the absorption peak centered at 980 nm contains both
contributions of the transition 4I15/2→

4I11/2 of Er
3+ and the

transition 2F7/2→
2F5/2 of Yb

3+, and in Eq. (6) the α0Yb λð Þ was
derived by subtracting the spectral intensity of 5mol% Er3+

single-doped sample from spectral intensity of 5mol%
Er3+/10mol% Yb3+ co-doped sample. According to the
above calculation procedure, the energy transfer rates for all
the samples with different Yb3+ concentrations were
calculated, and then the energy transfer efficiencies were
calculated via following formula,

ηET2 ¼
AD!A
et

A4I11=2
r þ A4I11=2

nr þ AD!A
et

ð7Þ

where A4I11=2
r is the sum of the radiative transition rates of

Er3+ from 4I11/2 to
4I13/2 and

4I15/2 (the values are listed in
Table 1), A4I11=2

nr is the nonradiative transition rate of 4I11/2
of Er3+ (the value is also listed in Table 1). The
dependence of energy transfer efficiency on the Yb3+ is
shown in Fig. 4c as solid squares, and the dashed curve
shows the changing trend.

Quantum cutting efficiency In the above sub-Sections,
all the depopulation rates including radiative transition
rates, nonradiative transition rates, and energy transfer
rates are derived, therefore the quantum cutting efficiency
ηQC of Er3+/Yb3+ co-doped NaY(WO4)2 phosphors can
be calculated via following formula,

ηQC ¼ ηET1 þ ηET1 þ ηMulti� 1� ηET1
� �� ��ηET2� ��ηYb

ð8Þ
where ηYb is the luminescence quantum efficiency of Yb3+

in NaY(WO4)2, ηMulti is the efficiency for populating
4I11/2

via cascade nonradiative relaxations of 4S3/2 (see NR1,
NR2 and NR3 in Fig. 3e) and multi-step radiative
transitions from 2H112,

4S3/2,
4F9/2, and 4I9/2 to 4I11/2.

The ηMulti is dependent on the radiative and nonradiative

transitions of Er3+ in NaY(WO4)2 but independent from
Yb3+ concentration. The nonradiative relaxation rate of
2F5/2 of Yb3+ can be ignored owing to the large enough
energy gap between 2F7/2 and 2F5/2. The energy transfer
rate from Yb3+ to any luminescence centers or quenching
centers can also affect the luminescence quantum
efficiency of Yb3+. To evaluate the influence of energy
transfer from Yb3+ to other centers, the fluorescence
decays of Yb3+ were measured under 451 nm excitation
and are shown in Fig. S6. It is found that the fluorescence
decay does not change with Yb3+ concentration, therefore
ηYb is taken as 1 in calculating the quantum cutting
efficiency. In addition, ηMulti value can be calculated by
using the radiative transition rates and nonradiative
relaxation rates in Table 1, and the value of ηMulti is
found to be 22.5%. In the calculation it is found that the
contribution of the multi-step radiative transitions is very
small since the radiative transition branching ratios from
2H11/2,

4S3/2,
4F9/2 and

4I9/2 to
4I11/2 are very small. Based

on the above analyses, the quantum cutting efficiencies
for all the samples with different Yb3+ concentrations
were calculated, and the dependence of the quantum
cutting efficiency on Yb3+ concentration is shown in Fig.
4c as solid circles. From Fig. 4c it can be seen that around
173% of quantum cutting efficiency can be realized in
Er3+/Yb3+ co-doped NaY(WO4)2 phosphor when the
Er3+ and Yb3+ concentrations are 5 mol% and 50mol%,
thus indicating Er3+/Yb3+ co-doped NaY(WO4)2 phos-
phor is an excellent quantum cutting material. It should
be mentioned that the quantum cutting efficiency
calculated in this work is different from the experimen-
tally measured efficiency. The calculated efficiency is
internal quantum efficiency that means it does not
conclude the transmission efficiency of excitation light
and emission light in the host material. Therefore, the
calculated quantum cutting efficiency is usually larger
than or close to the experimentally measured efficiency.

980 nm up-conversion emission under 1550 nm excitation
It is well known that the Er3+ doped materials can

convert the 1550 nm photons into solar-cell-absorbable
photons including visible and near-infrared photons via
the so-called frequency upconversion processes. In the
previous Section it was discovered that the energy transfer
ET2 from Er3+ to Yb3+ is very efficient in the co-doped
samples. Therefore, it is expected that the energy transfer
ET2 could also take effect and result in efficient Yb3+

emission in the upconversion process when the co-doped
samples are excited at 1550 nm.

Concentration effects of upconversion luminescence
In this section the concentration dependence of

upconversion emission intensity will be examined. Fig. S7
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shows the upconversion emission spectra in the wave-
length range from 400 nm to 1100 nm for the samples
with different Er3+ concentration, and the insert shows
the enlarged upconversion emission spectra in the wave-
length range from 400 nm to 900 nm. It can be seen that
under 1550 nm excitation the Er3+ single-doped
NaY(WO4)2 phosphors mainly emit 999 nm infrared
light corresponding 4I11/2→

4I15/2 transition of Er3+, and
the other upconversion emissions corresponding
2H11/2/

4S3/2→
4I15/2,

4F9/2→
4I15/2 and 4I9/2→

4I15/2 are
extremely weak. The dispersed solid squares in Fig. 5a
show the dependence of 999 nm upconversion intensity
on the Er3+ doping concentration. It is found that the
upconversion emission intensity monotonically increases
but its growing rate decreases with increasing Er3+ con-
centration. As a compromise between the quantum cut-
ting and the upconversion, the concentration selection of
5 mol% Er3+ is also reasonable for further introducing
Yb3+. Figure S8 shows the upconversion emission spectra
for the samples doped with fixed 5mol% Er3+ and varied
Yb3+ concentrations (0, 0.5, 1, 2, 5, 10, 20, and 50 mol%).
It can be seen that nearly pure infrared emission of Yb3+

at 999 nm accompanying with very weak visible emissions
was observed and the infrared emission intensity increases
with increasing Yb3+ concentration. The insert of Fig. S8

shows the enlarged spectra ranging from 400 nm to
900 nm. Figure 5b shows the dependence of the infrared
emission integrated intensity on the Yb3+ concentration.
From Fig. 5b it can be seen that the Yb3+ introduction
greatly increases the infrared emission, and the infrared
upconversion intensity of 5 mol% Er3+/50 mol% Yb3+ co-
doped phosphor is 20 times higher than the intensity of
5 mol% Er3+ single-doped phosphor. The concentration
quenching for the upconversion process is different from
the down-shifting process since the concentration
quenching depends on the excitation wavelength. Differ-
ent excitation wavelengths result in different populating
and depopulating pathways.

Excitation power dependences of upconversion luminescence
From Figs. S7 and S8 it can be found that the upcon-

version spectra are almost not changed except for the
spectral intensities, thus indicating the upconversion
mechanisms are not changed with doping concentration.
To discover the upconversion mechanism, the upcon-
version emission spectra for 5 mol% Er3+ single-doped
NaY(WO4)2 phosphor excited at varied excitation power
were measured. In this work, the excitation power of the
1550 nm laser was controlled by changing working cur-
rent of the laser. Fig. S9a shows the upconversion
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emission spectra measured at different working currents.
The insert of Fig. S9a displays the enlarged upconversion
spectra ranging from 500 nm to 600 nm for 2H11/2/
4S3/2→

4I15/2 transitions. The relation between the fluor-
escence intensity ratio of 2H11/2→

4I15/2 to 4S3/2→
4I15/2

and the working current is depicted in Fig. S9b. It can be
seen that the fluorescence intensity ratio does not change
with increasing working current, thus implying the sam-
ple temperature was kept as a constant. This constant
temperature means that there is no fluorescence tem-
perature quenching caused by laser irradiation in the
spectral measurements. Therefore, the excitation-power-
dependent spectra are reliable for deducing the upcon-
version mechanism. The dependence of the integrated
upconversion intensity for 4I11/2→

4I15/2 emission on the
working current was derived from the spectra in Fig. S9a
and is shown in Fig. S9c. The data in Fig. S9 was fit to the
following function52.

I ið Þ ¼ a i� i0ð Þn ð9Þ
where I ið Þ is the integrated upconversion intensity at
working current i, a is a constant, n is the excitation
photon number needed for emitting one 999 nm photon,
i0 is the threshold current of the 1550 nm laser. From the
fitting process, the n was confirmed to be 2.13 which is
close the theoretical value for the two-photon process,
thus implying the 999 nm upconversion emission is a two-
photon process.

In an analogical way, the upconversion spectra for the
samples doped with 5mol% Er3+ and 10 mol% Yb3+ were
also measured under 1550 nm excitation and are shown in
Fig. S10a. The unchanged fluorescence ratios at different
currents were also observed as seen in Fig. S10b. The
similar fitting operation was also carried out for the data
in Fig. S10c, and a two-photon process was also confirmed
to be dominant for Yb3+ upconversion emission.

Upconversion mechanism
From the upconversion spectra and the excitation-

power-dependent upconversion intensity, the possible
upconversion mechanisms for Er3+ and Er3+/Yb3+ doped
NaY(WO4)2 phosphors are portrayed in Fig. 5c. In Er3+

single-doped NaY(WO4)2 phosphors under 1550 nm
excitation the 4I13/2 can be populated via ground state
absorption. The 4I9/2 is mainly populated via an energy
transfer et1 since the excited state absorption 4I13/2→

4I9/2
is rather weak owing to the large energy mismatch and
small transition rate of 4I13/2→

4I9/2 (see Table 1). 4I9/2 is
mainly depopulated via a nonradiative relaxation to 4I11/2,
therefore the intense 4I11/2→

4I15/2 upconversion emission
could be observed in the Er3+ single-doped samples. The
4F9/2 is mainly populated via an energy transfer et2, but
the energy transfer rate is relatively weak owing to the large

energy mismatch though the 4I11/2 is heavily populated via
a nonradiative relaxation from 4I9/2 to

4I11/2. Therefore, the
red upconversion emission is weak. The 4S3/2 is populated
via an energy transfer et3, but the population of 4I9/2 is less
owing to the strong nonradiative transition. Therefore, the
green emissions of 4S3/2/

2H11/2→
4I15/2 are also weak.

When Yb3+ is introduced, the population pathways of
Er3+ under 1550 nm excitation will be the same as in Er3+

single-doped NaY(WO4)2 phosphors. It should be men-
tioned that we have not observed any emissions in the
Yb3+ single-doped NaY(WO4)2 phosphors (even with
high concentration). However, Yb3+ will accept the
energy transferred from Er3+ since the energy transfer
efficiency for et4 in Fig. 5c is very large as discovered in
the above Section where it was stated as ET2. Therefore,
the 4I11/2→

4I15/2 emission decreases but 2F5/2→
2F7/2 of

Yb3+ increases. These upconversion mechanisms tell us
that both Er3+ and Er3+/Yb3+ doped NaY(WO4)2 phos-
phors exhibit strong near infrared emissions from 4I11/
2→

4I15/2 of Er3+ and 2F5/2→
2F7/2 of Yb3+ that indicates

the studied phosphors are good light conversion candi-
date for silicon-based solar cell applications. In this work,
the quantum cutting and upconversion processes were
individually studied, but in practical application these two
processes co-happen at the same time. The quantum
cutting and upconversion processes are dependent on the
energy level distribution of the luminescence centers. The
quantum cutting and upconversion processes can exist as
long as the energy level structure does not change.
However, the efficiencies of the quantum cutting and
upconversion processes are different in these two cases:
co-happen and solo-exist because the population pro-
cesses in the co-happened case are different from the
studied cases.

Optical temperature sensing
When the NaY(WO4)2:Er

3+/Yb3+ is introduced into the
silicon-based photovoltaic system, the spectral conver-
sions including quantum cutting and upconversion could
improve the photoelectric conversion efficiency, and
simultaneously the system temperature could also be read
out via a fluorescence intensity ratio technique as we
stated in the Introduction section. Therefore, in this
section, the temperature sensing performance of
NaY(WO4)2:Er

3+/Yb3+ will be assessed.

Temperature sensing properties based on fluorescence
intensity ratio
For a certain Er3+ doped system, the temperature sen-

sing properties are usually independent from doping
concentration unless the optical transition property of
Er3+ changes greatly with doping concentration53. To
examine the temperature sensing, the 5 mol% Er3+ and
10mol% Yb3+ co-doped NaY(WO4)2 phosphor was
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selected for study and its green emission spectra were
measured at different temperatures from 300 K to 720 K
under 378 nm excitation and are shown in Fig. S11. The
integrated emission intensities of 2H11/2→

4I15/2 and
4S3/2→

4I15/2 transitions were calculated. The solid
squares, solid circles, and triangles in Fig. 6a show the
temperature-dependent fluorescence intensities for
2H11/2→

4I15/2 and 4S3/2→
4I15/2 transitions and their sum.

It can be seen that 4S3/2→
4I15/2 emission intensity

monotonically decreases with increasing sample tem-
perature, and this decrease can be attributed to its two
enhanced depopulation rates, namely nonradiative
relaxation rate to 4F9/2 and thermal population rate to
2H11/2. The

2H11/2→
4I15/2 emission intensity increases first

and then decreases with increasing temperature that is
caused by two competing population and depopulation
processes. The population process is the thermal excitation
of 4S3/2 which leads to enhancing emission intensity, and
the depopulation process is the decrease of the sum
population of 2H11/2 and 4S3/2 due to nonradiative relaxa-
tion of 4S3/2 which leads to depressing the emission inten-
sity. From Fig. 6a it can be found that the studied phosphors
exhibit excellent temperature quenching that the sum of
two green emission intensities shows a decrease of only
25.8% when the temperature increases from 300 K to 720 K.
This excellent temperature quenching performance of the
studied phosphors benefits the application in solar cells
since the solar cells are often work at high temperatures.
The solid squares in Fig. 6b show the fluorescence

intensity ratio of 2H11/2→
4I15/2 transition to 4S3/2→

4I15/2
transition. The data in Fig. 6b was fit to the following
formula54,55

FIR ¼ IH
IS

¼ Ce�
4E
kT ð10Þ

where IH and IS are the green emission intensities of
2H11/2→

4I15/2 and 4S3/2→
4I15/2 transitions, 4E is the

energy distance between 2H11/2 and
4S3/2. The parameter

values of C and 4E=k were determined to be 17.13 and
886.46 K via fitting Eq. (10) to the data in Fig. 6b. Once
these parameters are confirmed, the NaY(WO4)2:Er

3+/
Yb3+ can be used as a temperature probe. To evaluate the
temperature sensing performance the absolute (SA) and
relative (SR) sensitivities are calculated via the following
functions54,55

SA ¼ d FIRð Þ
dT

				
				 ¼ C

4E

kT2 exp �4E
kT


 �
ð11Þ

SR ¼ SA
FIR

¼ 1
FIR

d FIRð Þ
dT

				
				 ¼ 4E

kT2 ð12Þ

By taking the parameter values of C and 4E=k into Eqs.
(11) and (12), the absolute and relative sensitivities are
derived and are plotted in Fig. 6c. The maximum value of
Smax
A and its corresponding temperature value Tmax can be

determined via a simple mathematical treatment to be
Smax
A ¼ 4 Ck

e24E and Tmax ¼ 4E
2k

54 which are marked in Fig.
6c. Usually, the solar cells operate at the temperature
lower than 573 K (300 °C) since at the temperature higher
than 573 K the solar cells will be damaged. From Fig. 6c it
can be seen that in the temperature range from room
temperature 300 K (27 °C) to 573 K (300 °C) the studied
NaY(WO4)2:Er

3+/Yb3+ works in the status with the best
absolute and relative sensitivities in its possible working
temperature range.

Temperature quenching mechanism of green emissions of
Er3+ in NaY(WO4)2 phosphors
In Fig. 6a the temperature quenching of green emissions

of Er3+ in NaY(WO4)2 was observed, but the temperature
quenching mechanism is not clear so far. If the
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Fig. 6 Luminescence temperature quenching and optical temperature sensing. Fluorescence thermal properties of 5 mol% Er3+ and 10mol%
Yb3+ co-doped NaY(WO4)2 phosphor a temperature-dependent up-conversion emission intensities: ■ for 2H11/2→

4I15/2, ● for 4S3/2→
4I15/2, and ▲

for the sum of both; b fluorescence intensity ratio of 2H11/2→
4I15/2, to

4S3/2→
4I15/2: Dispersed solid squares are the experimental data, solid curve is

the fitting curve; c Functions of relative and absolute sensitivities versus temperature
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nonradiative relaxation of 4S3/2 is the main depopulation
route, then the fluorescence intensity Is of 4S3/2 can be
theoretically expressed as follows,

IS ¼ a
Ar

Aall þWnrð0Þ 1� exp �hv=kTð Þ½ ��p ð13Þ

where Ar is radiative transition rate of 4S3/2→
4I15/2 transition,

a is temperature-independent constant, Aall is the sum of all
depopulation rates of 4S3/2 except for the nonradiative
relaxation rate, and Wnrð0Þ 1� exp �hv=kTð Þ½ ��p is the
nonradiative relaxation rate of 4S3/2. Here, Wnrð0Þ is the
nonradiative relaxation rate at a temperature infinitely close
to 0 K. v is the effective phonon frequency, p stands for the
generated phonon number in the nonradiative relaxation
process. By combining Eqs. (10) and (13), it can be derived
that

IS ¼ b
Ar

Aall þWnrð0Þ 1� exp �hv=kTð Þ½ ��p
1

1þ Ce�
4E
kT

ð14Þ

IH ¼ b
Ar

Aall þWnrð0Þ 1� exp �hv=kTð Þ½ ��p
Ce�

4E
kT

1þ Ce�
4E
kT

ð15Þ

where b is a constant independent from temperature. Eqs.
(14) and (15) were fit to the data for 2H11/2→

4I15/2 and
4S3/2→

4I15/2 transitions in Fig. 6a. The solid curves in Fig.
6a are the fitting curves, and it can be seen that Eqs. Eqs.
(14) and (15) fit in well with the experimental data.
Moreover, the function of IH þ IS was fit to the data for
fluorescence sum of 2H11/2→

4I15/2 and 4S3/2→
4I15/2

transitions, and the solid curve shows the fitting curve.
In this fitting process the parameters C and 4E=k were
fixed as derived from Eq. (10), and the parameters hv=k
and p were taken as free parameters. From two fitting
processes for 2H11/2→

4I15/2 and 4S3/2→
4I15/2 transitions,

the parameters hv=k and p were determined to be
1245.0 K and 3.6. Therefore, the maximum phonon
energy dEω of the NaY(WO4)2 can be estimated to be
889.3 cm-1 which is very close the experimental value of
900 cm-1. From Table 1 it is known that the energy
difference dE between 4S3/2 and 4F9/2 is around
3091.83 cm-1, therefore the generated phonon number
in the multiphonon nonradiative relaxation of 4S3/2 is
dE=dEω � 3:4 which is close to the p value of 3.6, thus
implying fluorescence quenching of 2H11/2/

4S3/2→
4I15/2 is

caused by the nonradiative relaxation of 4S3/2.

Conclusions
In summary, tri-functionalization including quantum

cutting, infrared upconversion, and temperature detection
was realized in Er3+/Yb3+ co-doped NaY (WO4)2 phos-
phors. Based on the optical spectroscopic analyses, the
quantum cutting mechanism was discovered, and the

photon splitting process includes two-step energy transfer
processes, namely, 4S3/2+

2F7/2 →4I11/2+
2F5/2 and

4I11/2+
2F7/2→

4I15/2+
2F5/2. Furthermore, the radiative

transition rates for all interested transitions of Er3+ were
calculated in the framework of Judd-Ofelt theory, and the
nonradiative transition rates for all concerned energy
levels were also derived according to the energy gap law.
Starting from the radiative transition rates, nonradiative
transition rates, and experimental fluorescence lifetimes
of correlated energy levels, the quantum cutting effi-
ciencies were calculated, and the concentration-
dependent maximum quantum cutting rate was found
to be as high as 173%. Under 1550 nm excitation, the near
infrared emissions of 4I11/2→

4I15/2 and 2F5/2→
2F7/2 from

Er3+ single-doped and Er3+/Yb3+ co-doped NaY(WO4)2
phosphors were observed, respectively. It was found that
all samples with various doping concentrations showed
nearly pure-color near infrared emissions, and the possi-
ble upconversion mechanisms were proposed. The stu-
died materials displayed excellent thermal quenching of
4S3/2→

4I15/2 emission that is beneficial to the quantum
cutting. The thermal quenching mechanism was assigned
to the nonradiative transition of 4S3/2. Moreover, the
temperature sensing study proved that the Er3+/Yb3+ co-
doped NaY(WO4)2 phosphors presented excellent tem-
perature sensing performance. All these results imply that
Er3+/Yb3+ co-doped NaY(WO4)2 phosphors are excellent
light-converted and temperature sensing material having
potential application in silicon-based solar cells to
improve photovoltaic performance.
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