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Abstract

The ability to tune the emission color of upconversion nanoparticles (UCNPs) will
greatly enhance the scope of their applications, ranging from infrared solar cells to volumetric
multiplexed bioimaging. Conventional methods to tune upconversion are to vary the type
and/or the concentration of doped rare-earth ions in these nanoparticle formulations. Here, we
introduce a different approach to vary the emission colors of the frequently used
sensitizer/activator pairs of Yb*/RE* (RE=Ho, Er, Tm) via utilization of a
sensitizer/activator-isolated NaYF, core-shell structure. We show that the typical green,
yellow, and blue luminescent colors from Yb*/Ho*-, Yb**/Er**-, and Yb**/Tm**-co-doped
NaYF, UCNPs can be converted into the quasi-white, green, and pink blue, when
corresponding  core-shell ~ structures of NaYF,Yb* @NaYF,;Ho®, NaYF,Yb*
@NaYF.Er¥and NaYF.Yb* @NaYF,: Tm® are built. Time-resolved spectra indicate that
decay lifetimes of the emission bands from the sensitizer/activator-isolated core-shell
structure significantly vary from that of the sensitizer/activator-codoped NaYF, UCNPs,
verifying the strain-induced modulation of emission channels in the core-shell structure.
These sensitizer-activator-isolated core-shell UCNPs have implications for a range of

biophotonic or photonic applications.
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Introduction

Rare-earth-doped upconversion nanoparticles (UCNPs) are receiving a great deal of
attention due to their captivating photon upconverting ability whereby near-infrared
long-wavelength excitation at very low power can be converted into shorter wavelength
emissions °!. Along with the asset of nanometer dimension and low toxicity, this frequency
ability allows UCNPs to be utilized for a broad spectrum of applications such as, bioimaging,
biosensing, solar cells, optical data storage, drug delivery, and light-activated therapy, etc
However, most of these applications require the ability to tune the upconversion color to meet
the need of a specific application ™', For example, a set of colors are needed to pinpoint a
range of organelles in a single cell to unravel the biological complexity behind or to entail a
high throughput screening to detect disease markers in a blood drop ™!,

The typically used UCNPs are NaYF, nanoparticles doped with the sensitizer/activator
ion pairs of Yb*/RE** (RE=Er, Tm, Ho), as these UCNPs have been known to be one of the
most efficient UC systems up to date M®*". Each trivalent lanthanide activator X** has a
unique energy level structure to produce emission peaks at specific wavelengths even in
different host materials of varying size. This restricts the tunability of the luminescence color
output as found in quantum dots exhibiting size-dependent color tunability due to quantum
confinement effect . However, the excitation and relaxation dynamics of energy levels
involved in upconversion processes can be manipulated to vary the relative luminescence
intensity between different UC bands of a lanthanide ion or to realize a combination of UC
emission bands from different lanthanide ions, thus providing routes to tune the resulting
color output from UCNPs %!, Indeed, a common method in literature to tune upconversion
is to select a combination of activators or to vary the concentration of the sensitizer Yb* ions
and/or the activator ion concentrations. Zhang et al. reported on incorporation of two or more
activators ions into the core NaYF, nanoparticle or the shell on it to produce different color
output %1 Lju et al. reported on fine tuning the color output of Yb**/Er**and/or Yb*/Tm*
codoped NaYF, nanoparticles through variation of the concentrations of the Yb*", Tm*, or
Er’* ions 2, Moreover, the UC emission color from a single lanthanide activator was also

varied through modulating the relative intensity between different emission bands by

[6-12]

Page 2 of 20



Page 3 of 20

Nanoscale

incorporating other ions (such as Mn%*, zr**, Ce*ions) into the same nanoparticles to
introduce ion-ion interaction 3 or by size-, shape- or ligand-dependent surface-related
nonradiative processes, to manipulate the energy transfer pathways B>, However, none of
these methods are able to engineer optical selection routes to tune the UC color output. Here,
we introduce an approach to tune upconversion through strain-induced modulation of optical
parameters of RE** in the NaYF,:Yb* @NaYF,:RE* (RE=Ho, Er, Tm) core-shell structure,
which yields a quite different color output from that of the corresponding NaYF,:Yb*/RE*

UCNPs.

Experimental

2.1 Synthesis of NaYF,:Yb*"/RE** (RE=Ho, Er, Tm) nanoparticles with varied Yb*" and
RE®* concentrations

All chemical materials were purchased from Sigma-Aldrich and used without further
purification. The employed rare-earth chloride hexdydrates have a rare-earth trace metal basis
of 99.9%. The NaYF,nanoparticles doped with 100x% Yb* ions (x=0.2, 0.4, 0.5, 0.99) and
100y% RE** jons (y=0.01) were synthesized through a modified procedure in literature 594,
Typically, x mmol YbCl;.6H,0, y mmol RECI;.6H,0, and 1-x-y mmol of YCI;.6H,0 were
firstly added into a 100 ml three-necked round bottom flask which was then loaded with 7 ml
oleic acid and 15 ml 1-octadecene. The mixture was then heated at 160°C under argon
atmosphere protection for 60 min under vigorous stirring. After cooling down to room
temperature, 10 ml methanol containing 4 mmol of NH,F and 2.5 mmol of NaOH was added
into the flask. After evaporating methanol, the mixture solution was heated to 300 °C under
Ar atmosphere for 60 min and then cooled to room temperature. The UCNPs were
precipitated and collected by adding ethanol, followed by centrifugation at 8000 rmp. These
conventional UCNPs were dispersed in 10 ml hexane for later use.

2.2 Synthesis of core/shell NaYF,:Yb** @NaYF,:RE* (RE=Ho, Er, Tm) nanoparticles
with varied concentration of Yb*" and RE** ions.

To prepare the core-shell NaYF,:100x%Yb** @NaYF,:100y% RE*" (RE=Ho, Er, Tm)

UCNPs , 1 mmol core nanoparticles of NaYF, doped with 100x%Yb*" ion concentration were
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firstly prepared following the procedure described in 2.1. Then, y mmol RECI;.6H,0 and 1-y
mmol of YCI3.6H,0 were added into a 100 ml flask which contained 7 ml oleic acid and 15
ml of 1-octadecene. Subsequently, the solution was heated at 160°C for 60 min under Ar
atmosphere with vigorous stirring, which was then cooled to room temperature. The
pre-prepared core NaYF,:100x%Yb** nanoparticles dispersed in 10 mL hexane and a 4 mmol
of NH4F and 2.5 mmol of NaOH solved in 10 ml methanol were both added into this solution.
After removal of methanol via evaporation, the solution was heated to 300°C under Ar
atmosphere for 60 min, and finally cooled to room temperature. The core-shell
NaYF,:100x%Yb* @NaYF,:100y% RE*" nanoparticles were precipitated with ethanol and
collected via centrifugation at 8000 rmp. After washing several times with ethanol, they were
then dispersed in 10 ml hexane for characterizations.
2.3 Characterization

The size and morphology of the nanoparticles were characterized by transmission
electron microscopy (TEM) using a JEM-2010 microscope at an acceleration voltage of 200
KV. The element concentrations of the resulting nanoparticles were evaluated with single
guadrupole mass spectrometer with inductively coupled plasma source (Thermo Scientific
XSERIES 2 ICPMS). The UC luminescence spectra were recorded using a Fluorolog-3.11
Jobin Yvon spectrofluorometer with a slit width defining spectral resolution of 2 nm. The
colloidal UCNPs were excited at ~980 nm using a fiber-coupled laser diode (Q-Photonics).
Photographic images of UC emissions were taken by a digital camera of Canon D600. The
decays of the UC emissions at 545 and 650 nm from Ho®* ions, and at 545 and 655 nm from
Er®" ions were recorded at the Infinium oscilloscope (Hewlett-Packard) coupled to the PMT
of Fluorolog-3.11 Jobin Yvon spectrofluorometer, employing the excitation by nanosecond
pulsed laser of 532 nm (second harmonic, Nd:YAG) at a repetition rate of 20 Hz. With
respect to the decays of the UC emissions at 478, 650, and 800 nm from Tm®" ions, the third
harmonic laser output from Nd:YAG laser at 355 nm was utilized for excitation. For all
luminescence spectra and decay measurements, the emission signal of the sample (dispersed

in hexane) in a cuvette was collected at 90 “relative to the excitation beam.
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Results and discussions

To investigate the upconversion luminescence tuning of NaYF,Yb* @NaYF,:X*
(X=Ho, Er, Tm) core/shell nanoparticles as compared to NaYF,:Yb* /X%, we first selected
X=Ho as a starting point and prepared a set of NaYF,:Yb**x%@NaYF,: Ho** 1% core-shell
and conventional NaYF,:Yb**x%, Ho* 1% UCNPs (Figure 1, TEM images). All the
conventional and core-shell nanoparticles are very uniform in shape and size. The shape and
size of the conventional NaYF,:Yb**x%, Ho®* 1% core UCNPs are dependent on the Yb*
concentration, yielding a similar dependence for the NaYF,Yb**x%@NaYF,: Ho** 1%
core-shell UCNPs. The nanospheres of the conventional UCNPs at Yb** of 20% were
converted into hexagons both at Yb*" concentrations of 40, and 50%. Correspondingly,
rod-like core-shell UCNPs are transformed into hexagons when Yb** concentration reaches
40 and 50%. The average size of the conventional UCNPs at Yb® concentrations of 20, 40,
and 50% was evaluated to be ~20, 33, and 56 nm, while the core-shell UCNPs accordingly
have a size of ~23, ~40, and 58 nm, respectively. This corresponds to a uniform shell
thickness of ~ 1.5-3.5 nm. Interestingly, a core-shell structure can be clearly discerned in
Figure 1 ¢ owing to an adequate high concentration of Yb®" ions in the core to create a good
phase contrast from the shell material that contains a large amount of Y** ions. This is
consistent with our previous observation M1 1n addition, selected-area electron diffraction
patterns of the core-shell and the conventional UCNPs confirmed that both nanoparticles are
hexagonal having crystallgraphic phases to the standard hexagonal NaYF, host lattice of
JCPDS 28-1192 (Supporting Information, Figure S1). We also prepared the core/shell UCNPs
with higher Yb* concentrations at 60 and 80%; however, two quite different size
nanoparticles appear, possibly owing to the self-nucleation of the shell materials (Supporting
Information, Figure S2). We intended to omit the discussion of these materials for the reason

of clarity, except using their luminescence data in Figure 2 (d).
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Figure 1. TEM micrographic images of the core/shell UCNPs of a)
NaYF,:Yb*20%@NaYF,:Ho** 1%, b) NaYF,:Yb*40%@NaYF,:Ho* 1%, c)
NaYF, Yb*50%@NaYF,;Ho**1%, and the conventional UCNPs of d)
NaYF,:Yb*20%,H0* 1%, ) NaYF,:Yb*40%,Ho* 1%, f) NaYF,:Yb*50%,Ho* 1%
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Figure 2. Photoluminescence spectra of (a) NaYF.Yb*x%,Ho*1% nanoparticles
(x=20, 40, 50, 100) and (b)NaYF,:Yb**x%@NaYF,:Ho**1% nanoparticles (x=20, 40,
60, 80); (c) Photoluminescence intensity of the green and red emission band from
NaYF,Yb*x%@NaYF,;Ho*1%  nanoparticles and  NaYF,Yb*x%,Ho* 1%
nanoparticles (x=20, 40, 50); (d) The effect of Yb* ion concentration on the intensity
ratio between the red and the green UC emission. The comparison in this figure (a)-(c)
was performed under identical experimental parameters of excitation and collection.

Figure 2 shows the photoluminescence spectra (from 500 to 700 nm) from the
conventional NaYF,:Yb* x%, Ho** 1% and the core-shell NaYF,:Yb*x%@NaYF,: Ho** 1%
UCNPs. All the conventional NaYF,:Yb® x%, Ho®*" 1% UCNPs (x=20, 40, 50, 100) emit a
strong green emission at ~ 540 nm and a weaker red emission at~ 650 nm (Figure 2 a). The
green and red UC emissions correspond to the °S,/°F,~>°lg and the °Fs>lg transitions of the
Ho®* ions, respectively. Interestingly, the red UC emission band becomes significantly
stronger than the green one in all the core-shell NaYF,:Yb*'x%@NaYF,: Ho*" 1% UCNPs
(x=20, 40, 50, 60, and 80). More clearly, as illustrated in Figure 2 d, the intensity ratio of the
red/green emission (Ireg/lareen) increases linearly with increasing Yb®" sensitizer concentration
in the core-shell UCNPs, while remaining almost unchanged in the core UCNPs. In addition,

when increasing the Yb*" concentration from 20 to 50%, the intensities of the green and red
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UC emissions from the conventional UCNPs are slightly enhanced by 55% and 20%, while
they are enhanced by a factor of 4 and 8.6, respectively, in the core-shell UCNPs (Figure 2c).
The total integrated intensity (500-700 nm) from the core-shell NaYF,:Yb*50%@NaYF,:
Ho® 1% UCNPs was evaluated to be about 2 times higher than that of the conventional
NaYF,:Yb*50%, Ho** 1% UCNPs. This is striking, as the Ho* ions in the thin shell of the
core-shell structure are supposed to manifest a pronounced surface-related quenching effect
when compared to the ones located in the core UCNPSs, thus generally yielding a lower UC
luminescence. In all, the core-shell NaYF,:Yb*50%@NaYF,: Ho*" 1% UCNPs exhibit not
only a tuned but also an enhanced luminescence output as compared to the conventional
NaYF,:Yb*50%, Ho®* 1% UCNPs (consult also Figure 4). We measured the element
concentration of the resulting core-shell NaYF, Yb**50%@NaYF,: Ho®*" 1% with inductively
coupled plasma mass spectrometry (ICP-MS), which are in general agreement with the

intended theoretical values (Table S1).
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Figure 3. Logarithmic plot of the dependence of the intensities of the green and the red UC
emission bands on the pump power for (a) the core NaYF,:Yb**50%, Ho**1% and (b) the
core-shell NaYF,:Yb*50%@ NaYF,:Ho**1% UCNPs.
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Figure 4. (a) Contrasted photoluminescence spectra of the conventional
NaYF,:Yb*50%,Ho*1% UCNPs and the core-shell NaYF,:Yb*'50%@ NaYF,Ho*1%
UCNPs. The inset is photographic images of UC emissions of these two types of UCNPs
dispersed in hexane (Left: NaYF,:Yb**50%,Ho*"1%, Right:
NaYF4:Yb3+50%@NaYF4:Ho3+1%). The comparison was performed under identical
experimental parameters of excitation and collection. (b)Energy level diagrams of the Ho**,
Yb* ions as well as the invovled UC mechanisms.

To investigate the mechanisms that result in tuned and enhanced UC in the core-shell
NaYF,:Yb*50%@NaYF,: Ho** 1% UCNPs, we first measured the dependence of the
intensities of the green and the red UC emission band on the pump power for the conventional
NaYF,:Yb*50%, Ho*1% (Figure 3 a) and the core-shell NaYF,:Yb**50%@ NaYF,:Ho*1%
(Figure 3 b) UCNPs. In general, the number of photons which are required to populate the

upper emitting state under unsaturated condition can be obtained by the relation,

I, cP" 1)

where I; is the photoluminescence intensity, P is the pump laser power, and n is the number of
laser photons required. As one can see, the slope values for the green and the red emission
bands in both the core-shell NaYF,:Yb*'50% @ NaYF,Ho**1% and the conventional
NaYF,:Yb*50%, Ho**1% UCNPs are all close to ~2. This indicates that both the green and
the red emissions from the conventional and the core-shell UCNPs involve a two-photon
process for their generations, in good agreement with previous results on Yb*/Ho*"-codoped

materials B* 42

. Indeed, the well-established UC mechanisms for the green and the red
emission involve two energy transfers from Yb®" ions (at its excited state) to the Ho®>" ions,
which were illustrated in detail in Figure 4 b. To gain more insights, we also carefully

compared the spectra of the core-shell NaYF,Yb*50% @ NaYF,;Ho*1% and the
9
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conventional NaYF,:Yb*50%, Ho**1% UCNPs in the shorter wavelength region. In addition
to the observations discussed in Figure 2, there are two more noted changes: (i) the
short-wavelength emissions at 385, 418, and 485 nm from the °G,>°lg, °Gs=>°lg, and °F;>°lg
transitions of Ho®" were greatly enhanced in the core-shell UCNPs, being ascribed to the
increased excitations from the red-emitting level of the °Fs state to the °Gg or its above states
(consult Figure 4 b). (ii) The shapes of emission peaks at ~540 and ~650 nm from the
core-shell UCNPs vary slightly and the positions of these two peaks shift a little towards
longer wavelength, in comparison to that from the conventional UCNPs. These observations
indicate that the Ho®*" ions in the shell lattice of the core-shell NaYF,Yb*'50% @
NaYF,:Ho**1% UCNPs experience a modified crystal field to the ones in the host lattice of
the conventional NaYF,:Yb®*50%, Ho®*1% UCNPs. Such modification of the local crystal
field is liable for the increased l 4/ lgeen ratio and an increase in the total UC emission intensity
from the core-shell NaYF,:Yb**50% @ NaYF,:Ho**1% UCNPs. Moreover, as the core-shell
NaYF,:Yb*50% @ NaYF,:Ho>*1% UCNPs and the conventional NaYF,:Yb*50%, Ho**1%
UCNPs are built on the same NaYF, host lattice core, only the strain or the defect-induced
strain in the shell host lattice is able to produce a perturbation on the local crystal field around

the Ho*" ions in the core-shell UCNPs compared to the Ho®* ions in the conventional UCNPs.
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Figure 5. Decay profiles of (a) the transition °S,/°F,> °lg at 545 nm and (b) the transition
*F>°13 at 650 nm of Ho®*" ions inform the conventional NaYF,:Yb*50%, Ho**1% UCNPs
and the core/shell NaYF,:Yb*50%@ NaYF,:Ho*1% UCNPs.

To verify that the increased I .4/lqwen ratio and the enhanced UC emission intensity in the

core-shell UCNPs arise from the effect of modified local crystal field, the decay profiles of

10

Page 10 of 20



Page 11 of 20

Nanoscale

the transition °S,/°F,>°I; of Ho*" ions at 545 nm and the transition *Fs>°lg of Ho®>* ions at
650 nm from both the conventional NaYF,:Yb*50%, Ho**1% nanoparticles and the core/shell
NaYF,: Yb**50%@NaYF,:Ho* 1% nanoparticles were measured and shown in Figure 5. The
measured decay curves in general are non- exponential due to enhanced nonradiative energy
transfer processes as well as from the effect of surrounding environment 3. The effective

lifetime 1., was evaluated to analyze the decay process, using the following equation:

J e eatyae
Tm = Fo o
™ e rmat

)
where I(t) is the intensity at time t. The effective decay times for the °S,/°F, and °Fs state are
evaluated to be about 39.3 and 8.2 us for the conventional UCNPs, and 152.1 and 106.3 us
for the core-shell UCNPs, respectively. The Ho®* ions in the thin shell (~2 nm) of the
core-shell UCNPs are more susceptible to experience surface-related quenching effect than
the ones in the core UCNPs do, as they are more close to the surrounding environment. As a
consequence, the effective lifetimes in the core-shell NaYF,:Yb*'50% @ NaYF4Ho* 1%
UCNPs are supposed to be shorter than the ones in the core NaYF,:Yb*50%, Ho*1%
UCNPs. However, a prolonged lifetime is experimentally observed for the core-shell UCNPs,

substantiating that the optical transition parameters of Ho®" indeed are changed by

strain-induced modification of the local crystal field.
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Figure 6. (a) Comparison of the photoluminescence spectrum of NaYF,:Yb*50%,Er**2%
nanoparticles and NaYF,:Yb*50%@ NaYF,: Er**2% nanoparticles. Inset is the luminescence
photographs of the nanoparticles dispersed in hexane (Left: NaYF4:Yb*50%, Er**2%, Right:
NaYF4:Yb3+50%@NaYF4:Er3+2%). The comparison was performed under identical
experimental parameters of excitation and collection. (b) Energy level diagrams of Er®*, Yb**
ions as well as involved UC mechanisms
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Figure 7. Decay profiles of (a) the transition *S3> 115, at 545 nm and (b) the transition
*Fop> “lisp at 655 nm, of Er* ions from the conventional NaYF,Yb*'50%,Er*2%
nanoparticles and the core/shell NaYF,:Yb*'50%@ NaYF,: Er**2% UCNPs.

We also prepared the core-shell NaYF,:Yb**50%@NaY F,:Er**2% and its corresponding

conventional  NaYF,Yb*50%, Er**2% UCNPs, as well as the core-shell
NaYF,:Yb*50%@NaYF,;Tm*1% and its corresponding conventional NaYF,Yb*50%,
Tm*1% UCNPs. We measured the element concentration of the resulting core-shell
NaYF, Yb**50%@NaYF,:Er¥*2% with ICP-MS, which are in general agreement with the
intended theoretical values (Table S2). Figure 6 (a) and its inset illustrate that the yellowish
UC emission (appeared to the naked eyes) from the conventional NaYF,:Yb*50%, Er*"2%
UCNPs is converted into the green UC emission. This is mainly because the intensity ratio
between the green emission 545 nm (*Sz,>"l152) and the red emission at 655 nm (*Fg,>*115)
of Er¥** ions is increased in the core-shell structure compared to the conventional UCNPs. The
UC mechanisms to populate the green and the red emission of Er®" are depicted in Figure 6
(b). The branch ratio of the “Sy, state for the *Ss,—"lig, transition (~800 nm) to the
*S3—"l1s), transition (~ 540 nm) can be determined by the corresponding emission intensity
ratio of lggo/ls40. This value in principle should be a fixed one for the conventional and the

core-shell UCNPs, as they both utilize the same hexagonal NaYF, material as the host lattice.

However, this branch ratio is increased from 1.4 for the conventional NaYF,:Yb*50%, Er**2%

UCNPs, to 2.9 for the core-shell NaYF,:Yb*'50%@NaYF,:Er*'2% UCNPs. In addition,
similar to the observations in Figure 5, the decay rates for the green and red emissions of Er**
were slower in the core-shell structure as compared to the conventional one (Figure 7). The
increased branch ratio of the S;, state as well as the observed prolonged lifetimes again
confirm the presence of strain-induced modification of the local crystal field in the shell host
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lattice. Moreover, the prolonged lifetimes in the core-shell NaYF, Yb*50%@NaYF,:Er* 2%
UCNPs also correlate with an increase of the total UC emission intensity when comparing

them with that of the conventional NaYF,:50%Yb**, 1%Er®* UCNPs.
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Figure 8. (a) Contrasted photoluminescence spectrum of the NaYF,Yb**50%,Tm* 1%
UCNPs and the core-shell NaYF,:Yb*50%@ NaYF,: Tm**1% UCNPs. The inset is a
photoographic image of UC emissions from these two types of UCNPs dispersed in hexane.
(Left: NaYF4Yb*50%, Er**2%, Right: NaYF, Yb*'50%@NaYF,:Er**2%). The comparison
was performed under identical experimental parameters of excitation and collection. (b)
Energy level diagrams of Tm*, Yb**ions as well as the involved UC mechanisms. Step-wise
energy transfers from the Yb®" to the Tm*" is responsive for populating the pertinent emitting
energy level.
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Figure 9. Decay profiles of (a) the transition ‘G, *Hg at 478 nm, (b) the transition *F,> *Hs,
and (c) the transition *Hs=> Hg at 655 nm, of Tm*" ions from the NaYF,:Yb**50%, Tm* 1%
UCNPs and core/shell NaYF,:Yb*'50%@ NaYF,: Tm*"2% UCNPs.

The classic blue color output of the UC emission from the NaYF,:Yb*50%, Tm**1%
UCNPs was converted into the pink blue color output from the core-shell
NaYF,:Yb*50%@NaYF,; Tm*1% UCNPs (Figure 8 and its inset). Moreover, the relative
intensities of UV UC emissions at 340/355 nm (five/four-photon process) and blue UC

emissions at 455/473 nm (four/three-photon process) to the intensity of NIR UC emission at

13
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800 nm (two-photon process), are both increased a lot when utilizing the core-shell structure.
This indicates that higher order multi-photon processes are favored by the core-shell structure,
despite with a diminution of the total UC luminescence intensity. We measured the element
concentration of the resulting core-shell NaYF,:Yb*'50%@NaYF, Tm*1% with ICP-MS,
which are in general agreement with the intended theoretical values (Table S3). The variance
of visualized color as well as the redistribution of upconverted energy in different bands
illustrates that the NaYF4Yb* @NaYF,:RE®" core-shell structure are able to tune the color
output of the typically used NaYF,:Yb*/RE* UCNPs. The mechanisms for generating UC
emission peaks of Tm** have been well-established, which are depicted in Figure 8(b). Unlike
the NaYF;50%Yb* @NaYF;:2%Ho* and NaYF;:50%Yb*" @NaYF,:2%Er* core-shell
UCNPs, the NaYF,;:50%Yb** @NaYF,:1%Tm*" core-shell form presents a very slightly
shorter effective decay times than the conventional NaYF,:50%Yb®*,1%Tm*" UCNPs (Figure
9). This corresponds to a decrease in the total UC emission intensity from the core-shell
NaYF,:50%Yb** @NaYF,:1%Tm* UCNPs than from the conventional NaYF,;:50%Yb**,
1%Tm*" UCNPs. This experimental fact indicates that the strain-induced modification of the
crystal filed in the shell of the NaYF,Yb** @NaYF,:RE* core-shell UCNPs manifest
different luminescence intensity change for different activator RE** ions (consult also Figures
4 a and 6a for the case of RE = Ho and RE = Er). In addition, we would like to point out that
the  conservation of relatively high  upconversion efficiency nature in
sensitizer-activator-isolated UCNP lies in efficacious energy migrations within Yb®
sub-lattice in the core to the activator ions located in the shell. The two-energy-level system
of Yb* ion as well as its long lifetime of excited states enables the excitation energy to
migrate efficiently and randomly throughout the core nanoparticles with very limited energy
losses.’®*® This migrated energy can then cross the interface between the core and the shell
layer to excite those activators that are closely located at the interface due to the spatial
confinement of the thin shell layer, thus producing upconversion at a relatively high

efficiency.

Conclusion

We have demonstrated the optical emission pathways of the activator RE**(RE=Ho, Er,
14
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Tm) in the NaYF,: Yb** @NaYF,:RE*" core-shell structure vary from that of the typically used
NaYF,:Yb*/RE*" conventional UCNPs. This results in a quasi-white, green, and pink blue
UC color output from the core-shell NaYF4:Yb®* @NaYF,:Ho**, NaYF4:Yb* @NaYF,Er®,
and NaYF,.Yb** @NaYF,Tm* UCNPs, in marked contrast to the green, yellow, and pure
blue output from the corresponding conventional NaYF,:Yb*/RE** nanoformulation. The
strain-induced modulation of the shell crystal field is liable for the modification of optical
emission channels, which is supported by the time-resolved spectra. This work provides a
new paradigm for tuning UC emission color output, having implications for a range of

biophotonic and other photonic applications.
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