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Erbium-doped lithium tantalate submicron phosphor particles were produced by an efficient one-step solid-state
combustion method. Well-crystallized products with uniform grain morphology were confirmed by X-ray dif-
fraction and field-emission scanning electron microscopy. Thermogravimetric and differential thermal analysis
were used to further analyze the combustion reaction process. In addition, down- and up-conversion lumines-
cence (DCL, UCL) as well as the relationship between luminescence intensity and erbium doping level were

revealed. The luminescence spectra for the UCL processes under different excitation intensities showed a re-
markable three-photon absorption phenomenon in Er-doped system. These results demonstrate that the modified
solid-state combustion method possesses practical value for large-scale synthesis of rare earth-doped submicron
phosphors and has great potential for application in solid-state laser and display fields.

1. Introduction

Lithium tantalate (LiTaOs;, LT) is a photoelectric and nonlinear
optical crystalline material with excellent thermal, chemical, and me-
chanical stability [1-4], as well as superior ultraviolet-visible (UV-Vis)
absorption [5,6]. These characteristics make LT attractive for applica-
tions in surface acoustic wave media, optical parametric oscillation
device components, and laser gain media, etc. [7-10]. It is known that
stoichiometric LT (SLT) possesses fewer crystal structure defects than
congruent LT (CLT), and hence exhibits superior properties [11,12] and
has attracted significant research interest [13] as a matrix material for
optical applications with rare-earth (RE) doping. However, attempts to
obtain SLT crystals are hindered by their time-consuming and complex
preparation, as well as their high fabricating temperature (1650 °C).
Thus, the synthesis of SLT and the investigation of its corresponding
properties are worthwhile and pressing challenges. On the other hand,
submicron powder (including SLT) could enhance the optical properties
like down- and up-conversion and optical amplification [14,15], and
has garnered considerable attention owing to its characteristics of
convenient preparation, size, and practicality [16,17]. Methods for
preparing submicron powder, such as sol-gel, hydrothermal, and soft-
chemistry synthesis [18-20], have been extensively investigated.
Compared with fabricating bulk single-crystal, previous research has
demonstrated that the common problems of long-growth duration and
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high energy consumption can be overcome. However, the drawback of
complex chemical processes, a large number of unwanted byproducts
and raw material consumption still exist. Thus, a simple and efficient
method for the large-scale synthesis of submicron SLT powders is ur-
gently required.

Rare-earth doped matrix materials have been investigated as a
means for the conversion of near-infrared (NIR) laser emissions to
visible-light emissions, as well as for the conversion of ultraviolet (UV)
to visible light through energy transduction [5,21-24]. Although sul-
fides and fluorides are the most commonly employed matrix materials
for laser conversion [22,25], they still possess the disadvantages of
toxicity and poor thermal properties. Specifically, toxic gas SO, would
be generated due to the reaction between sulfides and oxygen in the air,
and the chemical and physical properties of fluorides (including a and 3
phase) are unstable [26,27]. Above problems impede the large-scale use
of sulfide and fluoride host materials. Therefore, the high reliability,
environmental-friendliness, low phonon energy, and thermal stability
of SLT has rendered it an alternative matrix material [5]. Furthermore,
RE®* ions such as Er®*, Dy**, Tb**, Eu®*, Sm®*, and Tm>** are
commonly employed as activation ions to endow a material with pho-
toluminescence [28-31]. Among these RE3* ions, Er®* ions exhibit a
unique electron level structure and abundant energy levels that are
frequently used to emit multiband fluorescence. The energy level
transitions in Er** ions allow them to emit NIR fluorescence at a
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wavelength of 1.5 um under 980 nm laser excitation; this waveband is
widely exploited in the fields of optical fiber communications, materials
processing, and remote sensing. To the best of our knowledge, few
studies on the luminescence properties of nanoscale Er**-doped SLT
systems have been reported. Thus, the energy transfer mechanism and
potential applications of submicron Er®*-doped SLT powder warrant
further study.

In our previous work [32], a modified solid-phase combustion
method was used to synthesize pure tantalate submicron powder. This
method exploited urea both as a fuel and as an inducer to reduce the
temperature and duration of the reaction. In the current study, a series
of Er®*-doped SLT powders (xEr:SLT, where x represents the loading of
Er** ions in mol%) were prepared by this method. The crystalline
structures, phases, morphologies, and the thermal reaction mechanisms
of these powders were investigated using X-ray diffraction (XRD), field-
emission scanning electron microscopy (FE-SEM), and thermogravi-
metric and differential thermal analysis (TG-DTA). Furthermore, the
luminescence properties of the xEr:SLT powders under different ex-
citation wavelengths were investigated. Special attention was paid to
the visible-region photoluminescence under irradiation with a 980 nm
laser, whereby the up-conversion luminescence (UCL) characteristics,
including the concentration-dependent spectra, power-dependent
spectra, slope of log(l.,,) vs. log(P), up-conversion mechanism, and
decay times were explored. The results indicated that our modified
solid-state combustion method, which is efficient, simple, and practical,
could be applied to the large-scale production of luminescent RE>™ -
doped SLT powders. Moreover, these powders exhibit excellent lumi-
nescent properties, demonstrating that Er>*-doped SLT submicron
particles are a promising material for solid-state lasers and display
devices.

2. Materials and methods

Erbium-doped lithium tantalate powders were prepared through a
modified solid-state combustion method using the optimum processing
parameters (for SLT powder) revealed in our previous study [32]. High-
purity (99.99%) Li»CO3, Ta,0s, Ers0Os, and urea were mixed with a Li/
Ta molar ratio of 1:1, Er3+—doping concentrations of 0.0, 0.5, 1.0, 2.0,
and 3.0 mol% (samples a-e), and a urea/(Li,CO3 + TayOs + Er,03)
weight ratio of 3:1. The mixed powders were ground and ball-milled to
uniformity, and then heated at 700 °C for 3 h in a muffle furnace.

XRD patterns were obtained at a scanning rate of 0.04 sstep ™! from
20° to 70° by using a DMAX 2200 VPC X-ray diffractometer. The
morphologies and grain sizes of the xEr:LiTaO3; powders were obtained
using FE-SEM (JSM-6330F). The thermal reactions of the samples were
investigated using Fourier-transform infrared (FT-IR) spectroscopy by
means of a simultaneous thermal analysis instrument (STA449F3/
Nicolet 6700, Netzsch/ThermoFisher Scientific). The absorption spectra
were measured in the 300-1600 nm wavelength region using a Lambda
950 UV-Vis-NIR spectrophotometer (EQUINOX 55, Bruker).
Fluorescence emission spectra were recorded using an FLS P980 pho-
toluminescence spectrometer (Edinburgh), equipped with an output-
power-tunable 980 nm semiconductor laser as the excitation source. All
the fluorescence emission spectra were obtained at room temperature.

3. Results and discussion
3.1. Structure and morphology analysis

The XRD patterns for the xEr:LiTaO3; samples prepared at different
doping concentrations are shown in Fig. 1(a). The diffraction peaks are
marked with the corresponding lattice planes. All the samples present
patterns that match well with pure LT and no impurity peaks can be
seen, indicating that Er®*-doping did not change the crystal structure.
Because the effective radius of the Er® ™ ion (r = 0.88 i\) is closer to that
of the Li* ion (r = 0.76 A) than that of the Ta®" ion (r = 0.64 A),
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considering the ionic radius and the charge balance, the Er®* ion was
assumed to occupy the Li* sites. In addition, Fig. 1(b) shows the
magnifications of the XRD patterns in the range 20 = 20-30° for var-
ious Er®™ concentrations. With an increase in the Er®* concentration,
the diffraction peaks for the (012) plane shift slightly toward smaller 26
angles. This could be explained by the lattice volume expansion due to
the slightly larger ionic radius of the Er>* ions that occupy the Li sites.
The corresponding crystal structure of the LT host (belonging to the
space group R3¢, with cell parameters a=b = 5.1543 A,
¢ =13.7835 1°\, and V=317.12A%), and the Ery; structure among
oxygen octahedrons (Tar,06) are shown in Fig. 1(c) and (d), respec-
tively.

To study the effects of the Er®>* dopant further, FE-SEM was em-
ployed to present the particle sizes and morphologies of the doped LT
production. As shown in Fig. 2(a)-(d), the four different doping con-
centration samples (0.5, 1.0, 2.0, and 3.0mol%) present uniform
morphologies and particle sizes. In addition, Li vacancies (V;;) would be
generated to maintain the charge balance due to the replacement of Li *
by Er®”" ion with higher valence. The accumulation of vacancies near
the grain boundaries can suppress the grain growth [33,34], and
therefore, form a more porous structure as shown in Fig. 2(d). More-
over, thin flakes with an average width of 200 nm indicate that the
growth speed of nucleation in the (012) plane is the slowest (due to low
surface energy for this plane), which is coincident with Pauling's third
rule and the Bravais law [35,36]. Thus, we can conclude that the Er®*-
dopant influences the as-prepared powders slightly, but the crystalline
structure of the submicron xEr:LiTaO; particles is maintained.

3.2. Thermal reaction analysis

The TG-DTA curve for the raw mixture of 0.5Er:LiTaO5; was used to
analyze the thermal reaction process. The as-prepared samples were
heated from room temperature to 700 °C at 3°C-min~'. As shown in
Fig. 3(a), the TG curve presents two main weight-loss stages comprising
77.09 wt% of the overall weight loss. In the first stage (114-187 °C), the
weight loss is 48.03 wt%, which can be ascribed to the decomposition
reactions: CO(NH,), — (CO),NH(NH,), + NHs and CO(NH,), —
C3N3(0OH)3 + NH; [32]. The decomposition of urea presents a strong
endothermic peak in the DTA curve at 116 °C. Meanwhile, a large
amount of gas (NHs, H,0, NO,, etc.) is released and is emitted into the
Li»CO3, Ta,0s, and Er,03 powders. The released gas plays an important
role in the second weight loss stage (29.06 wt%), ranging from 187 to
419 °C, which lowers the reaction temperature among the metal oxides
by improving the porosity, enhancing the interface reactions, and re-
ducing the bonding energy [32,36]. Specifically, a distinct endothermic
peak is observed at 241 °C, which can be attributed to the decomposi-
tion of Li,CO3. Furthermore, when the temperature is increased from
241 °C to the inflection point (415 °C) in Fig. 3(a), a strong exothermic
DTA peak occurs at 321 °C, which may be ascribed to the reaction be-
tween metal cations. Thereafter, no evident weight loss is observed
above 415 °C, which indicates that the major reactions are complete
and that the crystallized rare-earth stoichiometric LT (RE3*-SLT) in-
organic phase has been formed. It should be noted the reaction tem-
perature of the submicron RE*>*-SLT in this study is much lower than it
is in the conventional combustion method, which may be attributed to
the reduction in bonding energy induced by the gas penetrating the
Li,O, Ta;0s, and Er,0s. Thus, we can conclude that the urea takes part
in the reaction, improves porosity, and greatly enhances interfacial
reactions.

3.3. Photoluminescence properties

The room-temperature absorption spectra of the different xEr:SLT
samples in the UV-Vis and NIR regions were recorded and are pre-
sented in Fig. 3(b) and (c). As expected, no absorption peak was ob-
served in the undoped SLT, whereas eight evident peaks were observed
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Fig. 1. (a) XRD patterns of the prepared samples at different doping concentrations of Er>* ions. (b) Magnified XRD patterns along the (012) plane of xEr:LiTaOs. (c,

d) The crystal structures of xEr:LiTaOs.
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Fig. 2. Micrographs of xEr:LiTaO; powder with different Er®* doping concentrations (a) 0.5 mol%, (b) 1.0 mol%, (c) 2.0 mol%, and (d) 3.0 mol%.
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Fig. 3. (a) TG-DTA curves of the raw mixture powder under temperatures in- Wavelength (nm)

creasing from room temperature to 700 °C. (c, d) UV-Vis and NIR absorption

spectra of xEr:LiTaOs crystals, respectively. Fig. 4. (a) The fluorescence emission spectra of xEr:LiTaO3; under 381 nm laser

excitation. (b) Visible fluorescence emission spectra, and (c) near infrared
fluorescence emission spectra of xEr:LiTaO3; under 980 nm laser excitation.
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Fig. 5. UCL spectra of the as-prepared (a) 0.5Er:LiTaO3, (b) 1.0Er:LiTaOs3, (c) 2.0Er:LiTaO3, and (d) 3.0Er:LiTaO3; samples under 980 nm laser excitation in different
pumping powers. The insets present the corresponding power dependence of the UCL process.

in the Er®*-doped systems. The absorption peaks correspond to tran-
sitions from the ground state (4115/2) to the excited states of Er** (*Gq; Y
2, *Fa/2, *Fr /2, *Hi1/2, *S3/0, *Fos2, Yo/, *i1,2, and *I13,»), as indicated
in Fig. 3(b) and (c). The strong absorptions around 381 and 980 nm are
commonly selected as excitation sources for multicolor DCL and UCL
luminescence emissions, respectively. The fixed-emission spectra will
be presented in the following sections. In addition, the UV-Vis-NIR
absorption bands centered at 525, 550, 658, and 1540 nm are attribu-
table to the Er®™ transitions, i.e., *I5,2 — *F;/2, 2H11,2, *Ss/2, *Fo 2, and
*1,3,2, respectively.

The fluorescence emission spectra of the xEr:LiTaO3 samples re-
corded under the 381 and 980 nm pump laser excitation are presented
in Fig. 4. Specifically, in the DCL spectra in Fig. 4(a), three emission
peaks centered at 550, 525, and 658 nm, and a broad emission band
between 410 and 490 nm can be seen, which correspond to the energy
transfer from *Ss 5, 2Hyq 2, *Fo 2, and *F; 5 to *Iys,», respectively. The
emission intensity for green light centered at 550 nm is stronger than
that for the other green emission (centered at 525nm) and the blue
emission (ranging between 410 and 490 nm), with the weakest emis-
sion being that of red light (centered at 658 nm). Furthermore, the in-
tensities of the red emissions are extremely weak when the doping
concentrations of Er** are 2.0 and 3.0 mol%. This phenomenon can be
ascribed to the multi-phonon relaxation process that occurs between
the Gy ,2 and the 4S5 /o and °Hy,; /o states after the Er®* ions are excited
to the *Gy, , state under 381 nm excitation. In addition, the intensities
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of the multicolor emission spectra are enhanced with an increase in the
concentration of Er®* from 0.5 to 1.0 mol%. Furthermore, when the
concentration reaches 2.0 and 3.0 mol%, the emission intensities de-
crease sharply, which could be explained by the occurrence of con-
centration quenching.

The UC emission spectra of Er>*-doped SLT phosphors at different
concentrations under 980 nm excitation are shown in Fig. 4(b) and (c).
We can observe an extremely strong green emission (centered at
550 nm), a relatively weak blue-green emission (centered at 525 nm), a
weak red emission (ranging between 590 and 675nm), and an NIR
emission (centered at 1.5 pm), which correspond to the transitions of
Er®* ions from the ground state *I;5 , to the excited states *Ss 5, 2Hy1 /2,
“Fo,2, and *I13,,, respectively. Moreover, as can be seen from Fig. 4(b)
and (c), the luminescence intensity significantly changes with the in-
crease in Er®" ion concentration, and the optimal concentrations are
3.0 and 0.5 mol% for visible and NIR emissions, respectively. Notably,
concentration quenching does not occur for UCL in visible emissions,
which illustrates that a higher concentration of Er>*-dopant in the SLT
system can be applied. Furthermore, the shapes of the fluorescence
spectra are maintained, which implies that the stable crystal field
around the Er’* ion does not change with a dopant concentration of
3.0 mol%.
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Fig. 6. (a) Energy level diagram of the up-conversion mechanism of Er:LiTaO3
samples. (b) Decay curves for xEr:LiTaO3 samples monitored at 550 nm emis-
sion.

3.4. Energy transfer mechanism

Previous research [37] has indicated that the DCL mechanism can
be explained simply as electrons repopulating from specific higher en-
ergy states to certain low energy states, accompanied by emission.
However, because the excited electron can populate in different ways,
the UCL mechanism is rather complex, and thus worthy of in-depth
investigation [37,38]. The UCL mechanism of the xEr:LiTaO3 system
has been studied in detail. Specifically, in the unsaturated UCL process,
the relationship between the emission light intensity (I,,,) and the pump
laser power (P) of the excitation resource is expressed as:

Iy o< P (€9)

where n is the number of photons absorbed in the UCL process.

The UCL spectra of the xEr:LiTaO3 powders under 980 nm excitation
at different pump powers are shown in Fig. 5. All these spectra are
similar in shape, and the emission intensity increases with the pump
power. The number of absorbed photons is calculated by the ratio of log
I to log P. Accordingly, the data for the 525 nm (Er: *I;5,5 — *Hy1,2),
550 nm (Er: 4115/2 — 4S3/2), and 664 nm (Er: 4115/2 — 4F9/2) transitions
were plotted, and the fitted results are presented in the insets of Fig. 5.
Specifically, for the 0.5Er:LiTaO5 system, the values of the slopes for the
15,2 — 2Hi1/2, 52— *S3/2, and *Iy5,5 — *Fq - transitions are 2.39,
2.45, and 2.33, respectively. In addition, the slopes of other samples
present similar results, namely n values are maintained between 2 and
3. Due to energy relaxation, the emitted energy is lower than the ab-
sorbed energy, leading to the slope values being less than 3 [39,40].
Thus, we can conclude that three photons are absorbed in the UCL
process.

UCL processes may proceed according to three types of
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luminescence mechanisms: ground/excited state absorption (GSA/
ESA), photon avalanche (PA), and energy transfer (ET) [39]. Based on
the above analysis, the likely UC mechanisms are discussed in terms of
the energy levels illustrated in Fig. 6(a). In this energy level diagram,
the green, red, and black solid arrows represent the emission and multi-
phonon processes, and the blue dotted arrows represent the energy
relaxation process. As shown in Fig. 6(a), the excited electron in the
ground state (4115/2) is excited to the *I;; /o state through GSA when an
Er®* ion absorbs a photon from the NIR laser. Simultaneously, some
electrons in the *I;;,, state relax rapidly and non-radiatively to the
lower level 4113/2. Therefore, at the *I;3 /o state, electrons that populate
to the *Fq, state are the consequence of the ESA1 process, and the ones
that transfer to the “I;5,, state with the NIR emission (*I;3,5 — *I15,2) at
1.5pum could be explained as the energy relaxation. After that, the
electrons in the excited state return to the ground state by radiative
transition and generate red emission (*F 2 = 4115/2) at 664 nm. Alter-
natively, under the effect of the ESA2 mechanism, the excited electrons
at the “I;, » energy level are excited to a higher energy level (*F5,5). As
energy relaxation occurs, the electrons jump from “Fy /5 to the Hyp /o
and “S;, states. Thus, a bright green emission (*Hy1 /2, *Ss/2 — *I15,2)
occurs at 525/550 nm, and the excited electrons return to the ground
state.

3.5. Luminescence decay

The luminescence decay measurements for the 483/2 — g /2
(550 nm) transition under 980 nm excitation are presented in Fig. 6(b).
According to previous research [41], fluorescence lifetime can be fitted
with the double-exponential formula,

I(t) = Iy + A exp(—t/5) + A, exp(—t/1) 2)

where I(z) represent the fluorescence intensity at time t, I represents
the background light intensity (set to zero), i and 7, are the shorter and
longer lifetimes, A; and A, are the weight factors. Based on the above
parameters, the decay time can be calculated by the formula,

T= AT + ATH/I(AIT + AD) 3

As shown in Fig. 6(b), the fluorescence lifetimes of the doped
samples were calculated to be 11.63, 31.23, 41.09, and 24.02 ps, re-
spectively. The fluorescence lifetime changes drastically with the Er**
ion concentration. This can be explained by the occupation of different
sites and radiation trapping [42-44]. However, the lifetime sharply
decreases when Er®* concentration exceeds 2.0 mol%, which is due to
concentration quenching. In addition, the host defects and the inter-
actions between RE®™ ions lead to a sharp decrease in the fluorescence
lifetime [45,46]. These results show that the concentration of Er>* ions
significantly affects the fluorescence lifetime, and that the optimal
doping concentration is 2.0 mol%.

4. Conclusions

A series of submicron Er®*-doped SLT particles were synthesized by
a modified solid-state combustion method. The particles were then
studied by means of XRD and SEM, which revealed that all the
xEr:LiTaO3 samples had similar crystalline structures, grain sizes, and
morphologies. TG-DTA revealed that urea, reducing reaction tempera-
ture and shortening reaction time, acted as both a fuel and an inducer.
Notably, this method is efficient, simple, and practical, and could be
used to synthesize submicron RE®*-doped SLT particles, or con-
veniently applied to the synthesis of other doped polycrystalline par-
ticles. More importantly, the as-prepared samples presented intense
photoluminescence. Specifically, in the DCL and UCL processes, the
intensity of the emission varies with the dopant concentration. The
optimal concentrations for DCL and UCL are 1.0 and 3.0 mol%, re-
spectively, in the visible region. However, for NIR emissions, the op-
timal concentration is 0.5mol%. Furthermore, the power-dependent
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UCL spectra for xEr:LiTaO3 revealed a three-photon absorption process,
indicating more intense absorption and emission processes than
common Er-doped crystalline materials. By analyzing this multi-photon
absorption mechanism, the corresponding energy level diagram was
provided. Fluorescence lifetimes were significantly influenced by the
concentration of Er®* ions.

In sum, Er:LiTaO; submicron powders with excellent photo-
luminescent properties were synthesized by a modified solid-state
combustion method, which presents practical value for the large-scale
industrial production of RE*>*-doped phosphors. In addition, the ex-
cellent photoluminescence properties of the Er®*-doped SLT phosphors
demonstrate their potential for solid-state lasers, optical fiber commu-
nications, and displays.
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