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Fig. 1. XRD patterns of (a) NaLuF,;:20.0%YDb** /2.0%Ho**/
12.0%Ce?*" nanocrystals and (b)—(e) NaLuF,;:20.0%Yb*"/
2.0%Ho** /12.0%Ce**@ NaLuF,;:2%Yb*(z = 0%, 5.0%,
10.0%, 15.0%) core-shell nanocrystals.
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(a) NaLuF;:20.0%Yb%*t/2.0%Ho** /12.0%Ce* 4 2K i & 1 NaLuF 4:20.0%Yb?*/2.0%Ho** /12%Ce? @ NaLuF ;:3%Yb?**((b) 0,

Fig. 2. TEM images and EDX spectra of (a) NaLuF,;:20.0%Yb*"/2.0%Ho?"/12.0%Ce*" nanocrystals and (b)-(e) NaLuF:
20.0%Yb3*/2.0%Ho* /12.0%Ce**@ NaLuF;: 2%Yb*" (z = 0, 5.0%, 10.0%, 15.0%) core-shell nanocrystals.
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Fig. 3. The upconverison emission spectra (A), enhancement factor (B) and red andgreen emission intensity ratio (R/G) (C) of (a)
NaLuF;:20.0%Yb** /2.0%Ho?" /12.0%Ce*" nanocrystals and (b)—(e) NaLuF:20.0%Yb%*"/2.0%Ho*!/12%Ce**@ NaLuF ;:a%Yb3" (z =

0%, 5.0%, 8.0%, 10.0%, 12.0%,15.0%) core-shell nanocrystals under 980 nm excitation.
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Fig. 4. The CIE diagram with position of color coordinates
of Ho** in (a) NaLuF, nanocrystals and (b) — (¢) NaLuF,@
NaLuF;2%Yb*t (z = 0%, 5.0%, 10.0%, 15.0%) core-shell

nanocrystals.
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NaLuF:20.0%Yb3*+/2.0%Ho3/12.0%Ce?*@
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Table 1. The calculated CIE chromaticity coordinates

(z, y) of Ho* in NaLuF, nanocrystals and NaLuF,Q

NaLuF ;:2%Yb* (z = 0%, 5.0%, 10.0%, 15.0%) core-shell nanocrystals.

CIE chromaticity coordinates

Samples
T Y
a (NaLuF:20.0%Yb?**/2.0%Ho*t /12.0%Ce+) 0.5501 0.3891
b (NaLuF ;:20.0%Yb? /2.0%Ho®* /12.0%Ce** @ NaLuF,) 0.5621 0.3786
¢ (NaLuF;:20.0%YDb*t/2.0%Ho** /12.0%Ce** @ NaLuF;: 5.0%Yb?**) 0.5643 0.3727
d (NaLuF,:20.0%Yb?*t/2.0%Ho?t /12.0%Ce**@ NaLuF,: 10.0%Yb3") 0.5724 0.3692
e (NaLuF;:20.0%YDb**/2.0%Ho**/12.0%Ce**@ NaLuF: 15.0%Yb?") 0.5756 0.3599
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Fig. 5. Energy level diagrams of Ho**, Yb**, and Ce?**ions as well as proposed UC mechanisms.
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Fig. 6. Luminescence lifetimes of NaLuF; and NaLuF,@
NaLuF, core-shell nanocrystals under 980 nm excitation at

654 nm.
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Table 2.  Luminescence lifetimes of NaLuF; and NaLuF,;@NaLuF, core-shell nanocrystals under 980 nm excitation at 650 nm.
Lifetime/ps
Samples
650 nm
a (NaLuF;:20.0%Yb3" /2.0%Ho*" 12.0%Ce3") 97.4 4 0.2
b (NaLuF;:20.0%Yb*"/2.0%Ho*" /12.0%Ce**@ NaLuF) 1254 + 1.1
¢ (NaLuF,;:20.0%YDb** /2.0%Ho**/12.0%Ce**@ NaLuF;:5.0%Yb?*) 136.3 + 0.8
d (NaLuF;:20.0%Yb*"/2.0%Ho*" /12.0%Ce**@ NaLuF ;:10.0%Yb3") 184.2 £ 0.6
e (NaLuF,:20.0%Yb?*t/2.0%Ho** /12.0%Ce**@ NaLuF,:15.0%Yb*") 1444+ 0.4
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Enhanced red upconversion fluorescence emission of Ho®** ions
in NaLuF, nanocrystals through building core-shell structure”
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Abstract

A series of the hexagonal-phase NalL.uF,:20.0%Yb*+/2.0%Ho3t /12.0% Ce**@NaLuF:2%Yb3* core-shell (CS)
nanocrystals with codoping different Yb?* ions in the shell is successfully built by a sequential growth process.
The crystal structures and morphologies of samples are characterized by X-ray diffractometer and transmission
electron microscope. With the Yb3** ion concentration increasing from 0% to 15% in NaLuF, shell, none of the
crystal structures, sizes, and morphologies of the samples changes obviously because of the similarity in ionic
radius between Yb?+ and the ions in shell and the low doping concentration. Under 980 nm near-infrared (NIR)
excitation, the NaLuF,:20.0%Yb**/2.0%Ho*"/12.0%Ce?* core nanocrystal produce green and red UC emission.
And the red UC emission intensity is higher than green emission intensity. This is because two effective cross-
relaxation processes happen between Ho3t and Ce3* ions, which results in the enhancement of the red emission.
However, the overall emission intensity of NaLuF,:20.0%Yb3*/2.0%Ho*"/12.0%Ce?** nanocrystal decrease
compared with that of the NaLuF,:20.0%Yb?*/2.0%Ho3" nanocrystal. Thus, to further enhance the red UC
emission intensity in NaLuF;:20.0%Yb%*/2.0%Ho?**/12.0%Ce** nanocrystal, the NaLuF,:20.0%Yb?**/2.0%
Ho3*+/12.0%Ce**@NaLuF ;:2%Yb?*" CS nanocrystal are prepared for blocking the excitation and emission energy,
transmitting surface quenching center and getting more excitation energy through doping Yb?* ions in NaLuF,
shell. It can be clearly seen that the red UC emission intensity of CS nanocrystal first increases and then
decreases with Yb?* ion concentration increasing. Meanwhile, the corresponding red-to-green ratio increases
from 4.9 to 5.6. The highest red UC emission intensity is observed in each of the NaLuF;:20.0%YDb%*
/2.0%Ho%* /12.0%Ce**@NaLuF,:10%Yb* CS nanocrystal because the Ho?* ions get more energy through the
following three ways: 1) Yb** (core)-Ho** (core); 2) Yb3* (shell)-Ho?* (core); 3) Yb3*+ (shell)-Yb3* (core)-Ho?**
(core). Thus, building CS nanocrystals is one of the most effective approaches in order to improve the UC
efficiency by suppressing the non-radiative decay of activators in the core and getting more excitation energy
through different energy transfer ways. These NaLuF,:20.0%Yb**/2.0%Ho*"/12.0%Ce**@NaLuF:Yb* CS

nanocrystals with red UC emission have great potential applications in biological field and multi-primary color.

Keywords: NaLuF, nanocrystals, core-shell, upconversion emission, fluorescent enhancement
4 Yy ) , up )

PACS: 42.70.—a, 78.55.—m, 78.67.—n, 76.30.kg DOI: 10.7498 /aps.68.20190441
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