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e assisted upconversion via
customizing the green emission†

Manisha Prasad and Vineet Kumar Rai *

The developed SnWO4 phosphors incorporated with Ho3+, Yb3+ and Mn4+ ions have been explored under

980 nm laser irradiation. The molar concentration of dopants has been optimized to 0.5 Ho3+, 3.0 Yb3+ and

5.0 Mn4+ in SnWO4 phosphors. The upconversion (UC) emission from the codoped SnWO4 phosphors has

been substantially amplified up to 13 times and described based on the energy transfer and charge

compensation. On incorporating the Mn4+ ions in the Ho3+/Yb3+ codoped system the sharp green

luminescence shifted to reddish broadband emission due to the photon avalanche mechanism. The

processes accountable for the concentration quenching have been described based on critical distance.

The interaction responsible for the concentration quenching in Yb3+ sensitized Ho3+ and Ho3+/

Mn4+:SnWO4 phosphors is considered to be dipole-quadrupole and exchange interaction type,

respectively. The activation energy 0.19 eV has been determined, and the phenomenon of thermal

quenching is discussed using a configuration coordinate diagram.
1. Introduction

Manganese-based upconverting phosphors have recently been
popular because of their extensive use in various promising
applications, including solid-state lighting, displays,
upconverters, temperature monitoring, plant growth and bio-
logical applications.1–3 Manganese (Mn) can be utilized as an
activator in downshiing (DS) and upconversion (UC)
phenomena.4–6 According to Blasse, the emission fromMn4+ lies
in the deep red region, resulting from the 2E / 4A2 transition,
which indicates that the Mn4+ incorporated phosphor can be
a good candidate for red emission.7 Mn is accepted as a single
luminescence center and can be paired with other atoms such
as Bi, Cr, and rare earths (RE) such as Ce, Pr, Dy, Sm, Yb, Ho,
Nd, Er and Tm.8–18 Researchers are interested in red-emitting
Mn2+/Mn4+ ions in aggregation with Eu3+ ions.19,20 Codoping
of manganese with lanthanide initiates a mutual energy trans-
fer process, which enhances the photoluminescence properties.
The production of dimers can sometimes improve the emission
intensity.18 The optical characteristics of Mn can be easily
inuenced by the oxidation state (i.e., 2+, 4+) and the interac-
tion of the crystal eld. Besides the transition metals, xed
emissions can be obtained by doping the RE ions. On doping
the lanthanides, the crystal eld symmetry of the dopants
breaks and due to the mixing of the 4fn and 4fn–15d electronic
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20350
congurations having opposite parity, the electric dipole tran-
sitions become allowed.21–25

Among the various metal tungstates (MWO4), SnWO4 exits in
two phases: a-SnWO4 is favoured at low synthesis temperature
below 670 °C, whereas b-SnWO4 is commonly obtained beyond
this temperature.26 The SnWO4 has a variety of applications, such
as electrochemical performance, humidity sensing, photodynamic
tumour therapy, photocatalytic degradation, water splitting,
resistive switching memory, etc.27–30 The SnWO4 is a diamagnetic
semiconductor with a large bandgap and low phonon energy that
can be employed for upconverting applications.26,27,31

In the present work, Ho3+/Yb3+/Mn4+:SnWO4 phosphors have
been prepared and investigated through several characteriza-
tion techniques such as X-ray diffraction (XRD), eld emission
scanning electron microscopy (FESEM), Fourier transform
infrared spectroscopy (FTIR), Raman spectroscopy, X-ray
photon spectroscopy (XPS), UV-vis-NIR spectroscopy and
frequency upconversion study. In the coactivated system, the
green emission of Ho3+ ions has been tuned with manganese
ions. The detailed study of concentration quenching, the
thermal stability and thermal quenching have been performed
based on the UC measurements.
2. Experimentation
2.1 Synthesis of phosphors

A variety of SnWO4 phosphors at varying concentration of Ho3+,
Yb3+ and Mn4+ ions have been produced using the conventional
solid-state synthesis technique. All stoichiometric rawmaterials
SnO, WO4, Ho2O3, Yb2O3 and MnO2 were taken in high purity
according to the following chemical expressions:
© 2023 The Author(s). Published by the Royal Society of Chemistry
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SnO + WO3 / SnWO4

(100 − x)SnWO4 + xHo2O3

where, x = 0.1, 0.3, 0.5 and 0.7 mol%

(100 − x − y)SnWO4 + xHo2O3 + yYb2O3

where, x = 0.5; y = 1.0, 1.5, 3.0 and 4.0 mol%

(100 − x − y − z)SnWO4 + xHo2O3 + yYb2O3 + zMnO2

where, x = 0.5; y = 3.0; z = 1.0, 5.0, 10.0, 15.0 and 20.0 mol%
The accurately weighing precursors were mixed in the

mortar pestle. Aer grinding for 90 minutes using volatile
liquid acetone, the mixture was maintained at 1100 °C in
a muffle furnace for three hours. The phosphors were retrieved
and used for additional characterizations aer naturally cooling
to ambient temperature.
2.2 Phosphors characterization

To determine the crystal formation and lattice parameters, the
optimized Ho3+/Yb3+/Mn4+:SnWO4 phosphors were analyzed by
X-ray diffractometer in 10°# 2q# 70° range. FESEM consisting
of an airlock compartment has been used for surface morpho-
logical analysis and chemical components analyzed with EDAX.
The vibrational bands have been detected with the FTIR and
Fig. 1 (a) XRD spectra of SnWO4 host, optimized Ho3+/Yb3+ and Ho3+/Y
Ho3+/Yb3+/Mn4+:SnWO4 phosphors. (d) EDAX of Ho3+/Yb3+/Mn4+:SnWO

© 2023 The Author(s). Published by the Royal Society of Chemistry
Raman spectroscopy. XPS conrms the valence states and
binding energies of the elements in phosphors. Diffuse reec-
tance spectra (DRS) have been monitored in the UV-vis-NIR
region. The developed phosphors have been irradiated with
a continuous wave laser source to achieve frequency UC. The
monochromator used for this purpose consists of a triple
grating and a photomultiplier tube. The luminescence lifetimes
measurements have been carried out by using HORIBA ‘Life-
time Spectrometer’ and micro second xenon pulse lamp exci-
tation. Thermal stability experiments have been carried out
using a multimeter, thermocouple, and a small heater. Calcu-
lations of CIE coordinates have been performed using the
GoCIE soware.
3. Results and discussion
3.1 Structural characterization

3.1.1. XRD analysis. Fig. 1(a) displays the crystalline nature
of the codoped SnWO4 phosphors. The diffraction patterns of
phosphors are consistent with the JCPDS le 01-070-1497, of the
b-SnWO4 system.26 b-SnWO4 has a cubic structure with space
group number 198 and space group P�123. The unit cell consists
of SnO6 octahedra and [WO4]

2− tetrahedra with lattice constant
a = b = c = 7.2989 Å, a = b = g = 90°, volume = 388.84 Å3.
According to the Debye–Scherrer equation, the crystallize size is
given by,32
b3+/Mn4+:MgWO4 phosphors. The FESEM images of (b) Ho3+/Yb3+ (c)

4 phosphors.

RSC Adv., 2023, 13, 20342–20350 | 20343
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D ¼ 0:89l

b cos q
(1)

where ‘l’ implies the wavelength of X-ray, ‘b’ designates the full
width at half maxima and ‘q’ denotes Bragg's diffraction angle.
The estimated crystalize sizes for SnWO4, Ho3+/Yb3+:SnWO4 and
Ho3+/Yb3+/Mn4+:SnWO4 phosphors are determined to be
66.95 nm, 62.54 nm and 60.39 nm respectively. Further, the
positive slope value obtained from the Williamson–Hall equa-
tion demonstrates the tensile strain created in the phosphors
due to dopants ions.33 The decrease in strain followed by the
decrease in slope values (0.017, 0.016, 0.009) with codoping may
be the reason for the decrease in crystallite size.32,34

The absence of any extra peak in the developed phosphors,
indicates that there is no impurity phase. The intense diffrac-
tion peaks present in the phosphors correspond to (200), (020),
(001), (110), (�112), (022), (2�02), (202), (411), (2�22), (222), (112),
(212), (211), (322), (820) and (811) hkl planes.35 Again, using
relation between the radius of the host cation ‘Rm(CN)’ and
doped ion ‘Rd(CN)’, the acceptable percent of doping (Dr) can be
conrmed as,32,34

Dr ¼ 100� RmðCNÞ � RdðCNÞ
RmðCNÞ (2)

where the values of ionic radii for Sn2+, W6+, Ho3+, Yb3+ and
Mn4+ are 0.69 Å, 0.60 Å, 0.90 Å, 0.86 Å, 0.53 Å in VI coordination,
respectively.36 The Dr value for Sn2+ and Ho3+/Yb3+ is 30% and
24%, respectively. Also, for W6+ and Mn4+ ions, the Dr value is
11%. The calculated Dr values in the present case is less than
30%. This implies that the dopants successfully occupy the
cationic sites of the host. The substitution of Sn2+ by the RE ions
creates Sn vacancy in the prepared Ho3+:SnWO4 and Ho3+/
Yb3+:SnWO4 phosphors, due to which the SnWO4 system shows
charge imbalance that can be demonstrated by using the
following Kroger Vink notation given,6,34,37

3Sn�
Sn þ 2Ho�

Ho ¼ 2Ho�
Sn þ V 00

Sn

3Sn�
Sn þHo�

Ho þYb�
Yb ¼ Ho�

Sn þYb�
Sn þ V 00

Sn

The vacancy of oxygen ðW�
W þMn�

Mn ¼ Mn00
W þ V ��

o Þ in the
SnWO4 sites is produced when Mn4+ is integrated into SnWO4

phosphors and W6+ is replaced by Mn4+. Thus, it can be applied
to the method described below to compensate the Sn vacancy
VSn:

2Sn�
Sn þHo�

Ho þYb�
Yb þW�

W þMn�
Mn ¼ Ho�

Sn þYb�
Sn þMn00

W

3.1.2. FE-SEM and EDAX. The FESEM images {Fig. 1(b) and
(c)} show the morphological properties of prepared phosphors.
The image taken on 100 nm scale shows that the particles are
agglomerated on the surface. Additionally, particle size appears
to be decreasing from Ho3+/Yb3+ to Ho3+/Yb3+/Mn4+:SnWO4

phosphors. The presence of all elements viz., tin, tungsten,
oxygen, holmium, ytterbium and manganese are conrmed by
an elemental analysis using EDAX.
20344 | RSC Adv., 2023, 13, 20342–20350
3.1.3. FTIR and Raman analysis. The vibrational features of
the SnWO4 host have been accomplished using the FTIR spec-
trum over the 400–4000 cm−1 range {Fig. 2(a)}. The phonon
energy corresponds to the maxima at 604 cm−1 and 668 cm−1.
The asymmetric stretching bonds of the WO6 group are
responsible for these vibrations. The peaks at 768 cm−1 and
850 cm−1 resemble the stretching vibration of W–W and
W–O–W bonds. The stretching and bending mode of the
hydroxyl (–OH) group appears at 1634 cm−1 and 3435 cm−1.35,38

Further, the developed phosphors have been characterized
with Raman spectra in 100–1000 cm−1 range {Fig. 2(b)}. The
detected Raman peaks indicate that the cubic b-phase SnWO4

phosphors have been successfully formed. According to the
group theory, b-SnWO4 consists of 36 vibration peaks, 18 of
them are Raman, and rest of them are infrared active. In Mul-
liken notation, it is given by 6A, 6E, 6E, 18T.27 Several Raman
shis are detected at 135 cm−1, 275 cm−1, 327 cm−1, 718 cm−1

and 807 cm−1.28 The stretching vibration of W–O bonds in the
WO6 octahedra appears at 718 cm−1 and 807 cm−1.35 The peak
intensity decreases on doping Ho3+/Yb3+/Mn4+, which shows the
successful incorporation of dopants. When the dopants are
added, the bond distance between two atoms decreases, and
there is a reduction in the phonon excitation probability.39

3.1.4. XPS analysis. The chemical analysis and binding
energy of the elements present in the codoped phosphors have
been conrmed with XPS spectroscopy. The spectrum (binding
energy vs. count per second) has been recorded from 0–1200 eV
{Fig. 2(c)}. The XPS spectrum shows that all dopants and host
elements (Ho, Yb, Mn, Sn, W and O) are present in the phos-
phors. The peak observed at ∼284 eV due to C1s is used for
binding energy calibration. The survey scan shows the charac-
teristic peaks of Sn (4d) at 25 eV. The spin–orbit doublets are
detected at 484 eV (3d5/2) and 495 eV (3d3/2).35 Additionally, the
3p3/2 and 3p1/2 states are responsible for the peaks at 715 eV and
756 eV. The XPS peaks for tungsten are found at 35 eV (4f7/2),
247 eV (4d5/2), 259 eV (4d3/2), 426 eV (4p3/2) and 495 eV (4p1/2).6,40

The XPS peaks of oxygen are observed at 21 eV (O2s), 530 eV (O
1s) and 974 eV (OKLL).6 As the concentration of dopants is very
low in the developed SnWO4 phosphors, the intensity of Ho3+/
Yb3+/Mn4+ is comparatively small. The 4d3/2 and 4d5/2 orbitals
are responsible for the binding energy maxima, which are
positioned at 159 eV and 184 eV respectively and at 7 eV due to
the Yb (4f5/2).5 The +4-oxidation state of manganese has been
identied with peaks at 642 eV and 654 eV. It corresponds to the
2p3/2 and 2p1/2 orbitals due to spin–orbit splitting.41
3.2 Optical characterization

3.2.1. Diffuse reectance spectra and bandgap analysis.
The SnWO4, codoped Ho3+/Yb3+ and Ho3+/Yb3+/Mn4+:SnWO4

phosphors have been characterized with UV-vis spectroscopy to
nd the absorption bands in the 250–1250 nm wavelength
range {Fig. 2(d)}. The spectra were calibrated with the standard
BaSO4 powder. There is no absorption peak for the SnWO4 host.
The doped/codoped SnWO4 phosphors consist of absorption
peaks at 538 nm and 640 nm that correspond to the 5I8 /

5F4,
5S2 and

5I8 /
5F5 transitions. The 970 nm peak shows the 2F7/2
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) FTIR spectrum of SnWO4 host, (b) Raman spectra of SnWO4, Ho3+/Yb3+ and Ho3+/Yb3+/Mn4+:SnWO4 phosphors, (c) XPS of Ho3+/Yb3+/
Mn4+:SnWO4 phosphors (d) UV-vis spectra of SnWO4, Ho

3+/Yb3+ and Ho3+/Yb3+/Mn4+:SnWO4 phosphors.
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/ 2F5/2 absorption transition from Yb3+. Applying the following
relationship between the Kubelka Monk function and Tauc, the
bandgap has been calculated from the DRS spectra,25

[F(RN)hn] = C(hn − Eg)
n (3)

where, F(RN) stands for Kubelka–Munk function which satises
the following relation,

F(RN) = (1 − R)2/2R = K/S (4)

where ‘R’ stands for diffuse reectance of the spectrum, ‘K’
stands for absorption coefficient and ‘S’ stands for scattering
coefficient. F(RN) depicts the reection of the innitely thick
sample against a reference at each wavelength, ‘C’ is a constant,
‘hn’ stands for photon energy, ‘Eg’ for the bandgap and n = 1

2 for
direct bandgap. The obtained values of bandgap are 3.60 eV,
3.54 eV and 3.66 eV, corresponding to SnWO4, Ho3+/
Yb3+:SnWO4 and Ho3+/Yb3+/Mn4+:SnWO4 phosphors, respec-
tively. The results show that with the doping of larger atoms in
the Sn2+ sites, the bandgap decreases, and with the smaller
manganese doping, the bandgap increases.26,34
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2.2. Photoluminescence study and effect of Mn4+

codoping. Fig. 3(a) displays the UC emission of produced
phosphors in the spectral range of 350–900 nm aer excitation
at 980 nm radiation. The emission from doped/codoped SnWO4

phosphors has been enhanced by altering the concentration of
Ho3+ (0.1, 0.3, 0.5 and 0.7 mol%)/Yb3+ (1.0, 1.5, 3.0 and
7.0 mol%)/Mn4+ (1.0, 5.0, 10.0, 15.0 and 20.0 mol%). The
luminescence peaks found at ∼541 nm and ∼645 nm, arising
fromHo3+ ions, are responsible due to the 5F4,

5S2/
5I8 and

5F5
/ 5I8 transitions, respectively. Codoping of Yb

3+ ions enhanced
the obtained UC emission intensity. Due to the Yb3+ ion's
sensitizing effect, the green emission is intensied by 9 times
that of Ho3+:SnWO4 phosphors.

The UC emission intensity (I) and pump power (p) is corre-
lated by the expression I a pn, where n is the number of pump
photons needed to populate the emitting levels. The calculated
‘n’ value for the 5F4,

5S2 /
5I8 transition is 1.3. The decreased

slope value in the Ho3+/Yb3+ doped SnWO4 system is due to
upconversion saturation at high power density, which is
a consequence of the involvement of processes like energy
transfer and non-radiative relaxation.42–44 The energy level
diagram has been used to explain excitation and emission
RSC Adv., 2023, 13, 20342–20350 | 20345
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Fig. 3 (a) UC emission spectra of Ho3+, Ho3+/Yb3+, Ho3+/Yb3+/Mn4+:SnWO4 phosphors upon 980 nm excitation, (b) schematic energy level
diagram of Ho3+/Yb3+/Mn4+ (c) slope value ‘n’ for broadband in Ho3+/Yb3+/Mn4+:SnWO4 phosphors., (d) activation energy of Ho3+/Yb3+/
Mn4+:SnWO4 phosphors, (e) configuration coordinate diagrams showing thermal quenching in Ho3+/Yb3+/Mn4+:SnWO4 phosphors (f) CIE
coordinates for Ho3+, Ho3+/Yb3+, Ho3+/Yb3+/Mn4+:SnWO4 phosphors.
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mechanisms of the Ho3+, Yb3+ and Mn4+ dopants in SnWO4

{Fig. 3(b)}. The luminescence from Ho3+/Yb3+ is the result of
ESA, GSA and ET processes.5,45,46 The electrons are stimulated to
the 5I6 level by taking the 980 nm excitation energy through
GSA, and the 5F4,

5S2 levels of Ho3+ ions are then populated by
absorbing the second photon (ESA1). Again, the 5F4 and 5S2
levels are populated by the energy transfer from Yb3+ ions
through ET-1 and ET-2 processes. The 5F4,

5S2 /
5I8 transition

results in the green emission at 541 nm. A part of the population
at 5F4,

5S2 levels relaxes non-radiatively (involving 5 phonons) to
20346 | RSC Adv., 2023, 13, 20342–20350
populate the next lower 5F5 level. Also, the ESA2 from the 5I7
level populates the 5F5 level from where the 5F5 /

5I8 transition
corresponding to the red emission at 645 nm occurs.

Further, on introducing theMn4+ ions in the Ho3+/Yb3+:SnWO4

phosphors, some fascinating results have been obtained. Here,
Mn4+ acts as an intensity enhancer at low pump photon density
and a spectra modier on tuning the pump power density. In the
phosphors, aer codoping Mn4+, the UC emission intensity of the
green band is enhanced by 1.4 times and 13 times compared to
the Ho3+/Yb3+ and Ho3+, respectively. On increasing the pump
© 2023 The Author(s). Published by the Royal Society of Chemistry
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power (<23.6W cm−2) the UC emission intensity enhances, and at
higher pump power ($23.6W cm−2) there is a change in the sharp
UC peak to broadband ranging from 400–900 nm due to the 2E/
4A2 transition. At 45.1 W cm−2 visible broadband occurs, and the
intensity goes on increasing on a further increase of pump power
density. The broadband emitting Ho3+/Yb3+/Mn4+:SnWO4 phos-
phors is found with slope value 5.2 {Fig. 3(c)}, demonstrating the
role of the photon avalanche (PA), which is supported by the cross-
relaxation process.47–51 The single Mn4+:SnWO4 is not excited with
980 nm excitation because there is no equivalent energy level.
Hence, the energy transfer from either Ho3+ or Yb3+ or both is the
only possible way to populate the energy levels of Mn4+. The
energy transfer from Ho3+/Yb3+ ions to ground state 4A2 of Mn4+

becomes prominently active when the pump photon number
increases sufficiently. The two photons trigger other two-photons
and further to four and sixteen photons and so on, simultaneously
for a photon avalanche process, which populates the excited 4T2
level of Mn4+. Mn4+ ions are populated in the 2E level through the
non-radiative relaxation from the 4T2 level. Owing to the ligand
eld dependency of Mn4+ ions, the broadband spectra corre-
sponding to the 2E / 4A2 transition has two overlapped peaks at
640 and 710 nm, which is located in the red and deep red region.
The peak at 710 nm arises in the broad spectra because of the
simultaneous generation and annihilation of phonons caused by
the electronic states of 3d electrons and lattice vibrations.52–56

To further reveal the spectroscopic properties, the lumines-
cence lifetimes measurements of Ho3+/Yb3+ and Ho3+/Yb3+/
Mn4+:SnWO4 phosphors have been performed upon 361 nm
excitation. The ESI Fig. S(a) and S(b)† show the rise and decay time
of green (530 nm) and red (645 nm) emissions corresponding to
the 5F4,

5S2 /
5I8 and

5F5 /
5I8 transitions, respectively, in Ho3+/

Yb3+ andHo3+/Yb3+/Mn4+:SnWO4 phosphors. The decay curves are
tted to the exponential rise and decay function given by [I =
I0[exp(−) − exp(−t/sd)]] where ‘I’ and ‘I0’ are emission intensity at
time ‘t’ and ‘0’, ‘sr’, ‘sd’ are the rise and decay times.57–59 The rise
time is found to be 0.92 ms and 1.41 ms for green emission and 0.73
ms and 1.12 ms for red emission for Ho3+/Yb3+ and Ho3+/Yb3+/
Mn4+:SnWO4 phosphors. The decay time for Ho3+/Yb3+ and Ho3+/
Yb3+/Mn4+:SnWO4 phosphors are found to be 5.83 ms and 5.79 ms
for green emission and 5.75 ms and 5.81 ms for red emission,
respectively. There is a slight change in decay time has been
observed. The decay time is the lifetime of the excited levels of the
rare earth ions involved in the emission process. However, there is
an increase in rise time for both 530 nm and 645 nm emissions
has been observed, which shows an increment in the efficient
energy transfer process among the dopant ions.

3.2.3. Concentration quenching and energy transfer inter-
action. On increasing the percentage of activator ions beyond 0.5
mole percent of Ho3+ and 5.0mole percent ofMn4+ the decrease in
luminescence intensity is recorded. Because the distance among
dopant ions becomes smaller, and the sensitizer ions are insuf-
cient to transfer the energy to such a smaller distance. In the
Ho3+/Yb3+:SnWO4 phosphors, the mean distance among Ho3+

ions have a signicant inuence on the energy transfer between
them. As a result, the critical distance has been calculated using
the Blesse equation,34
© 2023 The Author(s). Published by the Royal Society of Chemistry
Rc ¼ 2

�
3V

4pXcN

�1=3
(5)

where ‘V’ stands for unit cell volume, ‘Xc’ for critical concen-
tration, and ‘N’ for the quantity of activator ions occupying each
lattice site. In present case, V= 388.84 Å3, Xc is 0.5 mol%, N= 4.
Aer calculation, the Rc value is found to be 7.18 Å. If Rc is more
than 5, it means that rare earth interactions are not the result of
exchange interactions.34,46 Hence, the multipolar interaction
precedes the mechanism, which may be established by the
relationship given by Dexter and Van Uitert,60

I

C
¼ K

�
1þ bCQ=3

��1
(6)

where ‘I’ stands for the emission intensity corresponding to each
concentration and ‘C’ stands for the dopant ion concentration. ‘K’
and ‘b’ are constants, while ‘Q’ denotes the nature of the inter-
action between the quenching center and luminescence center.
The exchange interaction, electric dipole–dipole, electric dipole-
quadrupole, and electric quadrupole–quadrupole interactions
are represented by the distinct values of ‘Q’= 3, 6, 8, and 10. Since
the value of Q/3 has been determined to be 2.60, Q is roughly
equivalent to 8. This implied that the concentration quenching of
Ho3+ ions in the SnWO4 phosphors is caused by electric dipole-
quadrupole interaction.53,61 However, by considering the concen-
tration of Mn4+ ions, the energy transfer process from Ho3+ to
Mn4+ can be identied. The found value of Rc is 3.2 Å, which is less
than 5 Å. This shows that Ho3+ transfers energy to Mn4+ via short
range exchange interaction in the Ho3+/Yb3+/Mn4+:SnWO4 phos-
phors.62 The efficient energy migration is decided by the critical
distance. It becomes important as the dopant's concentration
increases. Beyond the critical concentration, further increase in
the dopant's concentration brings the dopants too close (i.e.,
below critical distance) and the attractive potential rises. The ob-
tained value of critical distance conrms that at high concentra-
tion (5.0 mol%Mn4+), i.e., when there is a small distance between
Mn4+ ions, the excitation energy effectively moves among Mn4+

ions till it hits a killing site and then decays non-radiatively. Thus,
the concentration quenching decreases the UC emission intensity.

3.2.4. Thermal stability, conguration coordinates and CIE
diagram. The temperature dependent UC spectra of Ho3+/Yb3+/
Mn4+:SnWO4 phosphors have been recorded over 303–473 K
temperature range to determine the thermal stability. Temper-
ature is a measurable parameter that controls the dynamics of
the UC process. Thus, it becomes necessary to check any optical
behavior change, such as spectral position, lifetime, CIE, CCT,
etc., before the device fabrication. As temperature increases, the
intensity of UC emission decreases to 46% at 423 K compared to
the initial intensity.5,6,62–65 Thermal quenching at higher
temperatures is because of the non-radiative multiphonon
relaxation caused by lattice vibrations. The relevant relation
between phonon density (n), energy gap (ħw), Boltzmann
constant (K) and the absolute temperature (T) can be given by

equation hni ¼ 1=
�
1�

�
ħu
KT

��
.5,53 The activation energy can be

determined by using the following Arrhenius equation,58,66
RSC Adv., 2023, 13, 20342–20350 | 20347
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I ¼ I0

1þ C exp

�
�EA

kT

� (7)

The calculated value of activation energy EA for the broad
emitting Ho3+/Yb3+/Mn4+:SnWO4 phosphors is 0.19 eV {Fig. 3(d)}.
Greater the activation energy of phosphors, more is the thermal
stability. The activation energy and thermal quenching due to
increased temperature can be illustrated by using the congura-
tion coordinate {Fig. 3(e)}. The gure shows the 4A2,

2E and 4T2
energy level parabola in terms of potential curve equilibrium
position or internuclear distance (R). According to the congura-
tion coordinate, the parabolas of 4A2 and

2E energy states do not
cross each other. Thus, the quenching of UC intensity is not
possible through 4A2 and 2E crossover. With an increase in
temperature, thermal quenching is caused by the wide splitting of
the 4T2 and 4T1 spin-quartet states of Mn4+. As a result, there is
horizontal displacement of the 4T2 parabola. The

2E, 2T1,
2T2 and

4A2 levels are originated from the same t32 electronic orbital and
the 4T1 and 4T2 levels are formed from another t22e orbital.
Therefore, the ground state 4A2 and excited state 4T2 (or 4T1)
parabolas exhibit a signicant lateral displacement. A greater
displacement indicates a more intense electron–phonon interac-
tion.67 The lowest sublevel originating from the 4T2 state is shied
nearer to the emitting 2E state; due to that, the nonradiative
transitions from 2E to 4T2 are promoted, which probably returns to
the 4A2 ground state.68 Thus, thermal quenching occurs in the
phosphors owing to thermally generated crossover from the 4T2
excited state to the 4A2 ground state.

To visualize the color emission, the CIE coordinates of all
developed phosphors have been determined {Fig. 3(f)}. The found
CIE coordinates are (0.37, 0.61), (0.34, 0.65), (0.34, 0.62) and (0.48,
0.43) for Ho3+, Ho3+/Yb3+, Ho3+/Yb3+/Mn4+ and broad emitting
Ho3+/Yb3+/Mn4+ codoped SnWO4 phosphors, respectively. The
observation shows that upon Yb3+ ions codoping in Ho3+:SnWO4

phosphors, the CIE coordinates shied towards a more greenish
region, i.e., the incorporation of Yb3+ enhances the purity.
However, due to the codoping of Mn4+, the CIE coordinates shi
towards reddish region. Also, the CCT values have been calculated
for all the phosphors, and the calculated values are 4937 K, 5403
K, 5395 K and 2579 K, respectively. The observation shows that
from single Ho3+ doped to Ho3+/Yb3+/Mn4+ codoped phosphors,
the CCT value shied from cool light to warm light region.69 Thus,
the present phosphors can be used in green and broad visible
upconverters.
4. Conclusion

The green and broad emitting Ho3+/Yb3+/Mn4+:SnWO4 phos-
phors synthesized effectively by the solid-state reaction
approach have been structurally and optically studied. Charge
compensation boosted the green emission of Ho3+ in codoped
SnWO4 phosphors by 13 times aer incorporating Mn4+ ions.
The broad UC emission is induced by the photon avalanche
energy transfer process. Critical distance has been used to
demonstrate the concentration quenching owing to exchange
20348 | RSC Adv., 2023, 13, 20342–20350
interaction in the Ho3+/Yb3+/Mn4+:SnWO4 phosphors. The
temperature-dependent luminescence quenching of the broad
emitting Ho3+/Yb3+/Mn4+:SnWO4 phosphors has been described
by using a conguration coordinate diagram. From these above
experimental investigations, it can be inferred that the gener-
ated phosphors may be utilized for broadband visible optical
devices.
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