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The influence of alkali and alkaline earth metal ion doping on the upconversion (UC) luminescence properties of
Yb3+, Ho* co-doped NaBi(MoOy), (NBM) single crystals was systematically investigated. A series of Yb>*, Ho>*:NBM
single crystals doped with Lit, K+, and Ca®* ions were successfully grown using the Czochralski method. Their struc-
tural characteristics were analyzed through x-ray diffraction (XRD), transmission spectroscopy, and scanning electron
microscopy (SEM), confirming a tetragonal crystal structure with space group /4;/a. Under 980 nm and 450 nm laser
excitation, the crystals exhibited distinct UC emission profiles, with dominant red and green emissions, respectively. Tauc
plot analysis indicated that Ca** doping introduced donor levels within the crystal lattice, effectively narrowing the optical
bandgap. Power-dependent luminescence studies revealed that both red and green UC emissions originated from two-
photon excitation processes. Temperature-dependent photoluminescence measurements under both excitation wavelengths
demonstrated that co-doping with LiT, K, and Ca2* significantly enhanced the thermal stability of the luminescent prop-
erties. Furthermore, variable-temperature fluorescence lifetime analyses showed that alkali and alkaline earth metal ion
doping effectively mitigated the luminescence lifetimes. Overall, the incorporation of Li*, K*, and Ca?* ions was found
to markedly improve both the UC luminescence intensity and thermal robustness of Yb3*, Ho>*:NBM single crystals,
offering promising prospects for high-performance luminescent materials.

Keywords: NaBi(MoOQ,); crystal, upconversion luminescence, thermal stability, alkali ion co-doping, alkaline

earth metal ion co-doping
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1. Introduction

Upconversion (UC) luminescence refers to a nonlinear
optical phenomenon operating on the anti-Stokes principle. In
this process, a luminescent center takes in two or more low-
energy photons, one after another, and then emits a single
high-energy photon that has a shorter wavelength compared
to the excitation source.'"%! Over the past few decades, con-
siderable progress has been made in the synthesis and develop-
ment of UC materials, particularly those doped with rare-earth
(RE) ions. These materials exhibit a range of exceptional opti-
cal properties, including long fluorescence lifetimes, low aut-
ofluorescence, low toxicity, and sharp emission bands, making
them ideal candidates for numerous applications. Trivalent
RE ions such as Yb3T, Tm3*, Er*t, Ho’t, Pr3t, and Tb3+
have demonstrated the ability to convert near-infrared (NIR)
radiation into visible light through efficient multiphoton pro-
cesses. This property has positioned RE-doped UC materials
as promising platforms for applications in bioimaging, photo-

TThese authors contributed equally to this work.
fCorresponding author. E-mail: sjding@ahut.edu.cn

CSTR: 32038.14.CPB.ael12dc
voltaics, optical sensors, and solid-state lasers.!’~10]

Among various host materials, molybdates have gained
attention due to their favorable optical properties and poten-
tial for use in laser and phosphor technologies. In particu-
lar, double molybdate compounds with scheelite-type tetrago-
nal symmetry have proven to be excellent hosts for lumines-
cent ions.'"1?1 Within this category, NaBi(MoO4), (NBM)
has emerged as an especially suitable host matrix. Benefit-
ing from the electronic characteristics of Bi3*, NBM exhibits
high luminescence efficiency. Moreover, its high density,
rapid response time, and strong radiation resistance further en-
hance its suitability for advanced optical applications.!'3! Pre-
vious studies have shown that NBM single crystals doped with
Pr3t, Nd**, Ho*", and Er** can be successfully grown using
the Czochralski method, yielding excellent photoluminescent
performance. [14-17]

To enhance the UC luminescence intensity of RE-doped
materials, researchers have explored both external and internal
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structural modification strategies. External approaches include
core—shell engineering and metal-enhanced fluorescence via
surface plasmon resonance.!'®! Among these, ion doping has
emerged as a straightforward and effective method for opti-
mizing luminescent properties. In particular, alkali metal ions
such as Lit, Nat, and KT, as well as alkaline earth metals
like Ca*t and Mg?*, have shown great potential for enhanc-
ing UC efficiency. Their relatively small ionic radii allow them
to occupy interstitial or substitutional lattice sites, effectively
altering local crystal field symmetry and promoting radiative
transitions.!!”) Numerous studies have confirmed the positive
effects of alkali and alkaline earth metal doping on lumines-
cence enhancement. ?°-23! For example, Maurya et al. demon-
strated that alkali ions such as Lit, Na*, and K* improve
emission intensity by increasing crystal quality and reducing
defects.** Similarly, Mg?* doping in Ho**, Yb3* co-doped
CaZrOs significantly enhanced green light emission.>>! Luitei
et al. reported that co-doping CaMoQO,4:Tm3*, Yb** phos-
phors with K™ ions resulted in the highest UC intensity due to
increased crystal field asymmetry.?®! These findings reinforce
the notion that tailored doping with specific ions can effec-
tively modulate the optical performance of UC materials.

In this work, a series of Yb3*, Ho** co-doped NBM sin-
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gle crystals co-doped with Li*, K, and Ca>* ions were suc-
cessfully grown using the Czochralski method. The phase
structure, optical properties, and UC emission behaviors of
the resulting crystals were systematically investigated under
varying excitation power densities and temperature conditions.
Special attention was given to the role of alkali and alkaline
earth metal ions in enhancing thermal stability and UC lumi-
nescence intensity. The results demonstrate that the incorpora-
tion of Li*, K*, and Ca?* effectively improves both the ther-
mal robustness and emission efficiency of Yb3*, Ho’*:NBM
crystals, offering valuable insights for the design of high-
performance UC materials.

2. Experimental details
2.1. Crystal growth

A series of high-quality Yb>T, Ho** co-doped NBM sin-
gle crystals, with nominal concentrations of 5 at.% Yb3* and
2 at.% Ho’*, were successfully grown via the Czochralski
(Cz) method. To investigate the influence of co-doping on
luminescence behavior, an additional 10 at.% of Lit, KT, or
Ca’* ions was individually introduced into the melt. Crystal
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Fig. 1. (a) The process of crystal growth by the Czochralski method and annealing. (b) A series of as-grown Yb>*, Ho>+:NBM single crystals.
(c) The XRD patterns of Yb>*, Ho>*:NBM crystals and those doped with Lit, K*, and Ca®* ions, respectively. (d) Crystal structure and
doping model of Yb>+, Ho**:NBM. (e), (f) The Rietveld refinement results for the Li™, KT and Ca?* doped single crystals.
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growth was conducted using a JGD-400 Cz furnace (CETC
26th Institute, China),
frequency induction heating system and an automatic di-
ameter control (ADC) module.  Analytical-grade start-
ing materials including Yb;O3 (99.99%), Ho,03 (99.99%),
NayCO3 (99.99%), MoO3 (99.99%), Bi» 03 (99.99%), Li,CO3
(99.99%), K,CO3 (99.99%), and CaCO3 (99.99%) were ob-
tained from Aladdin Reagent. These reagents were measured

equipped with an intermediate-

and weighed in line with their stoichiometric ratios, thor-
oughly mixed, and a 60 g batch was loaded into a platinum
crucible for each growth trial. During the process, the pulling
speed was kept at 1.5 mm per hour, while the seed rotation
rate was maintained at 7 rpm. After crystal growth, a post-
annealing step was employed to eliminate oxygen vacancies
and improve optical quality. The as-grown crystals were then
cooled down to room temperature at a rate of 30 W/h. Al-
though some cracks were observed (Fig. 1(b)), the crystals re-
tained sufficient integrity for subsequent structural and optical
characterization. A schematic illustration of the crystal growth
setup is shown in Fig. 1(a).

2.2. Characterization

The crystal structure of the as-grown samples was ana-
lyzed using a Bruker D8 Advance x-ray diffractometer with
Cu Ka radiation (A = 1.5406 A). X-ray diffraction (XRD)
patterns were recorded over a 26 range of 10°-80° with a step
size of 0.02°. The surface morphology and elemental distribu-
tion of the samples were examined using a JSM-6510 scan-
ning electron microscope (SEM). Photoluminescence mea-

surements, including UC emission spectra and fluorescence
lifetimes, were carried out using an Edinburgh instruments
FLSP-920 spectrometer. A 980 nm semiconductor laser (BWT
Beijing Ltd.) with a maximum output power of 10 W served

as the excitation source for UC luminescence experiments.

3. Results and discussion
3.1. Crystal structure

Figure 1(c) presents the XRD patterns of Yb’*, Ho’*
co-doped NBM single crystals with various alkali and alka-
line earth dopants. All diffraction peaks are well indexed
to the standard reference pattern (PDF#00-051-1508), indi-
cating that the incorporation of Li*, K*, or Ca®* ions does
not significantly alter the tetragonal crystal structure of NBM.
The corresponding structural model is illustrated in Fig. 1(d),
where the NBM lattice adopts the 74, /a space group. The
crystal framework consists of interconnected [Na/BiOg] poly-
hedra and [MoQO4] tetrahedra, arranged in an irregular yet
symmetric three-dimensional network. Within this structure,
both Na* and Bi** ions are eightfold coordinated by oxygen
atoms, forming distorted dodecahedra. Based on ionic radii
and charge compensation considerations, it is proposed that
the dopant ions K*, Li*, Ca?>", Yb>", and Ho>" substitute
primarily at the Nat and Bi** sites, without inducing signif-
icant phase separation or secondary phases. The Rietveld re-
finement results (Figs. 1(e)-1(g)) for the Li*, K*, and Ca>*
doped single crystals also confirmed this result.
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Fig. 2. (a)—(c) Transmittance of the crystals. (d) Tauc plot of the grown crystals. (¢) Comparison diagram of the band gap values of the grown

crystals. (f) Schematic diagram of bandgap narrowing caused by doping.
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Figures 2(a)-2(c) show the optical transmittance spec-
tra of the doped crystals. Prominent absorption valleys near
450 nm and 980 nm are attributed to the characteristic ab-
sorption of Ho’>" and Yb3* ions, respectively. Specifically,
the peaks at 450 nm, 546 nm, and 660 nm correspond to
Ho3* transitions from the ground state >3 to the excited states
SFI4 Ge, SF4+3S,, and 5F5, respectively. Additionally, the
absorption band near 980 nm arises from the *F; 2 = 2F; /2
transition of Yb3*. We also observe features associated with
intra-configurational transitions such as °I3 — I and °I7 of
Ho’*.

To estimate the optical band gap, the absorption data were
fitted using Tauc’s equation

(ahv)" =K (hv — Ey), (D)
where o is the absorption coefficient, 4V is the photon energy,
E, is the optical bandgap, K is a constant, and » is 2 for direct
and 1/2 for indirect transitions.?”! Figures 2(d)-2(e) show the
bandgap fitting results. Notably, the Ca>*-doped crystal ex-
hibits a bandgap approximately 0.04 eV narrower than its Li™,
K™, and undoped counterparts. This narrowing is indicative of
an extended absorption edge and improved photon utilization.
The enhancement may originate from two mechanisms: (i) the
valence mismatch between Ca’>" and RE3* ions potentially
induces local lattice shrinkage and modifies the surrounding

@1 yb HoNBM () Ho3*:\liF4sz—>SIx Yb,Ho:NBM
1\
|

Ho": °F,,’S,—’I “ \ Ho®": °F =1,

Yb,Ho:NBM(Li)

Yb,Ho:NBM(Li)

980 nm excitation 1 450 nm excitation

Normalized upconversion emission intensity

(©

(Ia/Ir)

field symmetry; and (ii) heavy Ca>* doping (10 at.%) intro-
duces discrete donor energy levels that overlap to form an im-
purity band, thereby reducing the effective bandgap and en-
hancing electronic transition probabilities.[?®>?1 As illustrated
in Fig. 2(f), we propose that the observed bandgap narrowing
arises from impurity band formation due to high-concentration
Ca”* donor states. These states coalesce to generate shallow
defect bands within the host matrix, facilitating enhanced NIR
absorption and ultimately contributing to improved UC lumi-
nescence performance.

3.2. UC luminescence properties

To comprehensively evaluate the optical properties of the
doped NBM crystals, two luminescence mechanisms were in-
vestigated: (i) UC emission under 980 nm laser excitation
(Fig. 3(a)) and (ii) photoluminescence under 450 nm excita-
tion (Fig. 3(b)). As shown in Fig. 3(a), the UC emission spec-
tra of four post-growth polished NBM single crystals reveal
two pronounced emission bands centered at ~ 550 nm and
~ 650 nm under 980 nm excitation. These emissions corre-
spond to the characteristic transitions of Ho>" ions, specif-
ically 5F47582 — g (green) and °Fs
tively. Visibly, all samples exhibit intense red luminescence to

— g (red), respec-

the naked eye under NIR excitation. Conversely, strong green
emission dominates when the crystals are excited at 450 nm,
highlighting a stark excitation-dependent color contrast.
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Fig. 3. (a), (b) Room temperature emission spectra under 980 nm and 450 nm excitations. (c) Histogram of green-to-red wavelength ratios
under varied excitation wavelengths. (d) Full width at half maximum of different crystals. (f), (g) CIE chromaticity coordinates of crystals
under varied excitation wavelengths. (e) Comparison diagram of crystal sheets under daily light, 980 nm excitation, and 450 nm excitation.
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The emission intensity ratios of green-to-red components
under 450 nm versus 980 nm excitation conditions are sum-
marized in Fig. 3(c). The ratio increases markedly with dop-
ing, reaching values of 33 (undoped), 41 (Li"), 66 (K™), and
79 (Ca®*), respectively. This pronounced spectral tunability
indicates potential application in optical anti-counterfeiting,
where dual-mode excitation can produce distinct luminescent
responses. Figure 3(d) displays the full width at half maxi-
mum (FWHM) of both green and red emission bands. Com-
pared to the undoped NBM crystal, the doped samples exhibit
noticeable spectral broadening. This is attributed to increased
lattice disorder induced by dopant ions, which disrupt the lo-
cal crystal field environment and promote phonon interactions,
thereby broadening the emission profile. Photographs of the
crystal plates under 980 nm and 450 nm laser excitation are
shown in Fig. 3(e). The respective red and green lumines-
cence under different excitation wavelengths are visually evi-
dent. Additionally, the chromatic purity of the emissions was
quantified and found to exceed 98% for all samples (Figs. 3(f)—
3(g)), confirming the generation of highly saturated spectral
colors.

Figure 4(a) presents the UC emission spectra of the doped

crystals under various excitation power densities ranging from
0.1 W to 1 W. A steady increase in emission intensity is ob-
served for both green and red bands without any spectral shift,
indicating excellent spectral stability. To elucidate the multi-
photon nature of the UC process, the dependence of integrated
emission intensity (/) on pump power (P) was fitted using the
following relationship: 39!

I P",

Inl < nlnP,

@
3

where n represents the number of photons involved in the UC
process.

Figure 3(b) shows the slope n obtained from linear fit-
ting of the log—log plots. For all doped and undoped sam-
ples, n = 2 for both green and red emission bands, con-
firming a two-photon absorption mechanism in the Yb3*,
Ho’*:NBM system. Moreover, the red-to-green emission ra-
tio remains nearly constant as the excitation power increases
(Fig. 3(c)), with minimal fluctuation (as low as 4.5%) observed
in the alkali-metal-doped samples, underscoring the power-
dependent emission stability of the crystals.
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Fig. 4. (a) UC emission spectra of Yb3*, Ho3*: NaBi(MoQ,), (doped Li*, K*, Ca**) crystal at varying excitation powers. (b) Log—log plots
of pump power dependence of the UC emission intensity for the grown crystals. (c) Histogram of red-to-green intensity ratios under varied
excitation power densities. (d) Energy levels of Yb and Ho and the possible UC processes.

The UC mechanism is schematically illustrated in
Fig. 4(d). Under 980 nm excitation, incident photons are ini-
tially absorbed by Yb3* ions through ground state absorption
(GSA), promoting electrons from the 2F; 12 to 2F /2 levels.
These sensitizer ions transfer energy to Ho3*t activators via a
two-step energy transfer process. The first transfer (ET1) pop-
ulates the Ho’t I, state from the g ground state, while the
second transfer (ET2) excites electrons to the >F4, S, man-
ifold, from which radiative relaxation to >Ig produces green

emission (~ 540 nm). Non-radiative relaxation from Fj, S,
to 5Fs further enables red emission (~ 660 nm) via >Fs — Jlg
transition.

3.3. UC luminescence thermal stability

To evaluate the thermal stability of the as-grown NBM
crystals, temperature-dependent UC emission spectra were
recorded over a temperature range of 300 K to 540 K under
980 nm laser excitation. As shown in Fig. 5(a), a gradual de-
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crease in overall emission intensity is observed with increasing
temperature. However, the spectral shape and peak positions
remain largely unchanged, indicating that the radiative transi-
tions remain stable during thermal cycling. Two characteristic
Ho3* emission bands, centered at 540 nm (°F4,7Sy — °Ig) and
660 nm (°F5 — >1g), are clearly sustained throughout the tem-
perature range. Among the tested samples, the Ca>*-doped
Yb3*, Ho>":NBM crystal displays good thermal quenching
resistance. This enhanced stability is evident from the pre-
served emission intensity at elevated temperatures. Quantita-
tive analysis of integrated emission intensity is presented in
Fig. 5(c). Compared to the Li*- and K*-doped counterparts,
the Ca”>*-doped crystal retains a significantly higher propor-

tion of its initial emission intensity. Notably, at 500 K, the
Ca*-doped crystal maintains 48.6% of its room-temperature
emission intensity, underscoring its enhanced thermal robust-
ness. To further assess the thermal repeatability and struc-
tural stability of the crystals under high-temperature condi-
tions, multiple thermal cycling experiments were performed
between 300 K and 540 K. The corresponding results are de-
picted in Figs. 5(b) and 5(d). The emission intensity profiles
remain stable across successive heating and cooling cycles,
confirming that the as-grown NBM crystals exhibit excellent
thermal durability and structural reversibility. These findings

collectively demonstrate that alkali and alkaline earth metal
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Fig. 5. (a) Temperature-dependent UC emission spectra of crystals at different temperatures (300-540 K) under 980 nm excitation. (c) The line
chart of the integrated results of luminous intensity of each crystal at different temperatures. (b) and (d) Thermometer reliability of the crystals
during multiple heating—cooling cycles in the temperature range of 300-540 K.
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Fig. 6. (a) Temperature-dependent emission spectra of crystals at different temperatures (300-540 K) under 450 nm excitation. (c) The line
chart of the integrated results of luminous intensity of each crystal at different temperatures. (b) and (d) Thermometer reliability of the crystals
during multiple heating—cooling cycles in the temperature range of 300-540 K.
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ion doping, particularly with Ca>*, can effectively suppress
thermal quenching and improve the temperature resilience
of UC luminescence. The observed enhancements are at-
tributed to modified local crystal field symmetry and reduced
non-radiative transition probabilities, making these materials
promising candidates for temperature-sensitive photonic ap-
plications.

To expand the application scenarios of the as-grown crys-
tals, we also investigated the temperature-dependent UC spec-
tra of the crystals under 450 nm excitation. Figure 6(a)
presents the temperature-dependent UC spectra under 450 nm
excitation, revealing a significantly dominant emission peak
at 546 nm compared to that at 660 nm, indicative of pro-
nounced green emission. The disparity in emission color be-
tween 980 nm and 450 nm excitation regimes has been mecha-
nistically elucidated in our previous work.3!! Consistent with
the methodology employed for 980 nm excitation, we con-
structed the integrated intensity plot shown in Fig. 6(c). Ca®*-
doped Yb**, Ho’>":NBM crystals exhibit exceptional thermal
robustness, retaining around 53% of their room-temperature
emission intensity at 540 K. The thermal cycling test results
presented in Figs. 6(b) and 6(d) show that the synthesized crys-
tals exhibit good thermal cyclic repeatability.

3.4. Fluorescence decay curves

Figures 7(a) and 7(b) present the luminescence decay pro-
files of Yb>", Ho’*:NBM crystals and their Li*, K*, and
Ca" co-doped counterparts. The surface of the samples was
excited with a laser diode with emission peak center at A =
450 nm, and the emission was monitored from the transi-

(a) (b)
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60
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—~
g}
~

553
(=]

e

Intensity (arb. units)

Intensity (arb. units)

tions Ho3T: 9F4,5S; — Sl (546 nm) and Ho’T: 5Fs — g
(660 nm). The lifetime was computed by applying a double
exponential function to fit the decay curves, utilizing the equa-

tion provided below: (3]

t t
I=Aiexp (—ﬁ) +Asexp (—ﬁ) ,

where 7 is the decay time of the 5F4,°S, and ® F5 level of Ho3".
I and Iy represent the emission intensities at time ¢ and 0, re-

“

spectively. The decay curves showed a good fit with a double
exponential function, as shown in Figs. 7(c) and 7(d). The av-
erage lifetime (7,yc) was obtained according to the following
expression:

Alle —|—A2’L’22

= —"z, 5
AT +A D )

T‘dVC
As shown in Figs. 7(e) and 7(f), the luminescence lifetimes
of all tested crystals exhibit a progressive reduction with in-
creasing temperature. As reported in the literature,??! this
phenomenon arises from enhanced lattice vibrations at ele-
vated temperatures, which intensify electron—phonon interac-
tions and amplify nonradiative transitions, consequently short-
ening the luminescence lifetime. In addition, it can also be
seen from Figs. 7(c) and 7(d) that doping with either alka-
line earth or alkali metals has a certain effect in suppressing
lifetime decay. Among them, the Yb3*, Ho>*:NBM crystal
doped with Ca>* ions exhibits the best thermal stability, and
its lifetime decays most slowly during the temperature change
from 300 K to 540 K.
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Fig. 7. (a), (b) Luminescence decay curves of Yb>*, Ho>*:NBM crystals and their co-doped Li*, K*, and Ca?* crystals at different temperatures. (c),
(d) Biexponential fitting results of the fluorescence decay curves monitored at 546 nm and 660 nm at room temperature. (d) Relationship between the crystal
lifetime and temperature under 450 nm excitation and 546 nm monitoring. (e) Relationship between the crystal lifetime and temperature under 450 nm

excitation and 660 nm monitoring.
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4. Conclusion

In summary, a series of Yb**, Ho’* co-doped NBM sin-
gle crystals, further modified with Lit, K*, and Ca®>" ions,
were successfully grown using the Czochralski method. Struc-
tural characterization via x-ray diffraction, transmission spec-
troscopy, and scanning electron microscopy confirmed that
all samples crystallize in a tetragonal scheelite-type struc-
ture (space group /4;/a). Under dual-mode laser excitation
at 980 nm and 450 nm, the crystals exhibited distinct emis-
sion profiles dominated by red and green luminescence, re-
spectively. Ca”>* doping was shown to induce donor-level
formation and bandgap narrowing, as revealed by Tauc plot
analysis. The incorporation of alkali and alkaline earth metal
ions significantly enhanced the green-to-red emission ratio and
broadened the full width at half maximum (FWHM), indi-
cating increased lattice disorder and local symmetry distor-
tion. Power-dependent UC studies confirmed that both red
and green emissions arise from two-photon excitation pro-
cesses. Temperature-dependent luminescence measurements
under both excitation regimes demonstrated that Li*t, K™, and
Ca’* doping effectively mitigates thermal quenching. In par-
ticular, the Ca®*-doped samples exhibited the highest thermal
robustness, retaining over 50% of room-temperature emission
intensity at elevated temperatures. Overall, this study demon-
strates that co-doping with Li*, KT, and Ca?" ions not only
improves the UC luminescence intensity but also significantly
enhances the thermal stability of Yb’*, Ho>*:NBM crys-
tals. These findings provide valuable insights into the design
of high-performance luminescent materials for thermally de-
manding optoelectronic and anti-counterfeiting applications.
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