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ABSTRACT: Luminescence quenching at high dopant
concentrations generally limits the dopant concentration to
less than 1−5 mol% in lanthanide-doped materials, and this
remains a major obstacle in designing materials with enhanced
efficiency/brightness. In this work, we provide direct evidence
that the major quenching process at high dopant concen-
trations is the energy migration to the surface (i.e., surface
quenching) as opposed to the common misconception of
cross-relaxation between dopant ions. We show that after an
inert epitaxial shell growth, erbium (Er3+) concentrations as
high as 100 mol% in NaY(Er)F4/NaLuF4 core/shell nano-
crystals enhance the emission intensity of both upconversion
and downshifted luminescence across different excitation
wavelengths (980, 800, and 658 nm), with negligible concentration quenching effects. Our results highlight the strong coupling
of concentration and surface quenching effects in colloidal lanthanide-doped nanocrystals, and that inert epitaxial shell growth
can overcome concentration quenching. These fundamental insights into the photophysical processes in heavily doped
nanocrystals will give rise to enhanced properties not previously thought possible with compositions optimized in bulk.

■ INTRODUCTION

Lanthanide-doped nanocrystals have generated significant
interest for a broad range of applications from bioimaging
and photovoltaics to displays.1−4 Using selective combinations/
compositions of lanthanide dopants, various photophysical
processes such as quantum cutting, downshifting, and
upconversion can be realized in this class of materials.5−10

Common limitations for realizing practical applications are the
limited brightness of lanthanide-doped nanocrystals and the
challenges associated with enhancing luminescence efficiencies.
One critical limitation of lanthanide-doped nanocrystals is that
the concentration of dopants (emitter ion) is generally
restricted to 1−5 mol%. Increasing the dopant concentration
results in decreasing luminescence intensity, commonly
referred to as “concentration quenching”. Despite the fact
that the origins of concentration quenching in lanthanide-
doped materials are still under debate,7 these guidelines and the
optimized concentrations from bulk materials are commonly
adopted in lanthanide-doped nanocrystals.11,12 Only recently,
efforts to achieve high dopant concentrations are being
addressed especially in lanthanide-doped upconversion nano-
crystals. Zhao et al.13,14 and Gargas et al.15 independently
demonstrated the use of high excitation irradiance (∼106 W
cm−2) as a way to overcome concentration quenching at high
dopant concentrations. Similarly, Liu and co-workers demon-

strated the sublattice clustering of dopant ions as a pathway to
achieve high dopant concentrations.16 More recently, Prasad
and co-workers used organic dye sensitization as a route to
alleviate concentration quenching.17 However, mechanistic
investigations to understand the origins of concentration
quenching and ways to overcome them especially with
nanocrystalline materials are not fully addressed.
Two common explanations for concentration quenching are

deleterious cross-relaxation between dopant ions in close
proximity,13 and/or enhanced energy migration via resonant
energy transfer to the defects (i.e., the surface).12 While the
latter has only gained attention in the past decade with the
development of colloidal nanocrystals, historically the cross-
relaxation between dopant ions is commonly regarded as the
major cause of concentration quenching as observed in bulk
materials. In this work, we address this fundamental question
on the origins of concentration quenching in nanocrystalline
materials, and demonstrate that the major quenching process at
high dopant concentrations is predominantly due to energy
migration to the surface and not cross-relaxation between
dopant ions.
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In colloidal nanocrystals, increasing the dopant ion
concentration results in increased energy migration to the
surface as the interionic distance shortens.18 This suggests that
the concentration quenching effects should be strongly coupled
to the surface effects in nanocrystalline materials. In lanthanide-
doped nanocrystals, the emission intensity decreases dispro-

portionately with nanocrystal volume due to the fact that a
significant fraction of the dopants lie within the characteristic
distance for energy migration.19−21 Recent advances have
established that the epitaxial growth of a shell spatially isolates
the core, passivates surface defects, and reduces surface
quenching.22−31 In this context, we reasoned that the growth

Figure 1. (a) Schematic illustration of the core−shell nanocrystals structural composition. (b) Representative transmission electron microscopy
(TEM) image of the NaErF4−NaLuF4 core−shell nanocrystals. (c) Energy level diagram of erbium showing the multiple excitation pathways, and
the multiple emission levels leading to upconverted or downshifted emission. (d) Upconversion and downshifted emission photographs of the
colloidal dispersion of NaErF4−NaLuF4 core−shell nanocrystals at variable excitation wavelengths.

Figure 2. (a) Upconversion emission spectra of the core−shell nanocrystals with variable Er3+ dopant concentrations in the core (NaYF4:X mol%
Er3+, X = 5, 25, 50, and 100 mol%), Inset shows the green emission bands. (b) Upconversion emission photos of colloidal dispersion of core−shell
nanocrystals (λexc = 980 nm), showing the enhanced emission with increase in dopant concentration. Luminescence decay of the 4F9/2 level at 650
nm with variable erbium dopant concentration and their corresponding lifetime values of the (c) core nanocrystals and (d) core−shell nanocrystals.
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of thick (∼10 nm) high-quality epitaxial shell should decouple
both the surface and concentration quenching effects and allow
for higher dopant concentrations within the core than those
optimized in bulk compositions. Moreover, the ability to
localize high dopant concentration in the core and confine the
excitation energy with a high-quality shell should allow for
novel mechanistic understanding of the photophysical
processes that have not been previously possible with bulk
materials or core only nanostructures.

■ RESULTS AND DISCUSSION
In this work, erbium (Er3+) is used as the active dopant ion for
its rich energy level system that offers multiple excitation and
emission pathways spanning the visible to the near-infrared
(NIR) wavelengths. To systematically study and compare the
effect of epitaxial shells on heavily doped nanocrystals, we
synthesized hexagonal phase (β) NaYF4 core NCs with varying
Er3+ dopant concentrations (5, 25, 50, and 100 mol%),32

followed by growing an inert thick (∼10 nm) NaLuF4 epitaxial
shell (see experimental details for synthesis).24,33 All core NCs
were similar in size (∼15 nm), and after shell growth the core−
shell NCs were found to be about ∼35−38 nm, with an average
shell thickness of about 10 nm as shown in Figures S1 and S2,
respectively. A schematic representation of the core−shell
structure and transmission electron microscopy (TEM) image
of 100 mol% Er-doped NaYF4 core (i.e., NaErF4) with a
NaLuF4 shell is shown in Figure 1a,b, respectively.
Representative scanning electron microscopy (SEM), high
resolution (HR)-TEM, and powder X-ray diffraction (XRD)
analysis shown in Figures S3 and S4 further confirmed the high
uniformity, crystallinity, and hexagonal phase of the synthesized
core−shell nanocrystals. Upconversion and downshifted
luminescence at various excitation fluxes for the erbium
dopants as shown in the energy level diagram (Figure 1c)
were systematically investigated for these doped core and
core−shell nanostructures. Figure 1d shows the dispersion
photographs of the same dispersion of core-thick shell
nanocrystals at variable excitation fluxes and emission pathways
studied in this work.
We first investigated the upconversion emission properties of

the core nanocrystals under 980 nm continuous-wave (CW)
diode laser excitation. Consistent with concentration quenching
the upconversion emission intensity decreases with increasing
erbium concentration in the core nanocrystals (Figure S5). The
visible green (2H11/2 →

4I15/2 and
4S3/2 →

4I15/2), and red (
4F9/2

→ 4I15/2) emission bands are strongest for the 5 mol% Er3+-
doped nanocrystals, and decrease with increasing erbium
concentration, while being completely quenched in the heavily
doped (100 mol% Er3+ or NaErF4) nanocrystals. Surprisingly,
after a thick (∼10 nm) NaLuF4 epitaxial shell growth on these
nanocrystals we find that the upconversion emission increases
monotonically with increasing erbium concentration, with the
brightest being the heavily doped (100 mol% Er3+) nanocrystals
(Figure 2a). The enhanced upconverted emission with increase
in dopant concentration is observed clearly in the digital
photographs of the colloidal dispersion of the core−shell NCs
(λexc = 980 nm) shown in Figure 2b. The enhanced
luminescence from the 100 mol% Er3+-doped (NaErF4−
NaLuF4) core−shell nanocrystals from a completely quenched
core only structure (NaErF4), establishes that surface
quenching and concentration quenching are strongly coupled,
and highlights the role of epitaxial shell in decoupling these
effects. Note that we do not provide an enhancement factor for

the brightest core−shell structure, as the core is completely
quenched with no observable/measurable emission.
Since concentration and surface quenching would decrease

the lifetime of emitting states, we examined the time-resolved
population of the red emitting (4F9/2) level under 980 nm
excitation for the core and core−shell nanocrystals. For the
core nanocrystals, the luminescence lifetime decreased from
224 to 31 μs as the dopant concentration increased from 5 to
50 mol% (Figure 2c, with full lifetime curves in Figure S5), and
was completely quenched for the 100 mol% core nanocrystals.
This concentration dependence in lifetime is consistent with
the increased probability of energy migrating to the surface as
the dopant concentration increases and the interionic distance
shortens.12 However, these measurements do not exclude
cross-relaxation as a mechanism for concentration quenching,
since cross-relaxation would also reduce the luminescence
lifetimes at high emitter concentrations. To distinguish between
the two mechanisms, we measured the lifetimes of the thick-
shell nanocrystals, thereby eliminating energy migration to the
surface. In contrast to the sharp concentration dependence and
μs lifetimes of the cores, all of the core−shell nanocrystals
exhibit long luminescence lifetimes greater than 1 ms with
surprisingly little dependence on concentration (Figure 2d).
While the lifetime increased from 224 μs to 2.9 ms for the 5
mol% Er3+-doped nanocrystals after shell growth, the 100 mol%
Er3+-doped nanocrystals increased from a completely quenched
(dark) state to 1.5 ms after shell growth. The similar decay time
of ∼1.5 ms for the 25, 50, and 100 mol% Er3+-doped samples
after shell growth, demonstrates that, even under high dopant
concentrations that in principle favor rapid cross relaxation, no
“concentration quenching” is observed in the lifetime or the
emission of core−shell nanocrystals. This suggests that cross-
relaxation is not the dominant mechanism for concentration
quenching. In contrast, when energy migration to the surface is
suppressed by the growth of a thick shell, the heavy
“concentration quenching” observed with the original cores is
deactivated. These dual observations lead to the conclusion that
energy migration to surface defects, not cross-relaxation is the
major luminescence quenching pathway at high dopant
concentrations.
Similar behavior is observed for the time-resolved population

of the green emitting level (4S3/2 → 4I15/2) under 980 nm
excitation (Figure S6). As expected the lifetime values of this
level (4S3/2) were slightly shorter than the strongly red-emitting
level (4F9/2).

34 Remarkably, for the brightest heavily doped
(100 mol% Er3+) core−shell nanocrystal, we determined the
upconversion quantum yield under 980 nm excitation to be 5.2
± 0.3% at only 10 W cm−2 irradiance (see materials and
methods section for details). This further confirms the unique
ability of epitaxial shell in overcoming concentration quenching,
providing access to the benefits of high-dopant concentrations
(i.e., more emission centers) without the disadvantages of
quenching in high-surface-area nanocrystalline structures.
To demonstrate the generality of this unique observation, we

explored the upconversion emission properties of these core−
shell nanocrystals under a second excitation wavelength. The
transition from erbium ground state (4I15/2) to the 4I9/2
manifold (Figure 1c) allows for direct excitation of the erbium
at 800 nm, which lies in the NIR-I bioimaging window. Recent
interest in excitation energy tuning in upconversion nanocryst-
als, especially using neodymium (Nd3+) sensitization has
focused on 800 nm excitation, for its biocompatibility, and
minimal heating effects as compared to the conventional 980
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nm excitation.30,35 Here, too, we observe a strong upconversion
enhancement with increasing Er3+ dopant concentration in the
core−shell nanocrystals, with the brightest being the heavily
doped (100 mol% Er3+) core with a thick (∼10 nm) NaLuF4
shell (Figure 3a). Similar to the 980 nm excitation, the
upconversion showed stronger monotonic enhancement of the
red emission band with increasing dopant concentration (see
inset Figure 3a for digital photographs of the upconversion
emission). The luminescence decay curves of the red emitting
level (4F9/2 →

4I15/2) upon 800 nm excitation shown in Figure
3b, once again exhibit long lifetimes that are independent of
dopant concentration at high Er3+ concentrations (25, 50, and
100 mol%), confirming the generality of our observations
(Figure 3b). The enhanced upconverted emission observed at
two separate excitation wavelengths from a core nanocrystal
(100 mol% Er3+) that is completely quenched, demonstrate the
unique potential of the epitaxial shell in overcoming
concentration quenching. Note that the epitaxial shells grown
here are isotropic to the core, providing high-quality spatial
confinement of the core from surface effects.
Next, we reasoned that suppression of both concentration

and surface quenching in core−shell structures could also
enhance the emission of Stokes, or downshifted emission in
heavily doped nanocrystals. Er3+-doped nanocrystals emit NIR
light centered at 1550 nm via radiative relaxation from the first
Er3+ excited state (4I13/2) to the ground state (4I15/2) (Figure
1c). This emission band lies within the NIR-II biological
window (1000−1700 nm) that is currently being explored for
bioimaging,36 as it offers reduced tissue scattering and
autofluorescence.37,38 Moreover, this emission band has critical
importance for optical amplifiers as it overlaps with the minimal
loss window (telecommunication window) in silica fibers.39

However, due to concentration quenching, studies to date have
been limited to erbium dopant concentrations below 2−5 mol
%.12,40 We first investigated the downshifted NIR emission
(1550 nm) from the core−shell nanocrystals excited at 808 nm
(4I15/2 →

4I9/2) (see Figure 4a for energy level diagram). The
emission intensity at 1550 nm exhibited a strong enhancement
with increasing Er3+ dopant concentration (Figure 4b), with the
heavily doped (100 mol% Er3+) core−shell nanocrystals as the
brightest. The NIR emission images of the colloidal dispersion
of core−shell nanocrystals (Figure 4c) excited at 808 nm clearly
illustrate the enhanced emission at high dopant concentrations,
demonstrating the ability of epitaxial shell to enhance the
downshifted emission from heavily doped nanocrystals. Similar
enhancement of downshifted NIR emission (1550 nm) with

increase in dopant concentration is also observed on excitation
at 658 nm (4I15/2 →

4F9/2), and we again find the heavily doped
core−shell (100 mol% Er3+ in core) to be the brightest (Figure
S7). These results provide direct evidence of achieving
enhanced emission from a lanthanide-doped structure with a
high active dopant concentration reaching 100 mol%, and
establish the unique role of inert epitaxial thick shell.
To validate the role of the inert/undoped shell in suppressing

surface and concentration quenching, we attempted to
reactivate energy migration pathways by modulating the shell
thickness, and by introducing dopants into the shell using the
100 mol% Er3+-doped nanocrystals (NaErF4) as core. First,
core−shell nanocrystals with an undoped/inert NaLuF4 shell
having variable shell thickness (d ≈ 2.5, 5, and 8 nm) were
synthesized (see Figure S8, and experimental details for
synthesis). In 100 mol% Er3+ core nanocrystals, all of the
erbium centers are effectively coupled to the surface,

Figure 3. (a) Upconversion spectra of the core−shell nanocrystals with variable Er3+ dopant concentrations in the core (NaYF4:X mol% Er3+, X = 5,
25, 50, and 100 mol%). Inset shows the upconversion emission photos of colloidal dispersion of core−shell nanocrystals showing the enhanced
emission with increase in dopant concentration. (b) Luminescence decay of the 4F9/2 level at 650 nm of the core−shell nanocrystals with variable
erbium dopant concentration and their corresponding lifetime values.

Figure 4. (a) Energy level diagram of Er3+ showing the excitation (808
nm) and the downshifted emission (1550 nm) levels. (b) Emission
spectra of the core−shell nanocrystals with variable Er3+ dopant
concentrations in the core showing downshifted infrared emission
between 1450 and 1650 nm under 808 nm excitation. (c) Downshifted
emission images from colloidal dispersion of core−shell nanocrystals
(λexc = 808 nm) in the range of 0.9−1.7 μm, showing emission
enhancement with increase in dopant concentration.
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completely quenching the upconverted luminescence at 980
nm excitation (Figure 5a,b, d = 0 nm). After shell growth, we

observe a consistent increase in upconversion emission
intensity with increasing shell thickness (Figure 5a,b),
illustrating that the epitaxial shell decouples the erbium centers
coupled to the surface (Figure S9 shows upconversion directly
from the core−shell reaction flask). The strong coupling of
surface and concentration quenching processes with increase in
dopant concentration in the core is clearly evident on
comparing the 5 and 100 mol% Er3+-doped core−shell
nanocrystals with different shell thickness (Figure 5c). The
emission intensity of the 100 mol% Er3+-doped nanocrystals
with a thin 2.5 nm shell is already 3 times higher than that of
the 5 mol% Er3+-doped nanocrystals with a thick 10 nm shell;
note that as a core, 5 mol% doped nanocrystals are the brightest
and 100 mol% doped nanocrystals are completely quenched
(dark). Taken together, our findings highlight the striking
interdependence of surface and concentration effects, and
demonstrate the role of epitaxial shell in decoupling these
effects to achieve enhanced photophysical properties from
heavily doped nanostructures.
Finally, we hypothesized that if energy migration to the

surface was the origin of concentration quenching, doping the

epitaxial shell would reactivate quenching pathways and quench
the emission. Core−shell nanocrystals with variable ytterbium
(Yb3+) dopants concentrations (10 and 20 mol%) in the shell
and 100 mol% Er3+ in the core, were used to study
upconversion emission at 980 nm excitation (Figure S10).
Doping ions in separate layers is a common strategy in
conventional platforms to enhance the photophysical pro-
cesses,41 and to avoid deleterious cross-relaxation between the
active emitter and sensitizer ions. The overlap of 2F5/2 level of
Yb3+ with 4I11/2 level of Er

3+ (Figure 6a) allows for sensitizing
upconversion at 980 nm excitation. Yb3+ doping in the shell
resulted in luminescence quenching with increasing dopant
concentration (Figure 6b), resulting from the coupling of the
core Er3+ ions to the surface through the Yb3+ centers in the
shell. Similarly, doping neodymium (Nd3+) in the shell
quenched the upconversion emission under 800 nm excitation,
even at very low (2 mol%) dopant concentration in the shell
(Figure 6c,d). The reactivation of concentration quenching by
introducing dopants in the shell and also by modulating the
shell thickness further highlights the critical importance for an
inert and thick epitaxial shell to overcome concentration
quenching.
We have thus provided here four independent results that

together offer definitive evidence that “concentration quench-
ing” is inexorably coupled to and a consequence of energy
migration to surface defects. The four points of evidence
supporting this are (1) the concentration-dependent quenching
of heavily doped cores, (2) the strong enhancement of intensity
with shell growth, (3) the lack of concentration dependence of
the excited state lifetimes in core−shell nanocrystals, and (4)
the reactivation of concentration quenching by doping the
shells/reducing the shell thickness. Taken together, these
results provide a new fundamental insight on the excited state
energy dynamics that is unique to core−shell nanostructures,
and provide a unique pathway to achieve high dopant
concentrations with negligible quenching effects that are not
achievable in bulk or core only structures.

■ CONCLUSIONS

In summary, our results provide new fundamental insights on
energy migration, dopant concentration and surface effects in
lanthanide-doped nanocrystals. First, the brightest core nano-
crystals do not necessarily produce the brightest core−shell
structures upon epitaxial growth, which is counterintuitive. In
fact, the brightest core−shell structure is completely “dark” or
quenched as a core-only structure, highlighting the strong
coupling of surface/concentration effects in nanocrystalline
materials. Second, the luminescence decay curves of the heavily
doped core−shell nanocrystals unequivocally demonstrate that
the major deactivation pathway at high dopant concentrations
is the energy migration to the surface as opposed to cross-
relaxation between neighboring ions. Third, the enhancement
of multiple photophysical processes from heavily doped (100
mol%) core−shell nanocrystals demonstrated here clearly
establishes that concentration quenching can be overcome
with inert epitaxial shell growth. This unexplored regime of
spatially confined heavily doped nanostructures establishes a
new paradigm in modulating/enhancing the photophysical
processes in lanthanide-doped structures, and open new
opportunities toward exploring unique nanoscale compositions
that do not necessarily depend on compositions previously
optimized in bulk.

Figure 5. (a) Upconversion emission spectra of NaErF4 core (d = 0
nm), and NaErF4−NaLuF4 core−shell nanocrystals with increasing
shell thickness, λexc = 980 nm. (b) Integrated emission intensity as a
function of shell thickness, and upconversion emission photos of
colloidal dispersion of core−shell nanocrystals as a function of shell
thickness. (c) Normalized integrated emission intensity of NaY-
F4:Er

3+(5 mol%)−NaLuF4 core−shell nanocrystal with a shell
thickness of d = 10 nm and NaErF4−NaLuF4 core−shell nanocrystal
with a shell thickness of d = 2.5 nm, and the respective upconversion
emission photos of the colloidal dispersion.
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■ MATERIALS AND METHODS
Chemicals. Yttrium(III) acetate hydrate (99.9%), erbium(III)

acetate hydrate (99.9%), neodymium(III) oxide (99.9%), ytterbium-
(III) oxide (99.9%), sodium trifluoroacetate (98%), oleic acid (90%),
1-octadecene (90%), and oleylamine (70%) were purchased from
Sigma-Aldrich. Lutetium(III) oxide (99.9%) from Alfa Aesar, sodium
hydroxide from Fisher Scientific, and ammonium fluoride from
Spectrum. All chemicals were used as received.
Synthesis of Core Nanocrystals. Hexagonal phase (β) NaYF4 (X

mol% Er3+) (X = 5, 25, 50)-doped nanocrystals were synthesized
following a previously reported procedure with slight modifications
from calculated amounts of Y(CH3CO2)3·xH2O and Er(CH3CO2)3·
xH2O to a total of 1.0 mmol.32 In a typical synthesis, acetate salts (1.0
mmol), oleic acid (6 mL), and 1-octadecene (17 mL) were taken in a
100 mL flask and heated to 120 °C under vacuum for 1 h and cooled
to room temperature. To this solution at room temperature, a
methanol solution (10 mL) of ammonium fluoride (4 mmol) and
sodium hydroxide (2.5 mmol) was added and stirred for 1 h. The
reaction vessel was then heated to 70 °C to remove methanol and
subsequently heated to 300 °C (∼10 °C/min) under argon and
maintained for 60 min to obtain the erbium-doped core NaYF4
nanocrystals. (The shell growth was then performed directly on the
core nanocrystals using sacrificial nanocrystals; see Synthesis of Core−
Shell Nanocrystals section below.) Hexagonal phase (β) NaErF4
nanocrystals were synthesized as described for the (β) NaYF4-doped
nanocrystals, except that Er(CH3CO2)3·xH2O (1.0 mmol), oleic acid
(4.5 mL), and 1-octadecene (15 mL) were used.
Synthesis of Sacrificial Nanocrystals as Shell Precursors.

Cubic (α) NaLuF4 nanocrystals were synthesized based on a
previously reported procedure with slight modifications.33 In a typical
synthesis Lu2O3 (1 mmol) was mixed with 20 mL of 50% aqueous
trifluoroacetic acid and refluxed at 95 °C overnight to get a clear
solution. The trifluoroacetate precursor (Lu(CF3COO)3) was then
obtained as dry powder after removing excess trifluoroacetic acid and
water at 65 °C. Sodium trifluoroacetate (2 mmol) was added to the
lutetium trifluoroacetate precursor along with oleic acid (6 mL),

oleylamine (6 mL), and 1-octadecene (12 mL) and heated to 120 °C
under vacuum for 30 min to get a clear solution. The solution was
subsequently heated to 300 °C (∼20 °C/min) under argon and
vigorously stirred until the reaction mixture turned turbid. Once turbid
the reaction was left for another 5 min and then cooled to room
temperature. The nanocrystals were precipitated by addition of
ethanol, collected by centrifugation (1900g, 5 min), washed with
ethanol and dispersed in hexane. Cubic (α) NaLuF4 (X mol% Nd3+, X
= 2, 10)-doped nanocrystals were synthesized as described for the
undoped cubic NaLuF4, using Lu2O3 and Nd2O3 in respective molar
ratios. Cubic (α) NaLuF4 (X mol% Yb3+, X = 10, 20)-doped
nanocrystals were synthesized as described for the undoped cubic
NaLuF4, using Lu2O3 and Yb2O3 in respective molar ratios.

Synthesis of Core−Shell Nanocrystals. Hexagonal phase (β)
NaYF4 (X mol% Er3+) (X = 5, 25, 50, 100) core−NaLuF4 shell
nanocrystals were synthesized following a previously reported method
based on self-focusing by ripening.24 To the core nanocrystals
synthesized as described above, after 1 h at 300 °C, sacrificial
nanocrystals (0.5 mmol, α-NaLuF4) in 1-octadecene (1 mL) was
injected and ripened for 12 min, followed by five more sacrificial
nanocrystal injection (0.5 mmol each) and ripening cycle of 12 min
each to yield core−shell NCs. After the final injection and ripening
cycle (total ∼3 mmol) the solution was cooled down to room
temperature and the core−shell nanocrystals were precipitated by
addition of ethanol, collected by centrifugation (1900g, 5 min), and
washed with ethanol before dispersing them in chloroform (10 mL).

Hexagonal phase (β) NaErF4 core−NaLuF4 (X mol% Nd3+, X = 2,
10)-doped shell nanocrystals were synthesized as described above
using sacrificial (α-NaLuF4:X mol% Nd3+-doped, X = 2, 10)
nanocrystals were used as shell precursors. Hexagonal phase (β)
NaErF4 core−NaLuF4 (X mol% Yb3+, X = 10, 20)-doped shell
nanocrystals were synthesized as described above except that, sacrificial
(α-NaLuF4:X mol% Yb3+-doped, X = 10, 20) nanocrystals were used as
shell precursors.

Hexagonal phase (β) NaErF4 core−NaLuF4 shell nanocrystals with
variable shell thickness were synthesized as described above for

Figure 6. (a) Energy levels of core Er3+ and sensitizer Yb3+ in the shell showing possible energy transfer upon 980 nm excitation. (b) Upconversion
emission spectra NaErF4−NaLuF4 core−shell nanocrystals with variable Yb3+ doping in the shell. (c) Energy levels of core Er3+ and sensitizer Nd3+

in the shell showing possible energy transfer upon 800 nm excitation. (d) Upconversion emission spectra NaErF4−NaLuF4 core−shell nanocrystals
with variable Nd3+ doping in the shell.
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NaErF4 core−NaLuF4 shell nanocrystals. To the core nanocrystals
synthesized as described above, after 1 h at 300 °C, aliquot of the
reaction mixture (1 mL) was retrieved as core nanocrystals and
sacrificial (0.5 mmol, α-NaLuF4) in 1-octadecene (1 mL) was injected
and ripened for 12 min, followed by five more sacrificial nanocrystal
injection (0.5 mmol each) and ripening cycles of 12 min each to yield
core−shell NCs. Core−shell nanocrystals with variable shell thickness
were obtained by removing reaction mixture (1 mL) after every two
injection and ripening cycles, totaling an injection of ∼1 mmol of shell
sacrificial nanocrystals for every shell thickness. After the final injection
and ripening cycle (total ∼3 mmol) the solution was cooled down to
room temperature and the core−shell nanocrystals were precipitated
by addition of ethanol, collected by centrifugation (1900g, 5 min), and
washed with ethanol before dispersing them in chloroform (10 mL).
The obtained reaction aliquots with core and core−shell nanocrystals
with variable shell thickness were purified as described above and
dispersed in chloroform (1 mL).
Characterization. Hexane dispersions of the nanocrystals were

drop-cast on a carbon-coated (400 mesh Cu) grid and air-dried before
imaging. Size and size distribution analysis from the TEM images were
obtained by measuring approximately 50 crystals. High-resolution
transmission electron microscopy (HR-TEM) images were obtained
from a FEI Sphera microscope operating at 120 kV. Scanning electron
microscopy (SEM) images were obtained from a FEI SFEG-UHR
(ultrahigh resolution) microscope. Hexane dispersions of the nano-
crystals were drop-cast on a silicon wafer and dried under vacuum
before imaging. Powder X-ray diffraction (XRD) patterns were
collected using a Bruker D8 Advance instrument equipped with a 1-
D Lynxeye silicon strip detector and Cu radiation (Kα radiation, λ =
1.54178 Å) using a step size of 0.02° and scan rate of 0.25 s per step.
The sample was spun during collection to limit preferred orientation
peaks. Upconversion emission spectra were obtained using a Fluorolog
modular spectrofluorometer (Horiba) coupled with a 980 or 800 nm
continuous-wave diode laser (Thorlabs) at an irradiance of 50−60 W
cm−2. Absolute upconversion quantum yield was obtained using a
Horiba Jobin Yvon Fluorolog-3 spectrometer and a calibrated
integrating sphere using a 980 nm CW diode laser operating at 10
W cm−2. A neutral density filter on the excitation side (Thorlabs,
NDUV10A, OD = 1.0) was used, along with a short-pass filter on the
emission end (Semrock, FF01-750/SP-25). The colloidal nanocrystal
dispersion in toluene and solvent alone as blank were taken in a
cylindrical quartz cuvette and used for determining the upconversion
quantum yield. Emission spectra of the nanocrystal dispersion and the
blank solvent were collected at 10 W cm−2 between 500 and 750 nm,
along with the spectra of the scattered excitation light (970−990 nm),
and corrected for detector sensitivity. The absolute quantum yield
(QY) of the sample was determined from the integrated intensity of
the emission (em) and scattering (ex) spectrum, calculated as QY =
(Iem,NCs − Iem,blank)/(Iex,blank − Iex,NCs). Average QY was obtained from
five successive measurements, where one measurement refers to the
sample emission spectra, and then collecting the sample scattered
excitation light spectra, followed by replacing the sample with the
solvent blank reference and collecting the excitation light spectra
scattered by the solvent followed by emission spectra of the blank. The
absolute QY for these each measurement was determined as described
above and averaged. Lifetime measurements was obtained from
Edinburgh FLS980 spectrometer with single monochromators and
multichannel scaling (MCS) mode. The maximum pulse duration was
360 μs. The excitation laser for 800 nm was a CNI laser (MLL-H-800-
2.5W), and for 980 nm was a CNI laser (MLL-III-980-2W). On the
emission end, a short-pass filter was used (Semrock, FF01-750/SP-
25), and an excitation single-band bandpass filter for the 800 nm laser
(FF01-794/32-25). Average excited state lifetimes were determined
from biexponential fits and calculated using τavg = (A1τ1

2 + A2τ2
2)/

(A1τ1 + A2τ2). Emission spectra of the downshifted emission in the
NIR spectral region was collected with an Acton SP2300i spectrometer
equipped with an InGaAs linear array detector (Princeton OMA-V)
and using an 808 or 658 nm laser excitation. NIR fluorescence images
of the downshifted emission were obtained using 2D InGaAs array

(Princeton Instruments) with 350×256 pixel using 808 or 658 nm
laser excitation at 1 or 5 ms exposure, respectively.
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