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ABSTRACT: Trivalent lanthanides are commonly incorporated
into sodium yttrium fluoride nanocrystals to enhance their optical
properties. Lanthanides are expected to randomly replace trivalent
yttrium cations due to their isovalent nature, and the dopant—dopant
distance decreases with increasing dopant concentration. Combining
spectroscopy with quantum mechanical calculations, we find that
large lanthanides exhibit an anisotropic distribution in the hexagonal
yttrium sublattice at low dopant concentrations. This counter-
intuitive substitution suggests the formation of one-dimensional
dimers or chains with short dopant—dopant distances. Our study of
the distance-sensitive cross-relaxation between Nd** dopants in /-
NaYF, nanocrystals confirms that the concentration quenching
threshold is lower than that of their cubic counterparts, consistent
with the proposed chain-like model. Moreover, we demonstrate
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modulation of the anisotropic distribution by microstrain management via alkali metal codoping. Research into dopant distribution
in inorganic crystals may enable the development of new materials and properties for future challenges.
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Lanthanide doping into nanocrystals is widely used to
enhance optical properties,' ™ including photon upcon-
version and X-ray-activated ultralong afterglow.””" Given its
solution processability and low phonon energy (~360 cm™),
hexagonal-phase sodium yttrium fluoride (-NaYF,) has been
used as a host for lanthanide ions to prepare nanocrystals with
diverse structural configurations.'”’ "' It is possible to
substitute host Y>* cations with trivalent lanthanides (Ln®")
to achieve 100% replacement due to their close match in ionic
radius and charge valence. Lanthanide luminescence can be
controlled in terms of wavelength and decay rate through
doping concentration-dependent energy transfer.”””*

With increasing doping concentration, the distance between
lanthanide dopants decreases.”*~*’ Intuitively, random sub-
stitution of yttrium cations by trivalent lanthanides is expected
at all doping concentrations, although there are two
inequivalent Y, and Y, sites in the (-NaYF, host lattice
(Figure S1). This is because both Y, and Y, cations have 9-
coordinated fluoride anions with the tricapped trigonal
prismatic geometry, as opposed to their cubic counterpart
with one 8-coordinated Y site. Despite the rapid development
of lanthanide-doped nanocrystals with versatile compositions
and structural configurations, it remains a challenge to directly
map lanthanide distribution in host sublattices, which imposes
a stringent constraint on nanomanufacturing with atomic
precision.
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As a complement to experimental characterizations such as
high-resolution transmission electron microscopy, first-princi-
ples calculations based on density functional theory (DFT) can
accurately predict substitution sites in crystal lattices.’*™*
Additionally, spectroscopic characterization can be used to
probe multipolar interactions between lanthanide ions, which
gives information about their distances.”> Here, by combining
DFT calculations with spectroscopy characterization, we
demonstrate that Y** ions are preferentially substituted in f3-
NaYF, lattices by light Ln** ions (La®* to Sm®") at low doping
concentrations, while heavy Ln** ions (Eu—Lu) show random
substitution. In contrast to the traditional notion of uniform
distribution, light Ln** dopants tend to form pairs or chain-like
clusters with short Ln—Ln distances at low doping
concentrations. Cross-relaxation-dictated emission lifetimes
enable us to compare the distance between Nd** ions in f3-
NaYF, and its cubic counterpart.®*™*°

To study the substitution preference of lanthanide dopants,
we calculated the electronic energies of f-NaYF, systems in
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Figure 1. Cross-relaxation in lanthanide-doped NaYF, lattices. (a) Atomic structure of -NaYF, and the corresponding illustration of the
preferential substitution of Nd* for Y> host ions. Blue, green, purple, and gray spheres represent Y, Na, Nd, and F atoms, respectively. (b)
Schematic of cross-relaxation between two Nd*'. The yellow, red, and black straight arrows represent absorption, radiative decay, and nonradiative
resonance energy transfer, respectively, while the curved black arrow denotes nonradiative decay. (c) Atomic structure of a-NaYF, and the
corresponding illustration of the random substitution of Y** host ions by Nd*" ions.

which Ln replaces Y; (Lny;) or Y, (Lny,) at doping
concentrations of 4.2, 8.3, 17, and 33.3% (Figures la, SI,
and S2). AE denotes the energy difference between f-
NaYF,:Lny, and f-NaYF,Lny, crystals. A positive value of
AE indicates that the latter is more energetically stable than
the former, and a large AE suggests a higher probability of
substituting Ln for Y, atoms than Y,. According to the
calculated AE, we found that the first few elements of the
lanthanide series prefer Y, over Y, while heavy elements
feature random substitution, regardless of doping concen-
tration. At a 4.2% doping concentration, this preferential
substitution becomes more prominent for lanthanides with
large ionic radii (La, Ce, Pr, and Nd). The underlying rationale
is that lattice strain introduced by ionic radius misfits between
Ln* and Y?* can easily be released at the Y site if they exceed
8% (Table S1). For example, we calculated the energies of f5-
NaYF,:Nd crystals with nonrelaxed and relaxed atomic
structures. The data show that the strain released at the Y,
site lowers the energy of the -NaYF,:Nd system by 1.62 eV,
which is 8-fold higher than that released at the Y, site. In this
regard, Nd atoms are energetically more stable when replacing
Y, atoms.

We next estimate the concentration of Ndy; and Ndy,
substitutional defects using DFT-calculated formation energy
Ef by

E¢
¢ = N exp e

where N, is the number of Y, or Y, sites in the fluoride lattice
for which Nd*" can substitute, k is the Boltzmann constant,
and T is the temperature. The data show that the

concentration of Ndy, is 6.4-fold higher than that of Ndy,.
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Considering that Nd** ions show pronounced preferential
substitution and feature distance-sensitive cross-relaxation, it is
possible to capture the substitutional behavior of lanthanide
ions in A-NaYF, lattices by measuring the luminescence
lifetime of Nd** (Figure 1b). Specifically, Nd dopants tend to
occupy Y, sites and form Nd—Nd pairs or chain-like clusters
along the (0001) direction of the hexagonal lattice at low
doping concentrations. We employed slab models to study the
formation of Nd—Nd pairs during the growth of S-NaYF,
crystals along the (0001) direction. On the basis of calculated
electronic energies, two Nd atoms are more likely to replace
two neighboring Y, atoms than one Y, and one Y, atom
(Figure S3). Consequently, this substitutional configuration
should lead to intense one-dimensional cross-relaxation and a
low concentration quenching threshold because of the short
distance between Nd** (3.329 A). In contrast, the distance of
an Nd—Nd pair (3.868 A) in @-NaYF, is larger than that in the
hexagonal lattice. This means that randomly doped a-NaYF,
should exhibit slower three-dimensional cross-relaxation and a
higher concentration quenching threshold (Figure 1c).

To validate this hypothesis, we synthesized a series of Nd-
doped cubic and hexagonal NaYF, nanocrystals (@-NaYF,:Nd
and f-NaYF,:Nd) with different doping concentrations of
neodymium.>” For the @-NaYF,:Nd nanoparticles, trans-
mission electron microscopy (TEM) images reveal uniform
quasi-spherical morphology of the nanoparticles with an
average size of ~6.8 nm (Figures 2a and S4). In the case of
B-NaYF,:Nd nanoparticles, TEM images show a size
distribution between 4.7 and 5.5 nm (Figures 2b and S4). X-
ray diffraction (XRD) characterizations confirm the pure
phases of @- and f-NaYF,:Nd nanoparticles (Figure 2¢c,d). A
slight difference in diameter between cubic and hexagonal
phase nanoparticles has little effect on the luminescence
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Figure 2. Characterization of Nd**-doped NaYF, nanoparticles. (a, b) TEM images of a-NaYF,:x%Nd and f-NaYF,:x%Nd nanoparticles (x = 0.1,
0.2, 0.5, 1, and 2). The scale bar is 20 nm. (¢, d) XRD patterns of a-NaYF,:x%Nd and -NaYF,:x%Nd nanoparticles (x = 0.1, 0.2, 0.5, 1, and 2). (e,
f) Luminescence lifetime measurements of a-NaYF,:x%Nd and S-NaYF,:x%Nd nanoparticles (x = 0.1, 0.2, 0.5, 1, and 2). The insets show the

corresponding emission spectra under 808 nm excitation.

lifetime of Nd** due to the short-range cross-relaxation
between Nd**, which is less susceptible to surface quenching.*®

In response to 808 nm excitation, both a- and -NaYF,:Nd
nanocrystals showed a characteristic luminescence band
concentrated around 864 nm due to the optical transition of
*Fy;, = "Iy, of Nd* (Figure 2e,f). The decay profiles of a-
NaYF,:Nd nanoparticles show that the longest luminescence
lifetime was achieved at a doping concentration of 0.5%
(Figure 2e and Table S2). Further increase in doping
concentration leads to a gradual decrease in luminescence
lifetime, which can be ascribed to cross-relaxation-mediated
concentration quenching. By comparison, the concentration
quenching threshold measured in f-NaYF,:Nd nanoparticles is
0.2%, which is 2.5-fold lower than its cubic counterpart (Table
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S2). This suggests that hexagonal phase nanoparticles have a
shorter average distance between Nd** ions than cubic
nanoparticles, although cubic nanoparticles have a higher
doping concentration.

To investigate the influence of surface quenchers on the
quenching threshold, we coated cubic and hexagonal NaYF,
nanoparticles with an inert thin shell. The average diameter of
a-NaYF,:Nd@NaYF, nanoparticles obtained at different
doping concentrations ranges from 7.0 to 7.8 nm with a
shell thickness of ~0.5 nm (Figure SS). At all doping
concentrations, f-NaYF,Nd@NaYF, nanoparticles have an
average diameter of 6.7 nm and a shell thickness of ~0.85 nm
(Figure SS). The corresponding XRD patterns can be indexed
to the standard card data of cubic and hexagonal NaYF,

https://doi.org/10.1021/acs.nanolett.2c04454
Nano Lett. 2023, 23, 979-984


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04454/suppl_file/nl2c04454_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04454/suppl_file/nl2c04454_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04454/suppl_file/nl2c04454_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04454/suppl_file/nl2c04454_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04454/suppl_file/nl2c04454_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04454?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04454?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04454?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04454?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c04454?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

crystals, indicative of pure phases of the nanocrystals (Figure
3a,c). As with core nanoparticles, the luminescence spectra of
these core—shell nanoparticles also show an emission band
centered at 864 nm (Figure S6).
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Figure 3. Characterization of Nd**-doped NaYF, core—shell
nanoparticles. (a, b) XRD patterns and luminescence lifetime
measurements of a-NaYF,:x%Nd@NaYF, nanoparticles (x = 0.1,
0.2, 0.5, 1, and 2). (¢, d) XRD patterns and luminescence lifetime
measurements of f-NaYF,:x%Nd@NaYF, nanoparticles (x = 0.1, 0.2,
0.5, 1, and 2).

For cubic core—shell nanoparticles, we found slight
differences in luminescence lifetime between samples doped
with 0.1%, 0.2%, and 0.5% Nd*'. Notably, further increase in
Nd** doping favored cross-relaxation-mediated nonradiative
decay and shortened the luminescence lifetime (Figure 3b and
Table S3). For hexagonal core—shell nanoparticles, the longest
luminescence lifetime was achieved in the samples containing
0.2% Nd** (Table S3). Taken together, the quenching
thresholds for cubic and hexagonal core—shell nanoparticles
are 0.5% and 0.2%, respectively, which are at the same level as
for the core nanoparticles (Figure 3d). This suggests that shell
passivation has a negligible influence on multipolar interactions
between Nd** ions.

DEFT calculations reveal that the preferential substitution in
the f-NaYF, lattice is closely related to the release of dopant-
induced lattice strain at two Y sites. In this regard, a transition
from preferential substitution to random replacement should
be achieved by modulating the lattice strain via alkaline metal
codoping (Figure 4a). We chose Li* and K" as model ions
because they have the same valence as Na*, and their ionic
sizes follow the sequence R; < Ry, < Rg. Because isovalent
substitution does not generate lattice defects, the replacement
of Na" by Li*/K" should be able to tailor the lattice strain at Y,
and Y, sites through volume contraction or expansion. Indeed,
upon potassium doping, the release of Nd-associated lattice
strain at Y, and Y, decreases the energy of the systems by 0.14
and 0.16 eV, respectively. These comparable strain energies
suggest that Nd replaces Y, and Y, with equal probability.
Additionally, the difference in bond length between Y,—F and
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Figure 4. Characterization of p-NaYF,:0.2%Nd nanoparticles
codoped with K*. (a) Schematic of alkali metal-induced transition
from preferential to random substitution. A represents Li*/K*. (b)
DFT-optimized atomic structure of K*-doped f-NaYF, lattice. Gray
spheres denote fluoride atoms. (c) TEM image of $-NaYF,:0.2%
Nd,1%K nanoparticles. The scale bar is 20 nm. (d) Luminescence
lifetime of A-NaYF,:0.2%Nd nanoparticles codoped with K at
different concentrations (1%, 3%, and 5%).

Y,—F decreases, suggesting a greater similarity between the
coordination configurations of Y; and Y, sites (Figure 4b). A
similar trend was observed in the change of strain energy in f-
NaYF, lattices codoped with Li* and Nd** (Figures S7 and
S8).

We next synthesized a series of $-NaYF, nanoparticles
codoped with Nd** and K' or Li* at different doping
concentrations. The Nd*" concentration was fixed at 0.2%,
which is the optimal concentration obtained in Nd**-doped
hexagonal phase nanoparticles. An average diameter of ~5.8
nm was measured for -NaYF,:0.2%Nd,x%K (x = 1, 3, and S)
nanoparticles (Figures 4c and S9). The presence of K* in the
as-prepared samples was confirmed by inductively coupled
plasma (ICP) analysis. The phase, morphology, and 864-nm
emission band of the nanoparticles change negligibly upon
potassium doping, irrespective of the K concentration. These
P-NaYF,:Nd/K nanoparticles show prolonged luminescence
lifetimes, with the longest lifetime of 246 ps obtained at 3% K*
(Figure 4d and Table S4). For f-NaYF,:0.2%Nd,x%Li (x = 1,
3, and 5) nanoparticles, an average diameter of ~6 nm was
determined (Figure S10). XRD characterization confirms the
pure hexagonal phase of these codoped samples. Additionally,
the center of the emission band remains unaltered upon Li*
doping. As with K'-doped nanoparticles, we observed a
marked increase in the luminescence lifetime of Nd** with
increasing Li* concentration (Figure S11). Specifically, the
longest lifetime was obtained for the nanoparticles with 3% Li*
(Table S4). Lithium or potassium doping extends the lifetime
of *F;/, emission at 864 nm, indicating less cross-relaxation-
induced deactivation.

Due to their small ionic size, Li* ions are likely to diffuse
from oxide and fluoride nanocrystals during washing and
centrifugation.”” Li* ions were not detected by ICP in samples
prepared with different Li* concentrations. Considering that
the nanocrystals under study have a high surface-to-volume
ratio, it is likely that lithium diffuses to nanocrystal surfaces,
especially under high temperatures. Therefore, we speculate
that Li" ions occupy the sites of Na" ions during crystal
nucleation and growth. Once occupied, these Li* ions could
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minimize coordination differences between Y; and Y, sites,
alleviate the preferential substitution of Nd** for Y** ions, and
diffuse toward nanocrystal surfaces with the aid of thermal
fluctuation and centrifugal forces.

In conclusion, our work has demonstrated that light
lanthanides (La—Sm) preferentially substitute for host Y**
ions in f-NaYF, nanocrystals at low doping levels. Light
lanthanide dopants tend to form Ln—Ln dimers or chain-like
clusters, resulting in short interatomic distances and fast energy
transfer. We observed a 2.5-fold lower concentration
quenching threshold in hexagonal NaYF,:Nd nanocrystals
than in their cubic counterparts. It is also possible to
manipulate the lattice strain via alkaline metal doping to alter
the preferential substitution. This study demonstrates how
isovalent doping in inorganic crystal lattices can be utilized to
control dopant distribution, opening up a wide range of tailor-
made designs of materials and properties.
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