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SR, FREEiFE 30 min J5, AR, &5, ¥
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1 RIER S ROR AR 25 5 RS L

Table 1. Detailed parameters of medicines for the preparation of the microcrystals by hydrothermal method.

FE kBl /mL  EDTA-2Na/g Re(NO3)3/mL  NaF/mL  NHHF,/mL
NaYF4:Yb3+/H03+/Tm3+ — 0.282 1.50 5.00 6.00
NaYF ;- Yb3* /Erd+ /Tm3+ 0.282 1.50 5.00 6.00

NaYF,:Yb¥/Ho3* /Tm3*@NaYF, 5 0.282 1.50 5.00 6.00
NaYF :Yb3*/Erd+/Tm3+@NaYF, 5 0.282 1.50 5.00 6.00

: Re(NOj)s, NaFFINH HEF AR Y 40.5 mol /L.

() NaYF, oK S A B bl i 2 B PR S o2 1
B, H B T B 2 U LR O .

2.3 NaYF,:Yb3*/Re3*/Tm3+@NaYF,
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Ho ) 52 ok S IR TE K B 268 T LA AMSE A=
AT, HAFEA AR TR S IO AZ I 45 07 %
—3 ¥ EDTA-2Na 5 Y(NO,), fillAF] 20.0 mL %
BT KRR RE 30 min, BEJS A bk i 55 4
% NaYF, : Yb*/Re** /Tm?* (Re = Er®*, Ho’")
MoK, FEIA NaF F1 NH,HF, /K#EBdEE 30 min,
BRI MIRAG, BB E 45.0 mL K2, Jin
E 200 C/RVE 24 b, SEHIMEAE . 7R3 IR T3k
WS, 15200 Ry AR S B RE R A% 5¢ i
KA A AR FEOK A A i 5 TR A S 8
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3 H#ERitb

3.1 BREEHREFR
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Tm* fl NaYF, : 36% Yb?*/1.0% Er’*/2% Tm?*
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T A b UL 380 GO AR B BT A T S 4 5 75 0
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PRIAT SRS 1) 22 2y, L 32 R R B 2 B 1
BRI G R  sk prE 2 el I, R
BB E T SENTE R E TP, HIFRA
i A ZE G S A A8 Ak, TRIINE, AT 335 4 b ORI 24 £k
KARGE T NaYF, 16 e, ot a5 imoK i
PRI SFHIEER BE 4G T, 5 NaYF, : 9% Yb3+/
2% Ho* /2% Tm3* &t NaYF,:36% Yb**/1.0% Er?t/
2% Tm3 CKEEMEL, NaYF, : 9% Yb3+ /2% Ho?+/
2% Tm3* @NaYF, &NaYF,:36% Yb3*/1.0%Er3*/
2% Tm** @NaYF, B5eiUKARRT (100) F1 (110)
TR AT S 5 B B B = T (101) TR, R ARV
[001] SNk 1A Sed MEA: K 20,

K 2 fir s i NaYF, : 9% Yb3t/2% Hod /2%
Tm* Ml NaYF, : 36% Yb%/1.0% Er’*/2% Tm3*
THORAMAR AN SO SEM K], K] 2(al)—
(ad) T ISR B T ] 25 (R FE i 35 R 7S R RO .
H &l 2(c1)—(c4) HeRBERAR AR E AT AT, NaYF,
9% Yb**+ /2% Ho3* /2% Tm3+ FI NaYF, : 36% Yb3+/
1.0% Er®+ /2% Tm* ek AL /35124 13.45 pm
1173 pm, EAR5H 4.73 pm A1 3.95 pm. 42
HEAYEM NaYF, 5¢)2 25, NaYF, : 9% Yb*/2%
Ho** /2% Tm**@NaYF, ) NaYF, : 36% Yb3**/
1.0% Er¥* /2% Tm**@NaYF, B5e ok ke 1K i
23514 15.92 pm 1 14.45 pm, HAR5H1H 5.13 pm
1 5.32 pwm, PO BE RN EAR B3GR R 2
BTy, H SR ) A A R I G b A 1) AR R R
FE, 5E 2 XRD El3E 15 Hr s R —30 BRIZ b,
&l 2(b1)—(b4) Y o0 2 WL B AT LA A8 b 3R
B] Yb, Ho, Er, Tm TR MAEL KL Y TR S &
PIHER, HE— P UE ST A F 1) DR .
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Fig. 1. XRD patterns of NaYF, : 9% Yb3*/2% Ho®*/2% Tm?*, NaYF, : 36% Yb*/1.0% Er®*/2% Tm?** microcrystals and their
core-shell microrods.
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B 2  NaYF 9% Yb*/2% Ho** /2% Tm?**, NaYF, : 36% Yb**/1.0% Er**/2% Tm*+fCk i (4 B HAZ e Ok 19 (al)—(ad) SEM
1%, (b1)—(b4) JTTRMLHSIE, (c1)—(cd) RT3 &

Fig. 2. (al)—(a4) SEM images, (b1)-(b4) element maps and (c1)—(c4) size distribution of NaYF,: 9% Yb3*/2% Ho*" /2% Tm?3* and
NaYF, : 36% Yb3*/1.0% Er**/2% Tm3" microcrystals and their core-shell microcrystals.
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3.2 _LEmBAXAGEE
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Frfor FEIFREIAZE 512 (Commission Internationale
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Fig. 3. Schematic diagram of the confocal microscope spectroscopic test system.
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SRy — 5l

— ¢: NaYF:8%Yb3+ /2%Ho3+ /2% Tm3+
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TE 980 nm OGEA T, BB NaYF, : 2% Yb**/2% Ho*t /2% Tm?*t (z = 6, 7, 8, 9) ORI (a) L7 & 5161, (b) 41

6. SROLFEDE R & SRR, (o) L4k WLk I (d) CIE €& B A 5 ]
Fig. 4. (a) The UC emission spectra, (b) the peak area of the bule, green and red emission intensity, (¢) R/G ratio, B/G ratio and
(d) CIE chromaticity coordinates of single-particle NaYF, : 2% Yb**/2% Ho?* /2% Tm?* (z = 6, 7, 8, 9) microrods under the excita-

tion of 980 nm NIR laser.

2 HA NaYF, : 2% Yb3/2% Ho*t /2% Tmd*(z = 6, 7, 8, 9) ek CIE (4 Ak bR
Table 2.  CIE coordinates of single-particle NaYF, : 2% Yb**/2% Ho" /2% Tm?* (z = 6, 7, 8, 9) microrods.
CIE chromaticity coordinate
Samples
T Y
NaYF, : 6% Yb**/2% Ho*" /2% Tm?*+ 0.3123 0.3824
NaYF, : 7% Yb*+/2% Ho** /2% Tm3*+ 0.3215 0.3456
NaYF, : 8% Yb**/2% Ho*" /2% Tm3*+ 0.3383 0.3932
NaYF, : 9% Yb* /2% Ho**/2% Tm? 0.3284 0.3401

F; 559 (410 nm /475 nm) 48 G BRI 2031,
Bif S b 1T A2 A A3 B AR ANTR] Y38 1k
f, PURL NaYF, : 2% Yb*t /2% Er’t /2% Tm?+
(z = 10—50) WORERRY L34k 0. @i X
DG AT, BRI MU YOI B AR, W
KBERYLL S, WD R A ik BE AR IR 4% Oy — 2, ¥
JeR G, I, T ARBOL LR S, A
6] Yb* B TR 1 A, A 36% YD g
TR B SO G, R I Erd i 1

B AU B S CK R 0 D6 &, &L 5 BR. |
& 5(b) AT, 4 Er*t &R EH 0.5% ¥ = 1.0%
I, 21 g OCHY A S T ARBOA AR . > Erd g
TFHEN 1.0% BF, KB NaYF,, SR B & )
fiF CIE & EEE PG IR, XN A5k (0.3281,
0.3204). & 3 P B AR Erdv e 7B R
NaYF, : Yb*/Er®*/Tm? UK & 5 (B A brfA.

Kl 6(a), (b) k1 980 nm OB A T, HIEkL
NaYF, : 9% Yb* /2% Ho** /2% Tm*@NaYF, &
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7E 980 nm BOGHL KR T, SOk NaYF, @ 36% Yb3/a% Er3*/2% Tm3 (z = 0.5, 1.0, 1.5, 2.0) KRB (a) 1558 R 5,

(b) 2006 SR G B ST A (o) L4k L iS4k L LI & (d) CIE 5 Ak Ar A
Fig. 5. (a) The UC emission spectra, (b) the peak area of the bule, green and red emission intensity, (¢) R/G ratio, B/G ratio and
(d) CIE chromaticity coordinates of single-particle NaYF, : 36% Yb3* /2% Er?*/2% Tm?* (z = 0.5, 1.0, 1.5, 2.0) microrods under

the excitation of 980 nm NIR laser.

# 3 B NaYF, : 36% Yb* /2% Er¥/2% Tm* (z = 0.5, 1.0, 1.5, 2.0) ekt CIE (R AsAR
Table 3. CIE coordinates of single-particle NaYF, : 36% Yb** /2% Er®*/2% Tm?*" (z = 0.5, 1.0, 1.5, 2.0) microrods.
CIE chromaticity coordinate
Samples
z Y
NaYF, : 36% Yb*/0.5% Er**/2% Tm*+ 0.2604 0.3661
NaYF, : 36% Yb**/1.0% Er**/2% Tm?** 0.3281 0.3204
NaYF, : 36% Yb* /1.5% Er*/2% Tm* 0.3216 0.3748
NaYF, : 36% Yb*/2.0% Er**/2% Tm* 0.3018 0.4854

NaYF, : 36% Yb**/1.0% Er**/2%Tm**@NaYF,
FESEROK AR 40 % 5615 Bt Iy 1) & ' R
. AR O EE B 607 NaYF, 15T n, B2
AN TR IR 2T | S R & i B 315
FI A B 1 AN 6(d), (F) s, HBAR &k b om g
A3OMBEGE T 2.73 K 211 5. HE O R EEH T
BTG NaYF, 72 )2 RE 05 2B 1k 3% & /e ) %
THI BB e e, D8/ O 4R S st PR A 2 B2 [WIR, ARl
Kl 6(c), (e) MM AL T A58 SRR LI . OBl

WA SRR AT AL, BH0R NaYF, : 9% Yb* /2%
Ho*t /2% Tm3@NaYF, 4% 7¢ ok A 19 409 |
L RN D' % S i R 48 i L A 5 Ry — B, i R
FNaYF, : 36%Yb*/1.0%Er* /2% Tm* @NaYF,
Lo oK A, £00% . OGN DG =2 1] A St e s 1
SR LR A 22 R L] WL, M e S5 H AN
ICRT ARG RO S AR R T4 O A& S, HoaTiE
A A FE R R R
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N
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I A B
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[
c
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1E 980 nm FOGH K T, AR (a) NaYFy : 9% Yb3/2% Ho?* /2% Tm?*, (b) NaYF, : 36% Yb3*t/1.0% Er**/2% Tm3H# k

P S HABPERZ e S5 ) R 6, (c), (o) 2006 SO e i & SRR AN (d), (f) 3 3mF 4k
Fig. 6. (a)(b) The UC emission spectra, (c)(e) the peak area of the bule, green and red emission intensity and (d)(f) enhancement of
single-particle NaYF, : 9% Yb**/2% Ho*" /2% Tm3", NaYF, : 36% Yb*/1.0% Er*"/2% Tm?*" and its inert core-shell microrods un-

der the excitation of 980 nm NIR laser.

4 LB

K 7(a) A 980 nm OEE A T, Ho*t, Tm?*
K Yb3+ s T 348 4% NaYF, WOk A 18] 1 fE 1%
AR R OTCR ST B . I 7(a) FIAL, Tm®*
N Ho B A& A Bk T4 i B2 A T Yb3
B3] Tm & Ho & F R B i {43, >4 Tm? Al
Ho™ 8§ - UK 5 RE G 43 ) 4 S BRAT 28 RS B L
BF, PR T O (450485 nm) 48 (530553 nm)
T2 2156 (635—660 nm) & 5. & 4(c) 7T A1, 1E
NaYF, : 2% Yb3* /2% Ho** /2% Tm3*(z=6, 7, 8,9)
oK AR, BEE YD TR BE G K, A olker
ZRL S SR e R, RN E R R THE L
Yb* B F 15 Ho*t 5 Tm*+ & F I IUHE 23Uk fig
JiEL. 24 Ho* 5 Tm 8 TR BT 3 2 30& e,
] LA AR i Ho* B F 5 Tm® 8 FREHR Z (]
B A8 i (G (Tm3)+°1g(Ho?t)—3F ,(Tm3*)+
F5(Ho®), CR1) i 2, k1A Al T35 21 0% &
G B3 WP 7(a) BioR. B, Hod 85+ B BRI
L (°Sy/°F4(Ho*) + °I;(Ho*) —°I4(Ho*t)
+°F5(Ho**), CR2) 1 B A3 58 [F A A2 (i Ho®+ 25+

SF5 REGORL 8501 Jm 35 n BY, &b TR RE S A kL —
43 P R W AR e R & K, BB iR L O &
95, M — A MA T EES S CR1 W, 158 Tm?*
BTGy BB DG & S, T B0 S L R
P, BT &R A EAER] Ho®t/ Tm* HB 44K &
SEHH A DL RS

Kl 7(b) 2 Er* 5 Tm #4878 NaYF,
TIOK b AR [R] (Y BB A% 34 | 4 Sk M2 JC 4 S st 740 72
TE NaYF, : 36% Yb*"/1.0% Er3t/ 2% Tm* K
A, 206 (643 —675 nm) KA Er* BFFy
REZL M Tm* ¥ 1G, /°F 5 BE AR ST ERIT 7 A= &%
Jt (535560 nm) A F T Erdt 5119155,/
Hyy o RESAR S BRIT; WL (442466 nm) Kk
H Tm®* & 1 1G,/'Dy REH S Er* 8§ T 2Hy o /'F 7 )
RESEREHIRAT. & 5(c) FI%, 7E NaYF, : Yb3+/
Erd+/Tm* ok b b, Bl Brd gy 7Rk B R,
KR L1455 K 2 Lo 25 52 IS 5 i/ 1)
o HJFENEER T Bt B PR IR Erd
BT5 Yb R T AR ] R RE RS A G (4S5
(Er**) + 2F7o(YD*) = W3 n(Er*t) + 2F5 5(YD™),
EBT) s #4 B, [a]i}, 2ot & A= o T e i Y+

024207-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 2 (2023) 024207

BT T8 T MG L5 0, 0438 3L WOk & A
SH LRI BT, UL, B B T
157 U T P B 3 T ) B R R R A b, 3t
TR R BRE eR b0) 55 1 76 Br+
BT T8 T4 Yo T AR R o B
Y7 BE TR R, RIS T AL AR U 25
TR Y B B PRI, B B TS T
B T2 5 LA (1 (T ) 41,5 5 (Er)

(a)

3K7,°Gy

—3F (Tm?*)+1Fyg o(Ert), CR3) % A W A7 3 4 ik
T Tm B 1Gy BE R R0 (A5 K
SR GINES, Wak U2 FEAR 2 1 Exd 2+ H &
Z I 32 SR R (1S5 )0(Br® )+ 11,5 o (Br*t)—
Foso(Er*") +11;, o(Er®), CR4A ) WIRTARIEINF, )y
RE AR T80 e, Al T EBT i # 5 CR4 Z[A]
58 4 U AT S B L LR LU RO ], T S8 T

SRS AR,

NaYF4:Yb3+/Ho3t /Tm3+

5G X,
980 nm 5Giy &7, e
E=—" % !
3K, F2,°F3 4 / @&/ Ga
5F4,5S .
5F5 ". f
%4 3
ol '-3‘ 67’5 353
5] ETL 5 *
° "‘2F5/2. 2
<t

516

517

[} ®
Tm?+ Yb3+ Ho3t Surface 51
quencher &
b
(b) NaYF4:Yb3+/Er3+/Tm3+
1Gyg/a.7, - o 4 1D,
Ko \ET5 -
980 nm Gu Oy ‘ET9
2Ho/2 2 “\‘- !
1
2
Fa o =T A — G
F. 5 . 1 g
i 7 WAoo p/ETs | [R]E ]S
P L ET3% By . 2| )
3/2 (%) = < | < %)
Fy/2 - = 2-~ \4 .:'1" /‘ ¥ Bis

To/a

1)

y3/0

° ° o K

Tm3t Yb3t Er3t Surface
quencher

Bl 7 ££ 980 nm HOLE A T, (a) NaYF, : Yb¥ /Ho?t/Tm?* K& (b) NaYF, : Yb3t/Er¥t/Tm3+3 15 7k 5 1Y it f £5 128 K H v A A0 BR

AL

Fig. 7. Energy transfer and possible transition mechanism of (a) NaYF, : Yb3"/Ho*/Tm?*" and (b) NaYF, : Yb**/Er**/Tm?* co-

doped systems under excitation of 980 nm NIR laser.
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Fig. 8. (a)(d) The UC emission spectra, (b)(e) the peak area of the bule, green and red emission intensity (insets show the corres-
ponding R/ G ratio, B/ G ratio) and (c)(f) pump power dependences of single-particle NaYF, : 9% Yb?**/2% Ho** /2% Tm?**, NaYF, :

36% Yb3*/1.0% Er**/2% Tm?3*.
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Fig. Al. (a) The UC emission spectra, (b) the peak area of the bule, green and red emission intensity, (¢) R/G ratio, B/ G ratio of
single-particle NaYF: 2% Yb3t/2% Ho** /2% Tm?* (z = 5, 10, 15, 18) microrods under the excitation of 980 nm NIR laser.
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Fig. A2. (a) The UC emission spectra, (b) the peak area of the bule, green and red emission intensity and (c¢) R/G ratio, B/G ratio
of single-particle NaYF,:2% Yb3* /2% Er?t/2% Tm3*(z = 10, 20, 30, 40, 45, 50) microrods under the excitation of 980 nm NIR laser.
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Upconversion white-light emission luminescence
characteristics based on single-particle NaYF, microrod”

Gao WeiT Shao Lin  Han Shan-Shan  Xing Yu  Zhang Jing-Jing
Chen Bin-Hui  Han Qing-Yan  Yan Xue-Wen
Zhang Cheng-Yun  Dong Jun'
(School of Electronic Engineering, Xi'an University of Posts & Telecommunications, Xi’an 710121, China)

( Received 10 August 2022; revised manuscript received 4 October 2022 )
Abstract

White upconversion (UC) luminescent materials have shown incomparable advantages over other light
sources in the fields of solid-state lighting, liquid crystal display, and bioimaging, and received extensive
attention from researchers. In this work, a series of microcrystals doped with different ion concentrations is
synthesized by hydrothermal method, such as NaYF,: Yb3"/Ho**/Tm?** and NaYF,: Yb3'/Ho**/Tm?t, and
their corresponding micron core-shell (CS) structures are constructed based on epitaxial growth technology. The
structure and morphology of the prepared microcrystals are characterised by X-ray diffractometer (XRD) and
scanning electron microscope (SEM), showing that the microcrystal has a pure hexagonal-phase crystal
structure with a rod-like shape. Under the excitation of 980 nm near-infrared laser, the white UC luminescence
characteristics of Ho**/Tm?* and Er®*/Tm?* co-doped single-particle NaYF, microcrystals are systematically
studied by modulating the concentration of the doping ions. The study shows that in Ho3*/Tm?* co-doped
NaYF, microcrystals, white UC luminescence can be easily achieved by modulating the concentration of Yb3*
ions, while in the Er?*/Tm3" co-doped NaYF, microcrystal, the white UC luminescence can be effectively
achieved by modulating the concentration of Er** ions. According to the luminescence characteristics of the
microncrystals in different doping systems, the physical mechanism of white light emission regulation is
revealed, which is mainly due to the interaction between the doped ions, including cross relaxation (CR) process
and energy back transfer (EBT) process. Meanwhile, an effective enhancement of the white UC luminescence on
CS microrod is achieved by coating the NaYF, inert shell. Therefore, ion doping technique and the construction
of CS structure can not only realize the white UC luminescence of microrods, but also provide important
experimental reference for further enhancing the luminescence characteristics of microrods, and expand the
applications of microcrystals in the fields of display, optoelectronics and anti-counterfeiting.

Keywords: white upconversion luminescence, micron core-shell structure, ion doping, single particle,

luminescence mechanism
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