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ABSTRACT: In this study, emissions between 350 nm and 2.8 ym are 90 min T, 120 min
produced from molten-salt-synthesized LaF;:Yb*"Er** (LFYE) nano- '

crystals (NCs) under 980 nm excitation. In fact, such wide spectral
emissions from a single phosphor would be highly favorable in lighting
applications ranging from light-emitting diodes, optical fibers, and
telecommunications. Upconversion luminescence (UCL) spectra show
intense red emission compared to the green band below 6 mW, wherein
a strong green emission is achieved compared to a red emission when the
laser power is increased beyond 85 mW. To further enhance their UCL
and downconversion luminescence (DCL), the LFYE NCs are annealed
at 400 °C for 30, 60, 90, and 120 min. Their UCL and DCL intensities
are improved with up to 90 min of annealing but drastically reduced after
annealing for 120 min. The latter is caused by both phase transition and
shape changes, that is, from the cubic LFYE NCs to tetragonal LaOF:Yb*>" Er’** (LOFYE) NCs with a square pyramidal shape.
Density functional theory calculations show that the LOFYE NCs are more thermodynamically favorable to form due to their lower
defect formation energy than the LEYE NCs. Moreover, LaF; is dynamically more unstable in comparison to LaOF, as indicated by a
greater number of imaginary modes for LaF; in the phonon dispersion plot. Interestingly, the highest phonon energy for LaF; is
found to be 439 cm™" while that of LaOF is 527 cm™', which is expected to play a role in the different emission behaviors between
LaF; and LaOF. Our work shows exemplary potential of the LFYE NCs with near-ultraviolet to mid-infrared emissions as UCL and
DCL for laser power-induced color tunability for a wide range of applications.

KEYWORDS: LaF; LaOF, upconversion, downconversion, molten salt synthesis

1. INTRODUCTION tion, medical surgery, eye-safe laser radar, hazardous chemicals
detection, remote sensing, pollution monitoring, and so forth.®
Such wide light emission spanning the violet to MIR region
would be a boon to the lighting community in designing
efficient light-emitting diodes, solar panels, optical fibers, and a

Photon upconversion (UC) is a process of generating high-
energy emission(s) from low-energy absorption via multiple
photon absorption." UC phosphors (UCPs) have found
applications in four main aspects of modern days, that is,

energy, security, health, and environment. UCPs are effective variety of other telecor'nmunlcat.lon-relatgg app 11cat1(?ns.
o . . . . Among rare-earth ions, erbium (Er’*) is an important
in improving the conversion efficiency in solar cells, :

5 dopant for both UC and DC luminescence under one

bioimaging, and disinfecting bacteria present in water.” " S ) -
Near-infrared (NIR) excitation of UCPs is particularly useful excitation wavelength due to its favorable energy level diagram.
Along with UV and visible UC emissions, Er’* shows multiple

for bioimaging owing to deep penetration depth, low or no DC emissions in the NIR and MIR o 4]
autofluorescence, and reduced light scattering compared to . emlssmris n the . an * ranges, namely, L =
Iis, and °I;;,, — I3, transitions. In terms of UC

ultraviolet (UV)/blue-green light excitation.” Generation of
violet-blue photons from NIR light is also quite important for

EEAPPLIED

biomedical applications, photoinduced drug delivery, photo- Received: ~September 19, 2021 .
dynamic therapy, and optogenetics where large anti-Stokes Accepted: November 19, 2021 . |
shift is needed.® On the other hand, efficient NIR and mid- Published: December 1, 2021

infrared (MIR) emissions via downconversion (DC) are
typically difficult to achieve but can be utilized in a wide
variety of applications ranging from optical fiber communica-
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Scheme 1. MSS of the LaF; and LFYE NCs and the Effects of Annealing Duration on Their Shape and Crystal Structure
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luminescence, Er®* offers multiple radiative energy-level
transitions in the visible range, including yellow—%reen *Hy
*Sy, = *Li5/y, and red *Fy;, — "5, transitions. * However,
the forbidden nature of the Er’* f—f transitions gives a low
absorption coeflicient, resulting in low UC and DC
efficiencies.” Ytterbium (Yb), by contrast, has only a single
energy transition of *F,, — *Fs,, which corresponds to 980
nm.'” Due to an energy transition that coincides with the I, ,
— *15/, transition of Er’* and a large absorption cross-section
(11.7 x 107! jons/cm?®), Yb is frequently used as a sensitizer
that lends itself to highly productive UC and DC emission via
energy transfer (ET). Especially, with the availability of cheaply
available 980 nm laser diodes, there is an ample interest to
improve the photon yield on both UC and DC emissions
through Er channels on the Er-/Yb-doped host matrix by
taking advantage of Yb — Er ET under 980 nm excitation.

Proper selection of host matrices has a strong influence on
UC and DC efhiciencies since the distance between lanthanide
ions and their relative spatial location, local coordination
number, and environment is determined by host lattices."" An
ideal host matrix should be transparent in the spectral range of
interest, possess a high optical damage threshold with low
maximum phonon energy, and maintain chemical stability.z’12
Lanthanum fluoride (LaF;) is considered to be an excellent
UC/DC host as it meets the above-mentioned criteria to
endow both efficient NIR and MIR DC emissions and visible
and UV UC emissions.”” As reported, LaF; is optically
transparent from the UV (250 nm, n = 1.63) to far infrared (up
to 7 um) range.'*'” Based on its index of refraction value, that
is, 1.4872 at 2.8 um, LaFj; is considered as an excellent host for
MIR emission compared to that of visible UC. LaF;:Yb**Er®*
(LFYE) as a three-component system has been explored
extensively in the literature in the areas of UC and DC
phosphors.'*™"® Er** and Yb** are used as dopants in the LaF,
host to impart electronic transition levels and sensitization,
respectively.

Moreover, UC and DC phosphors in the nanodomain have
additional advantages of biocompatibility, water dispersibility,
and cell uptake with negligible photobleaching. Thermal
treatment has been used to enhance the UC and DC
efficiencies of luminescent nanocrystals (NCs) due to
increased crystallinity and reduced surface defects, hetero-
geneity, and deformities.”'” It leads to minimized nonradiative
(multiphonon) relaxations for efficient photoluminescence
(PL). Many researchers have exposed NCs to high-temper-
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ature annealing which promotes aggregate formation and
potentially leads to light scattering. For LaF; some groups
have also observed its phase transition to lanthanum
oxyfluoride (LaOF).'®*° For example, Zhang et al. reported
the phase transition in LaF; when annealed at 500 °C just for 5
min.'® To the best of our knowledge, no systematic studies on
the optimal annealing duration and temperature for LaF; by
avoiding its oxidation to LaOF and understanding the phase
transition on the luminescence efficiencies have been reported.

In this work, we first synthesized LFYE NCs by a molten salt
synthesis (MSS) method. The LFYE NCs showed multi-
dimensional color emissions by upconverting 980 nm photons
to visible light and downconverting it to NIR at ~1550 nm and
MIR at ~2.8 pm. In addition, conversion of 980 nm light to
near-UV (NUV)/violet-blue emissions was achieved, although
the intensity was weaker than the green/red UC bands. We
also investigated the effect of the Yb* sensitizer concentration
on the UC and DC properties. Moreover, the red-to-green
intensity ratio was completely tuned by adjusting the laser
power beyond 6 mW.

To further optimize the UC and DC emissions of the as-
synthesized LFYE NCs, we annealed them at a temperature as
low as 400 °C with varying annealing durations between 30
and 120 min. The phase transition from LFYE to
LaOF:Yb*" Er’* (LOFYE) was monitored using X-ray
diffraction (XRD) and Raman spectroscopy. The UC and
DC intensities of the LFYE NCs were further enhanced
through systematic annealing to control multiphonon
relaxation. The LFYE NCs had much higher UC and DC
intensities compared to the LOFYE NCs, which were further
probed using density functional theory (DFT) calculations.
The negative formation energy and lower number of imaginary
modes in the phonon dispersion plot indicated the higher
stability of the LOFYE NCs compared to their LFYE
counterpart.

Overall, the work detailed herein achieved violet-blue, green,
red, NIR, and MIR emissions under 980 nm photon excitation
from the LFYE NCs synthesized by the MSS method, followed
by inducing phase transition to the LOFYE NCs upon
annealing at 400 °C for 120 min or longer. At the same time,
we demonstrated the laser power-induced tunable light
emission. The effect of thermal treatment on UC intensity
was also investigated in the preview of surface defects and
structural changes. This concurrent UC and DC phosphor
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holds great potentials to provide new ways in optical material
design for multifunctional applications.

2. EXPERIMENTAL SECTION

To prepare pure LaF; NCs and derivatives doped with y mol % Yb**
(y=5,7, 10, and 20) and 1.0 mol % Er**, a MSS method was used, as
shown in Scheme 1.*' The details of the methods and thermal
annealing are given in Supporting Information S1 and S2, respectively.
The obtained pure LaF; NCs were designated as LF. The LaF; NCs
codoped with Yb** and Er** were designated as LEYE NCs in general
while those doped with y mol % Yb** (y = S, 7, 10, and 20) and 1.0
mol % Er®* were denoted as LFYSE1, LY7E1, LY10El, and LY20EI,
respectively.

Also, the LF and LFYE NCs were thermally annealed in air at 400
°C for various time intervals, that is, 30, 60, 90, and 120 min. For
simplicity, the annealed samples were denoted as “sample
composition-annealing duration”. For example, the LF NCs were
named as “LF-60” after annealing at 400 °C for 60 min and the
LFY7E1 NCs were named as “LFY7E1-30” after annealing at 400 °C
for 30 min. In addition, the samples were also annealed at 450 and
500 °C for just S min (Supporting Information S3).

3. RESULTS AND DISCUSSION

3.1. Phase and Band Gap Analysis. XRD and Rietveld
refinements of the LF samples before and after annealing at
400 °C for 90 min were conducted with the Fullprof software
as an extension to the Match software (Supporting Information
S4). The XRD pattern (Figure 1a) of the LF NCs synthesized
by the MSS closely matches the standard pattern of LF with
the hexagonal structure having the space group P6;22.”> XRD
patterns were also taken for the LFYSE1, LFY7E1, LFY10E1,
and LFY20E1 NCs (Figure 1a). It can be clearly seen that the
Er’* and Yb*" doping did not affect the XRD pattern of the LF
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Figure 1. (a) XRD patterns of the LF, LFYSE1, LFY7E1, LFY10E1,
and LFY20E1 NCs. (b) Experimental and Rietveld-refined XRD
patterns of the LF NCs. (c) Rietveld-refined crystal structure of the
LF NCs. (d) XRD patterns of the LF NCs before and after annealing
at 400 °C for different annealing durations. (e) Rietveld-refined
crystal structure of the LF NCs after annealing at 400 °C for 90 min.

NCs even with a high Yb®" doping concentration. This
suggested that the dopants were doped into the LF lattice
without affecting the basic hexagonal structure even with a
doping level as high as 21%.

To further evaluate the feasibility of the MSS method for the
LF NCs, Rietveld refinement was first conducted on the XRD
pattern of the LFNCs. The values of the weight Rietveld
refinement (Figure 1b) parameter and goodness of fit (?)
were found to be 0.085 and 1.54%, respectively. The obtained
lattice parameters from the refinement were found to be a = b
= 7.174 A and ¢ = 7.339 A, which closely agreed with the
previously reported values for LF possessing a similar structure
and space group. The crystallite size and lattice strain were
determined from the most intense peak (111) using the Debye
Scherer’s equation after subtracting the instrumental broad-
ening determined from the monocrystalline silicon diffraction
line and were found to be ~38 nm and 0.55%, respectively.

The crystal structure (Figure 1c) of the LF NCs synthesized
by the MSS method was drawn from the Rietveld-refined XRD
data using the VESTA software, such as atomic coordinates,
lattice parameters, and space group of P6;22. It was clearly
inferred that the LF NCs assumed a hexagonal structure having
three fluorine sublattices where the La** ions were located on
the layers perpendicular to the c-axis.

No significant change in the XRD patterns of the LF NCs
after annealing at 400 °C for different time intervals (i.e., 30,
60, 90, and 120 min) was noticed in terms of the peak
broadening, position, or crystallite size (Figure 1d). This
finding suggested that annealing did not change the original
identity of the as-prepared LF NCs and held promise with an
advantage of annealing for a longer time rather than annealing
at a higher temperature.

Annealing at 400 °C for 90 min induced the structural
transition from one hexagonal form of LF (SG-P6;22) to
another with a different space group P6scm (Figure le). The
structural parameters of the LF NCs before and after annealing
at 400 °C for 90 min are tabulated in Table 1. The annealing

Table 1. Rietveld-Refined Structural Parameter of the LF
NCs before and after Annealing at 400 °C for 90 min

LF NCs before annealing after annealing

hexagonal
P6;cm (185)
a=715c=730

crystal system hexagonal
P6,22 (182)

a=714,¢="730

space group

lattice parameters (A)

volume (A%) 322.59 323.02
Ripge 7.55 9.99
Ry 10.4 13.8
Ve 1.47 1.04

also led to a slight increase of the lattice parameter and cell
volume. Upon further extending the annealing time to > 120
min and increasing annealing temperature > 400 °C, LOF was
formed (Supporting Information SS and Figure S1). Based on
the stoichiometry of the LF structure under the excess F
environment, we predicted that LOF adopted a tetragonal
structure as it is also known to adopt a rhombohedral structure
in some stoichiometry at room temperature.22 As previously
pointed out, the same samples showed a phase change of LF to
LOF when annealed at 450 and 500 °C that occurs in just 5
min.

The band gap of the LF NCs was measured using the atomic
positions from the Rietveld analysis and the HSE06 hybrid
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Figure 2. (a) DFT-calculated band structure and (b) Kubelka—Munk plot of the LF NCs. (c) O 1s XPS spectra of the LFY20E1 NCs before and

after annealing at 400 °C for different intervals.

(a) —LF (o) [ ——LFY20E1
- —— LFY5E1 —LFY20E1 - 120m
—LFY7E1 ——LFY20E1-90m
~ ——LFY10E1 I
= LFY20E1 =
. ©
@ L ~T
g >
wr c
c 2
2 cl
= £
150 200 250 300

350 400 450
Raman Shift (cm™)

200 400 600 800 1000 1200 1400
Raman Shift (cm™")

Figure 3. Raman spectra of the (a) LF, LFYSE1, LFY7E1, LFY10E1, and LFY20E1 NCs and (b) LFY20E1 NCs before and after annealing at 400

°C for 90 and 120 min.

functional (Figure 2a) and was found to be 5.32 eV, closely
matching the experimentally determined band gap of 5.35 eV
using diffuse reflection spectroscopy (Figure 2b) by employing
Kubelka—Munk approximations and analogy. These results
showed the high efficacy of the MSS for the synthesis of the LF
NCs.

The phase transformation of the LF NCs to the LOF phase
was also observed from O 1s X-ray photoelectron spectroscopy
(XPS) spectra of the LFY20E1 NCs after annealing at 400 °C
for 120 min (Figure 2c). The O 1s XPS spectral features
remained similar after annealing up to 60 min, showing a peak
around 541 eV corresponding to hydroxyl oxygen. However,
when the annealing time was increased to 120 min, while the
peak at 541 eV disappeared, a new peak around 534.5 eV
evolved corresponding to the included oxygen atoms into the
LF lattice.”> The LFY20E1 NC samples annealed for shorter
than 120 min showed only gradual binding energy (BE) shifts.
This observation was manifested in the formation of the LOF
lattice. The formation of LOF can also be manifested from the
Raman spectra shown in Figure 3b.

3.2. Vibrational and Morphological Analysis. Single-
crystal hexagonal LF with the point group D3y (P3C1) has
been reported to ideally consist of 17 Raman-active (S A,, +
12 E,) modes, as elucidated based on the symmetry-adapted
mode program available on the Bilbao crystallographic
server.”” In the case of the LE NCs (Figure 3a), fewer
Raman-active modes were detected, which was expected unless
polarization-dependent Raman measurements are conducted.”®
Interestingly, the LF NCs possessed only two Raman-active
modes which were located at ~200 cm™! (M1) and 275 cm™!
(M2). In the case of the LFYE NCs, three additional Raman-
active modes at 325 cm™' (M3), 360 cm™' (M4), and 430
cm™! (MS) were detected, while the M1 and M2 modes blue-
shifted from 200 cm™ — 175 cm™ and 275 cm™ — 240
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cm™'. According to the detailed experimental analysis and
theoretical modeling of the Raman spectra of LF by
Oreshonkov et al,”® the M1 and M5 Raman modes have an
A, symmetry, whereas the M2, M3, and M4 modes have an E,
symmetry. The M1 mode at 200 cm™ can be ascribed to F,
ion translation along the c-axis, whereas the M2 band located
at 275 cm™" arises from the asymmetric stretching vibration of
the La—F,/F, bond. The appearance of the M3 band at 325
cm™" from the LEFYE NCs can be attributed to the asymmetric
stretching vibration of the La—F; bond, that of the M4 band at
360 cm™ to the F ion translation along the c-axis, and that of
the MS band around 430 cm™" from the mixed vibration of all
three fluorine atoms together.

The transition from the LENCs into the LOF phase was
further confirmed by Raman spectroscopy (Figure 3b). For
tetragonal LOF with a C,, symmetry, six Raman-active modes
were expected: A;, + 2 By, + 3 E,. All these six bands were
detected from the LFY20E1 NCs in the range of 150—550
cm™ once annealed at 400 °C for 120 min”’ The sharp and
intense peak at 500 cm™' was another unique signature of
tetragonal LOF.”® Moreover, La—O vibration modes appeared
around 900 cm™' from the LFY20E1 NCs once annealed at
400 °C for 120 min, which further indicated the oxidation of
the LFY20E1 NCs into the LOF phase. Such phase transition
could not be picked up by a lab XRD system with a Cu Ka
source but could be sensed using a much more sensitive XPS
system. Moreover, Raman spectroscopy being sensitive to
metal—oxygen vibration can also identify the inclusion of
lighter oxygen atoms.

To sum up, the XRD (Supporting Information SS), XPS,
and Raman data confirmed the transition of the LF phase to
LOF after annealing at 400 °C for 120 min. The typical LOF
peaks in the XRD pattern were absent due to the weak
ordering of the LOF structure and low resolving power of our

https://doi.org/10.1021/acsanm.1c03023
ACS Appl. Nano Mater. 2021, 4, 13562—13572


https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03023/suppl_file/an1c03023_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03023?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03023?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03023?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03023?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03023?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03023?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03023?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03023?fig=fig3&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c03023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

WO A Mg BO0IEX Zarmpie 1+ vample 4

PRSp——
WO s 87w Mag e 10KR

Cume 95 hagg 2917
e 5 ¢ pargen &

f

As Prep. 60 min

Ore>@@>O

90 min 120 min

Figure 4. SEM images of the (a) LFY7E1 NCs, (b) LFY20E1 NCs, and LFY20E1 NCs after annealing at 400 °C for (c) 60, (d) 90, and (e) 120
min. (f) Schematic diagram showing the thermally induced shape transition of the LFY20E1 NCs from nanospheres to nanocubes and finally to

square pyramids after annealing at 400 °C for different intervals.

diffractometer in addition to the possible broadening due to
the high inclusion of oxygen in the LOF structure. However, as
shown in Supporting Information SS and XPS results, it was
confirmed that our LF NCs slowly transitioned into a LOF
structure with increasing annealing time and full transition
once annealed at 400 °C for 120 min.

The representative SEM images of the LFY7El and
LFY20E1 NCs (Figure 4ab, respectively) clearly show the
formation of NCs with a size of ~50 nm. Thermal treatment of
the LFYE NCs at 400 °C for different intervals not only
induced transition from the hexagonal fluoride phase to the
tetragonal oxyfluoride phase (Supporting Information SS) but
also triggered shape change. As the LFY20E1 NCs were
annealed at 400 °C for 60 min, the shape transformed from
nanospheres (Figure 4ab) to nanocubes (Figure 4c).
Increasing the annealing time from 60 to 90 min led to an
enhancement of the size of the nanocubes (Figure 4d). Once
annealed at 400 °C for 120 min, a phase transition manifested
in a shape change from nanocubes to square pyramids (Figure
4e,f). This observation could be explained through the
nucleation rate of chemical species: longer annealing time
induces more collisions among particles, while it leads to larger
particles with more facets and corners, such as cubes and
square pyramids.”” If all the facets of LF grow at the same rate,
it was reported that no phase transition would occur, but only
the size of particles would change.” The fact that a progressive
increase of the annealing time at the same annealing
temperature led to a shape change from a sphere to cube to
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square pyramid suggested that some of the facets had lower
interfacial energy and progressed with a lower growth rate
compared to the other facets, while the specific mechanism
needs further investigation in the future.’

3.3. UC and DC Luminescence of the LFYE NCs with
Different Yb3* Concentrations. The UC PL spectra of the
LFYE NCs between 350 and 750 nm upon a 980 nm laser
excitation (Figure Sa) depicted three major peaks located at
~520, 545, and 665 nm, which can be attributed to the f—f
transitions of Er’" ions. The two adjoined peaks around 520
and 545 nm in the green spectral region are ascribed to the
*Hyy, = "5, and Sy, — *Ij5), transitions of the Er’* ion.
The most prominent red-emitting peak located at 665 nm is
attributed to the *Fy/, — *I;5), transition of Er’*. No spectral
profile change was observed as a function of the Yb®*
concentration, possibly owing to the absence of any Er’*/
Yb** clustering, which may lead to nonradiative decay of Er**-
excited levels.”” The integral emission intensity of the green
and red peaks showed different variation trends with the Yb**
doping level: the former maximized at 7 mol % (Figure Sb),
whereas the latter exhibited a gradual increase without an
indication of quenching up to the maximum doping level of 20
mol % performed in this study (Figure Sb). This suggests that
an optimum sensitizer concentration (OSC) exists for Yb** to
give maximum green and red UC emissions from the LFYE
NCs. The OSC values were found to be 7 mol % for the green
emission band and at 20 mol % or higher for the red band.
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Figure 5. (a) UC visible emission spectra, (b) green and red UC, and the inset shows the DC NIR (1.55 ym) emission intensity variations as a
function of the Yb*" doping concentration, (¢) DC NIR emission spectra at 1.55 ym from the LFYSE1, LFY7E1, LFY10El, and LFY20E1 NCs
under 980 nm excitation. (d) DC MIR (2.75 um) emission spectra of the LFY20E1 NCs before and after annealing at 400 °C for 90 min and €
energy level diagram of Er’* and Yb** with the characteristic ET, ESA, and UC emissions of the LFYE NCs under 980 nm excitation. ETU, ESA,
and MPR represent ET UC, ESA, and multiphonon relaxation, respectively.

This photophysical observation could be explained on the basis
that the *I;;,, — *Fy, electronic transition is effective at
elevated Yb** concentrations.>> Moreover, the cross-relaxation
of *I,, = *Fy), and *I;3,, > *Fo, may enhance the red UC
intensity.

The sensitizer concentration was restricted to an upper limit
of 20 mol % as phase segregation is expected beyond 20 mol %
Yb**. Higher Yb** ion concentrations induce quenching for
green UC (Figure Sb) owing to the formation of Yb** clusters/
aggregates, which are thought to lead to quenching through
Er** — Yb* back-ET.** Hence, Yb*>" may act as trap states,
resulting in radiationless relaxation at high doping levels
instead of acting as a sensitizer.*®

Moreover, the LFYE NCs also successfully converted the
980 nm photon to NUYV light at ~360—380 nm and violet-blue
light at ~400—420 nm (inset of Figure Sa). The NUV UC was
attributed to *G,;,, — *I;5/, and the violet-blue UC was
ascribed to *Hy/, — *I5/, transitions of Er**. This involves an
anti-Stokes shift of ~1.7 eV, which is equal to 2.954 eV (420
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nm)—1.26 eV (980 nm) and, to the best of our knowledge,
has never been reported.

Phosphors with NIR and MIR emissions within the second
and third biological windows once excited by a 980 nm low-
power constant-wave laser source have been considered as
excellent optical probes for in vivo bioimaging.**™*' Under 980
nm excitation, our LFYE NCs showed broad spectral features
peaking around 1550 nm (NIR-B region) ascribed to the *I;5,,
— %15, transition of Er’* (Figure Sc). This broad peak had
several Stark components induced by the crystalline field of the
LF lattice.’> Spectral features were pronounced for this
transition process, and the intensity at 1550 nm increased
with the Yb** concentration (Figure Sb). The mechanism of
the NIR emission at 1550 nm involves 980 nm excitation of
Yb* from *F,), to °F;, states, followed by relaxation to the
*1,1), level of Er’* via ET (Figure 5d). High-energy excitation
states undergo nonradiative relaxation to the *I,5, level of Er*",
followed by emission at ~1550 nm owing to an *I;;,, — *I;5,
electronic transition (Figure 5d).*” Moreover, the DC
emission intensity increased monotonically with increasing
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Figure 6. (a) UC emission spectra at different laser powers for LFY7E1 NCs under 980 nm excitation. The inset shows the enlarged version of the
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the singly doped LFY7 NCs and the Er**/Yb*" codoped LFY7E1 NCs. The inset shows the decay profiles of the emission at 1006 nm from both

the samples.

Yb** concentration (Figure Sb), analogous to the red band in
the case of the UC process.

Additionally, MIR emission was observed around 2.8 pm
(Figure 5d) from the LFYE NCs as a result of the *I;;,, —
*1,3/, electronic transition of Er’*, as proposed in the energy
level diagram shown in Figure Se. The electrons in the ground
state excited to *I;;, through ground-state absorption under
980 nm excitation and decayed by radiative relaxation to the
*1,3/5, producing the emission at 2.8 ym, as represented by the
LFY20E1 NCs (Figure Sd). Moreover, the intensity of this
peak was relatively low.

The energy level diagram of Er’* and Yb** ions depicted in
Figure Se illustrates the existing UC phenomena of the LFYE
NCs. The property was largely facilitated by the Yb** — Er**
ET owing to the efficient absorption of the 980 nm photon by
the Yb>" ion having a large NIR absorption cross section. Upon
absorbing 980 nm NIR light, an Yb3* electron moves to the
*F;, excited level and then relaxes to I, , of Er** via UC ET
due to the closely matching energy of these two states.
Subsequently, the second photon absorption leads to the
excitation of Er’" ions from *I;;, — *F,, followed by
nonradiative relaxation to lower energy states. These processes
result in the emissions of green/red light at 520, 545, and 665
nm from the *Hj ,, *Sy, and *Fo, states, respectively.
Moreover, the red emission can appear through two different
processes. The first one is through the UC ET of the *S;,, —
*Fy, transition, as mentioned above. The other one involves
populating the *I,3,, level via nonradiative transitions of *I;;,,
— *I,3,, and then the latter excited to the *F,, level either
through an ET process (Figure 5d) as *F;, (Yb*") + *I;5,
(Er’*) — *F,, (Yb*) + *Fy;, (Er’) or an excited-state
absorption (ESA) process as photon + *I;3,, (Er'*) — *I;5),
(Er™) + *Fy ), (Er*).

3.4. Tuning the UC Luminescence of the LFYE NCs
through Laser Power. Interestingly, the UC intensity was
found to be tunable through laser power. For example, for the
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LFY7E1 NCs, when the laser power was below 6 mW, the
integrated red emission intensity was much higher than the
green one (Figure 6a). However, the intensity ratio was
reversed when the laser power increased above 85 mW with a
predominant green emission. In fact, for the entire laser power
range of 85—425 mW, the green emission intensity was higher
than the red one.

Referring to the R/G ratio plot (Figure 6b) and power law
analysis (Figure S3), the relationship of #,.q > fyee, indicates
that the green emission was produced due to a two-photon
process, whereas the red emission was produced via a three-
photon process. Although the mechanism for the three-photon
process causing red emission is not firmly established, the
dependence of the R/G ratio on excitation power (Figure 6a)
ensured that a three-photon process was active for the red UC
emission. Furthermore, MPR (Figure Se) shows that the R/G
ratio was constant if the green emission level contributed
significantly to the red UC. On the other hand, the red and
blue UC emissions under the same excitation at 980 nm
support the proposed mechanism of the three-photon process,
that is, the red and blue UC emissions were primarily
generated by the three-photon process. This clearly indicates
the involvement of manifolds of states (*G/?K), as shown in
Figure Se above the blue emission state of *H,,. The
competing radiative and nonradiative decays from *G/°K states
determine the relative intensity of the red and blue UC
emission intensity. This mechanism is consistent with pump
power dependence of the red UC emission, which suggests
that a three-photon process is involved in the red and blue
emissions. Shao et al. also observed color-tunable UC by
varying the laser power.”" Chen et al. obtained a ~6-fold
increase in the red-to-green emission tunability (from 0.19 to
0.49) by increasing the excitation power from 1.25 to 46.25 W-
em™%" In another report, raising the laser power from 1.6 X
10* to 2.5 X 10° W-cm™ enhanced the UC intensity of
NaYF,:Yb*", Tm>®" significantly.” Such pump power-dependent
color tunability is ascribed to different excitation rates for
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populating the *S; , and *Fy, states.*® Since the red and green
emissions are governed by different power laws (n,.4 > ngreen),
it is expected that the *S;/, state is more populated compared
to the *Fy), states at a high laser power (> 85 mW), thus
enhancing the green emission over the red emission. This
overlaps with the widely accepted process that three photons
are involved in red emission where only two photons are
involved for green emission, similar to what was reported for
NaYF,/Yb% Er**.*’

The power dependence of the green emission intensity alone
indicates the possibility of both red and green UC emissions
also happening via the same three-photon process with the
MPR relaxation pathway from Er’* (*G/?K). However, we
ruled out this pathway to populate the green emission level
(*s,s ;) since the R/G emission intensity ratio was not
consistent with the pump power.

Figure 6¢ shows the emissions from the Yb*" ion in the
singly doped LFY7 NCs and the Yb*"/Er** codoped LFY7E1
NCs. The decrease in the emission intensity in the codoped
sample clearly indicates the ET from Yb** to Er’*. From the
measured decay times at 1006 nm in the singly doped LFY7
NCs and the codoped LFY7E1 NCs, the ET efficiency can be
calculated using the equation

n=1--—

%o
where 7 is the decay time of Yb®* ions in the presence of Er’*
ions and 7, is the decay time of Yb** ions without codoped
Er’* ions. The ET efficiency, also known as the internal
quantum yield of the LFY7E1 NCs, was found to be 57%. This
shows that nonradiative processes such as multiphoton
relaxation, vibrational losses from other functional groups,
and donor—acceptor interactions quench the UC luminescence
(UCL) intensity and ET efficiency. The low UC efficiency of
the LFY7E1 NCs also offered us the possibility of increasing
the DC emission intensity at 1550 nm and 2.8 um by
optimizing the dopant concentration. The increase of the
emission intensity at 1550 nm from the LFYIOEl and
LFY20E1 samples with high Yb concentration as shown in
Figure Sc proves that DC emissions in the LF host can be
optimized with the right dopant concentration. Additionally,
we succeeded in collecting emission at 2.8 um from the
LFY20E1 powder sample (Figure 5d). This analysis concludes
that low UC ET efliciency offers the possibility of increasing
the infrared quantum yield by optimizing the dopant

concentration.

4. EFFECT OF THERMAL TREATMENT

The UC and DC emissions of the as-synthesized LFYE NCs
may be enhanced by annealing owing to lowering surface
defect-related quenching. Surface defects are known to provide
additional nonradiative paths and hold a potential to severely
affect the emission intensity of luminescent NCs. We
investigated the effects of both annealing temperatures of
400 and 450 °C for 5, 30, 60, 90, and 120 min in the air to aid
in identifying the point at which oxidation occurs. Once
annealed at 400 °C for 120 min or at 450 °C for all treatment
times, the LFYE NCs showed weakened luminescence
emission (Supporting Information S6 and S2), so we only
focused our study on the NCs annealed at 400 °C up to 120
min for further evaluations in this study.

The UC and DC PL emissions of the LFY20E1 NCs before
and after annealing at 400 °C for different durations were

compared in Figure 7a,b. For both UC (Figure 7a) and DC PL
(Figure 7b), progressive increases in the emission intensity
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Figure 7. (a) Red and green UC PL spectra of the LFY20E1 NCs
before and after annealing at 400 °C for different durations. The inset
shows the UC PL intensity at 656 nm vs annealing time. (b) DC PL
spectra at 1.55 pm of the LFY20E1 NCs before and after annealing at
400 °C for different durations.

were obtained up to 90 min, followed by detrimental decreases
at longer annealing times. The initial rise of the UC and DC
emission intensity can be ascribed to the improved crystallinity
and decreased surface defects, which provide nonradiative
pathways for relaxation. The detrimental decreases of the UC
and DC emission intensities for the LFY20E1 NCs after
annealing at 400 °C for 120 min were due to the inclusion of
lighter oxygen atoms in LaF; into LaOF, accompanied by the
enhanced extent of nonradiative vibrational relaxation and
raised phonon energy.

The higher phonon frequency of LOF based on the phonon
frequency calculations discussed later further confirms this
analogy. Moreover, compared to the nanospheres/nanocubes
which are more uniform in shape, square pyramids may cause
scattering of both excitation and emitted photons with lowered
PL intensity.

5. THEORETICAL CALCULATIONS

5.1. Crystal Structures of LF and LOF. In the present
work, the symmetry space group of LF was considered as
P6ycm (space group no. 185).** The crystal structure of LF
contains six formula units per unit cell (see Supporting
Information $7), which has four nonequivalent fluorine sites in
the ratio of 6:6:4:2 (Figure 8a). With the PBE functional, the
calculated optimized lattice parameters of LF were a = b = 7.27
A and ¢ = 7.42 A (cell volume = 679.34 A%), which were in
good agreement with the experimental values after Rietveld
refinement of the XRD data (Figure 1b). The La—F bond
lengths varied as 2.43, 2.46, 2.48, 2.50, and 2.55 A, which were
in good agreement with the earlier reported value.*’ This
indicated that our calculation methodologies were realistic and
the results should be reliable.

On the other hand, for LOF, we considered the crystal
structure as a tetragonal with the space group P4/nmm (129),
where La ions were bonded in a body-centered cubic geometry
to four O atoms and four F atoms (Figure 8b). The calculated
lattice parameters for the optimized geometry of LOF were
found to be a = b = 4.113 A and ¢ = 5.881 A, which were
consistent with the earlier reported values of a = b = 4.092 A
and ¢ = 5.857 A The calculated La—O and La—F bond
lengths in the optimized geometry of LOF were found to be
2.65 and 2.41 A, respectively.

To model the LFYE and LOFYE, we considered a 48-atom
supercell and replaced two La atoms with Yb and Er (see
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Figure 8. Crystal structures of (a) LF (1 X 1 X 2 supercell) and (b)
LOF (2 X 2 X 2 supercell). Green, pink, and blue spheres represent
La, F, and O atoms, respectively. Phonon dispersion plots of (c) LF
and (d) LOF.

Supporting Information S7). In both cases, we considered
different geometries by varying the relative distances between
the dopant elements. For example, in one case, the chosen La
sites were in the first nearest neighboring lattice sites of each
other, which we designated as the “near” configuration. For the
second case, the chosen La sites were in the third nearest
neighboring lattice sites of each other, which we designated as
the “far” configuration. All the structures were optimized by
fully relaxing both cell parameters and ionic positions. Both
types of configurations were energetically close to each other
for both LFYE and LOFYE. Interestingly, for LFYE, the “near”
configuration was energetically more stable than the “far”
configuration, while for LOFYE, the reverse trend was
observed. DFT clearly suggests the feasibility to stabilize
both the LFYE and LOFYE NCs under different conditions
with different geometrical orientations. Experimentally, we
observed that different thermal conditions only led to a phase
transition from LF to LOF.

5.2. Defect Formation Energies of LFYE and LOFYE.
To find out the relative stability of the LFYE and LOFYE NCs,
their defect formation energies were calculated. The defect
formation energies of different configurations were computed
using the relationship below”'

AHf = Edoped - Eperfect + qz i (1)

where Egopeq and E. represent the energies of the doped
and perfect LF and LOF systems, calculated with the same
supercell size, p, indicates the chemical potential of the
element X, and n, is the number of elements added (q = —1)
or replaced (q = +1) to form defect systems. The calculation of
defect formation energy indicated that the geometry with the
dopant elements occupying the nearest neighboring lattice
sites was more stable in LF, whereas the geometry with the
dopant elements far away from each other was more stable in
LOF. The calculated defect formation energies for the LFYE
system with “near” and “far” configurations were 0.28 and 0.35

eV, respectively. It is interesting to note that the calculated
defect formation energies for the LOFYE system with “near”
and “far” configurations were negative with values of —0.11
and —0.14 eV, respectively. Thus, the formation of the LOFYE
system was more thermodynamically favorable than that of the
LFYE system. Thus, DFT data supported the fact that the
LFYE to LOFYE transition was thermodynamically feasible as
we observed experimentally.

5.3. Phonon Calculation of LF and LOF. We also
calculated the phonon frequencies using and the phonon
dispersion along the high-symmetry K-path of the Brillouin
zone of both LF and LOF using the DFT and PBE methods,
respectively.” The phonon dispersion plots (Supporting
Information S7, Figure 8c,d) calculated using the PBE method
showed a greater number of imaginary modes for LF than
LOF. This indicated that LF was dynamically more unstable
than LOF. Interestingly, the highest phonon energy of LF was
found to be 439 cm™!, while that of LOF was 527 cm™'. The
higher phonon energy of LOF was attributed to the presence
of oxygen. We believe that this aspect had a significant role in
the higher UC and DC efficiencies of the LFYENCs compared
to the LOFYE NCs, as demonstrated in Figure 7.

6. CONCLUSIONS

In summary, LFYE NCs with different Yb** concentrations (5,
17, 10, and 20%) with a fixed 1 mol % of Er were produced
using MSS. The LFYE NCs showed broad UC and DC
emissions covering 270 nm—2.8 um. The LFYE NCs
demonstrated unusual UC bands in violet and blue colors
with an anti-Stokes shift of more than 1 eV, which was rarely
observed in earlier work. The LFYE NCs also showed intense
DC emission at ~1550 nm (NIR) and 2800 nm (MIR), which
also progressively showed enhanced emission up to 20 mol %
Yb*. Green-red visible UC interestingly showed laser power-
tunable color emission wherein at a laser power lower than 6
mW, the red emission intensity was very high compared to the
green intensity, but green emission predominated at high laser
power. Such a wide emission window from a single phosphor
which can also be tuned using laser power would be highly
beneficial to the lighting community in designing tunable
phosphors, light-emitting diodes, optical fibers, and in the area
of telecommunications. Furthermore, thermal treatment at
different durations at 400 °C led to shape (sphere — cube —
square pyramids) and phase changes, whose implications on
UC intensity were visible. Also, a phase transition from
hexagonal LF to tetragonal LOF was observed after annealing
at 400 °C for 120 min. DFT calculations pinpointed the fact
that the LFYE to LOFYE conversion was thermodynamically
feasible. Moreover, UC intensity quenched dramatically in the
LaOF phase, which was validated and supported by the DFT-
calculated phonon energy owing to the inclusion of lighter
oxygen which facilitates nonradiative transitions. This work
showed an exemplary potential of the molten salt-synthesized
LFYE NCs to produce a wide range of emission profiles from
NUV to MIR, considering laser power-induced color tunability
and thermal annealing time variation to induce shape and
phase change with implications on UCL and DCL.
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