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Fig. 1. XRD spectra of undoped ZnO and ZnO:Nd**/Yb3* flower-like hierarchical
microstructures (a); the inset shows enlarged images of the (100), (002), and (101) peaks; (b)

Raman spectra.
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Fig. 2. (a) XPS full scan spectrum of ZnO:Nd3"/Yb?" flower-like hierarchical microstructures,
high-resolution XPS spectra of (b) Zn 2p; (c) O 1s; (d) Nd 3d; and (e) Yb 4d peak
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Fig. 3. SEM images of ZnO:Nd**/Yb?" flower-like hierarchical microstructures at (a) low rate;
(b) medium rate; (c) high rate and (d) EDS energy dispersive spectrum
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Fig. 4. (a) diffuse reflection spectra of undoped ZnO and ZnO:Nd*/Yb** flower-like

hierarchical microstructures; (b) upconversion luminescence spectra of ZnO:Nd**/Yb** flower-like

hierarchical microstructures under 980 nm laser excitation
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Fig. 5. (a) the relationship between the ZnO:Nd**/Yb3* upconversion luminescence spectrum

and excitation power under 980 nm excitation(Laser power: 0.5 W-1.2 W; corresponding power
density: 5 W/cm?-12 W/cm?); (b) the dependence relationship of Log/ on LogP for the emission
peaks of 540, 601, 661, 756 and 806 nm.
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Fig. 6. excitation and emission mechanisms of Nd** and Yb3" (Aex =980 nm)
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Fig. 7. (a) temperature-dependent three-dimensional emission spectrum of ZnO:Nd**/Yb**
under 980 nm excitation; (b) temperature-dependent relationship of emission peak intensities of
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(R RIVE . — D7, IR ORI A RS S B T K, O E
B2 (R R E R PR AL T AN, BAOR T, Y] N&* I RE B AL B A7 —
JE IR R, THEFTIHUK B SRS IR B 16 I Re SO 4 e 22, M dem 1 Re
R BN, (R 2 N T HA 808 =B g ab kg, 55—, i
6 I TP i #%, BEA&IRFEN &, RS Bk sl IS FREE, 1EmRe
G AT B E RN, X TP NS A JE AR AR T A R B AL L0 Ak 756
nm F 806 nm A FTWEREIRTT T 5 2 B4, 0 7 HXT B 1Y) B KT A
K, AUk T I A4 870 nm Kb B8 SR ERIE M A5 15 5L R S5 0 55k o 2 L 11 7
e 7 AR 7921,

NA* [ 4S30+4F72 M1 2Hon+*Fsn BE R FIRE K 2 40 T HIR & s M IERI N (200
~2000 cmD) , EAEPEIRZZ 2o AR, HEtEHBMESRAELEBELR

[53,54].
AE = Bexp| - AE (2)
kgT kg T

Horp Nd* & T 1 756 nm(*S32+*F72—>*192) 40 F1 806 nm(?Hopo+*Fsin—>*1on) Ak K
WHETREE N B LA [ RoR, Ay o g SRR BT R . AR f iR
CL R AH N, B8 2 167 - BE, 4S30+4F 72 B 2Hopn+4Fsp e < A RER 22 H A E o, 3R
252 R ke R, AR T RoR

FIR = I _Aog exp(—
I Ajog,

J

0.45 0.10
(@) ©  I156 o T506 nm (b? 2L o ——S
0.40 F — FIR=2.65exp(-1069.20/T) ’ \ . arr
035 | R*=0.98 " 0.08
1.0 \
0.30 F B Y
% 025F 0.8 \0 : 0.06
z = Xe o
020} o o, A
. = -y
0.6 P 9.
- N 0.04
0.15 - ™~
l/ 0\0
0.0 f 041 o s W
o 40.02
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1 1 1 1 1 1 0.2 1 1 1 1 1 1
300 350 400 450 500 550 600 300 350 400 450 500 550 600
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1 8 (a) FIR(I756 nn/Tsos nm) AR J5E PR A8 18 SRR S LA B T 255 (0)Se(Z2 I\ A S S T(A7 I 20
it B R B2 AR AL R 5% AR 2k
Fig. 8. (a) experimental temperature-dependent values of FIR(I756 nm/I306 nm) and their fitting
curves; (b) relationship curves of S; (left vertical axis) and & T (right vertical axis) for FIR(I7s6

nm/[306 nm) VETsus temperature

i 8(a)& il T FIR(I756 nm/Is06 nm) FE IR FE AR I Bl 2800 R &, G i~ & 45
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RELF, PEER)EIEL 0.98, HEARXUT:

FIR = 2.65exp(-1069.20/T) 3)
FEXT REGSE S i &6 F MR R ) SR bR, Hoat 5 A =l R iss-sel;
1 OFIR
e 4)
FIR 0T

Kl 8(b) 7R 1TSS B S BE UGB AR a3 B R B T =, SeIELEMT T B4
7F 298 K I iA 2 f KM 1.20% K.
Bk Se b, WRE SRS DR VEATIRMEHEREN 5 — KBS HL BB TH
BERE 2> 0 S/ N AR, 5 A = B
57— L OIR
S, FIR
AEXT AN E BE 6 FIR/FIR U TR R A5 e L. ASLIGFT A FLS 1000 Y
IV E T AP AZAE IR HIAE 0.03%. FET St 5gs R, HE—PHBH T Is6 am/Ts06 nm
FEE RS 23 8 T, anE 8(b)For, 1% R EAE 298 K I B S &% /)ME 0.025 K, i
FE 5y HEAE I €1, RIH ZnO:Nd/Yb¥ FEHR 73 R AHCK 45 44 BT BE RGN B4 38, P AR AL A
T2 H s LB 2R

®)

0.8 - ® 1756 nm/1806 nm
—— Ln(FIR)=0.99-1069.20/T

R*=0.96

-1.0

-1.2

-1.4

-1.6

Ln(FIR)

-1.8 F
-2.0

-2.2

2.4

_2.6 L 1 L 1 L L 1
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10007/ K!

B 9 Ln(FIR(I756 nm/ 306 nm)) -5 248 %58 ek FEE 480 B0 ARG 1 0% 2R
Fig. 9. the dependence relationship between Ln(FIR(1756 nm/I306 nm)) and the reciprocal of the

absolute temperature

Ln(FIR)5 T )2k 2 30 R B8
AE

In(FIR)=InC- (6
ke, T

K 9 JE/R T In(FIR)MZ MR & 2R, #1583 RN 1069.20, #iEEA 0.99
A FE R2IEE] 0.96. B HHEST HH Nd> 1) 4S32+4F72 1 2Hopo+4Fs/2 RELK 2 18] 1 5 B
AE 2178 74312 ecm™, 5 CVF B R R IRGEE A FFP28, | T A 5 e ) iR R sk
200 em!, WA T AR R GF BI6IE o FEREME, A2 DL ks BRI K.

T HIE Ge HRAF T R LR, ZnO:NE/Yb 8L 1 I35 14 5E 52 L AEBR
SRR RRBX — R R AREEN T R, 5K % NTCL &
(*S32+*F72/2Gont*Grr 5 MHont*F 50/ *Gon+*Grr), MLISHEL (8] B H 2000 cm™!, 3¢
IR% 2 EARAHIEHN, R Struck 1 Fonger PP
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I = Ly ()

1+ Cexp[— kN;J
B

Hodr, o N RR ISR E, [ SN ERE X NAE; C EMNE RS K
MRS A RITE S, AE F8390 MBERFT HIREZ 2. B, FIR BE T 1124840k
RUF:

, AjeXp(_ kJTj AE
FIR="1= B £ =M+ Nexp| ——— ®)
I E, kT
Y1+ dexpl ——=
ks T

I LA L 70 2R AR SR U 1 AR S U6 BRSSP, MU N Ol &
%

5.0 0.025
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or 35t
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=
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110 (a) FIR(I756 nm/Isa0 nm) FETE FE AR5 SIBGHEL A AU G #H 25 (B)FIR (1756 nn/ I540 1) ] Se(E
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Fig. 10. (a) experimental temperature-dependent values and their fitting curves for FIR(I7s6
nm/I540 nm); (b) relationship curves of S; (left vertical axis) and 6 T (right vertical axis) for FIR(I7s6
nm/I540 nm) versus temperature; (¢) experimental temperature-dependent values and their fitting
curves for FIR(I306 nm/I540 nm); (d) relationship curves of S; (left vertical axis) and 8 T (right vertical
axis) for FIR (/306 nm/I540 nm) VErsus temperature.

] 10(a) 1B 10(c) A I756 nm/I540 nm FH Igos nm/Isa0 nm BE I FE AR IC Z . AR 7 F2
HATI S

FIR =0.08+20119.29exp(-4170.43/T) ©)

FIR =1.11+8326.83exp(-3178.50/T) (10)

e AR H AR R LA TS, 153 Irs6 nm/Is40 nm A Is06 nm/ 520 nm ¥ Se Bl 15 E

AR 2 an 8 10(b)FTET 10(d). BEE I BT, ScAE SRS, 75 298 K R, St
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B NAE 53 4.70% K F13.58% K1, AT K 2 40 D& 1 Nd>/ Y 2354k R O
EE LR 1) . H SAETHEAF H 56 nm/I540 nm A1 T306 nm/Isao nm U FE 73 HEZ (K] 10(b) f2
K 10(d)), #I6 T &A%k 0.0064 K 5 0.0084 K, JEILH AL FAPERE. X FEIHE T
HACKR A FHCREE M R R ST B 15 4451 R IR R, 1X L Eh G 550 7 BT
A A EAER, (5455600 Ll BE IR A AR AL iy 9 58 o R, T+ 7 #48L
(DR B PR 2R A g (00011,

LT TCL 5 NTCL ¥ FIR iX P Fh il JE AL R BE A 45 5, 1Z M RLRERS 75 58
R VU B P SE B R U S E R HETh e A L A . FL 298~573 K () B IR
X7 i | NARA R B Va5 2 AR R S Ak () B LKL R, % RHE T
TR Rz H &, B A FHE N AR iR E . s R Bk
1% 5B LR R G0 B JR SRR . 122 XU X 2 R 7 S 1 e R
PRI E AT SRV, SR AR T B AR R I R A T — i g o102,

1 NA/YO B A AR B BB B O6 22 IR A BE Xt b
Table 1. comparison of optical temperature measurement performance of Nd**/Yb3* doped in

different matrix materials

N YO AR TR BT wppmx  OREREE sy
CaWOq, 4F3n/*Fap 303-773 0.36 [21]
Y203 *Frnl*Grn 423-773 2.30 [52]
LaPOs 4Fsp/*Fap 273-513 3.51 [63]
La;03 “F1n/*Fsn 293-1233 1.56 [64]
BisTiz012 *F70/*Fsn2 323-573 1.20 [26]
Zn0O 4F7/*Fspn 298-573 1.20 A
ZnO 4F10/*Grn 298-573 4.70 VNS
ZnO *Fs/* G 298-573 3.58 AR
4 % #

A SR B A B A R 2 B R D A T B AR A R AR 2
1] ZnO:Nd>*/Yb3 622 ME A4 B, XRD. Raman. XPS & EDS £ Fi R AFIEST T &Y
REERAJE T 75T 6l &R, BRCERI NG YO B T35 243 2 ZnO £ 5 5is 4,

HBARTEALINIRIN, FRASGERY R N — A RO [ AR S I 2 AN 9052, AN 32
N AT BN =GR IR &Rk, H S B9 298 3~4 um. 1
980 nm POGIEKR T, FEME 540, 601, 661, 756, 806 % 870 nm it T35 5 3
FRAEIWE, XSRS AE IG5 T & T N3 1 4 Pl NI B TR, & 7 ASFEEA
T B TN RE S ) _ R e R e e, ARIE R R SR IR 2 AR R,
i RO G R BT A, BEMARRE T RO OEHLEE. A AR iR I
3, BEERERIT R, ASE RS0 2 18] 23 AN R A #OR KAT N, HEHAEH T
W EE T G o B LU G MR IR 2%, 1 F &, FEAIE TR S AE R &
BE 20 19 Y 5m P E AR RAEBUE 20 il ik 1.20% K. 4.70% K- fll 3.58% K. JER
T A BHE U O 2R AU S 145 5 2 R RE 0 A Er IR R R, IR SRR
A I I AR R4 B I 5
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Abstract

In this work, flower-like hierarchical ZnO:Nd*"/Yb*" microstructures

were successfully synthesized via a direct current arc plasma discharge

method, using Zn powder, Nd>Os3, and Yb,Os3 as starting materials in an

oxvyvegen atmosphere. The crystal structure, phase purity, and vibrational

properties were systematically investigated by XRD, Raman spectroscopy.,

and XPS. all of which confirm that the products crystallize in the

hexagonal wurtzite structure with no detectable impurity phases. The

observed slight shifts of diffraction peaks toward lower angles, along with
the XPS signals of Nd 3d and Yb 4d core levels, evidence the successful

substitution of Zn?' lattice sites by the larger Nd*" and Yb?*" ions. SEM
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observations reveal a distinctive three-dimensional  hierarchical

morphology, in which each flower-like microstructure (=~3~4 um in size)

consists of multiple radially grown branches, and each branch is

assembled from closely packed nanorods of varying diameters. This

unique architecture provides a large specific surface area that is expected

to facilitate efficient energy transfer and enhance upconversion

performance. Under 980 nm laser excitation, the samples exhibit

characteristic UC emission peaks centered at approximately 540, 601, 661,

756, 806, and 870 nm, all arising from intra-4f transitions of Nd3" ions.

Power-dependent UC measurements demonstrate that the emissions at 540

nm and 601 nm involve two- to three-photon processes, the 661 nm and

756 nm emissions are dominated by two-photon processes, and the 806

nm near-infrared emission shows a mixed one- and two-photon behavior.

An interesting phenomenon is observed in this system: the visible

emission intensities are significantly stronger than the near-infrared

emissions, which is opposite to most previously reported Nd>*/Yb?"

co-doped materials. This intensity reversal is attributed to a

cross-relaxation process (*Fzn+*Fzn = 130+ (CGont+*Gy)) that consumes

population on the *Fz» level while populating the higher-lying emitting

states, thereby enhancing visible emissions at the expense of NIR

emissions. Temperature-dependent luminescence spectra were recorded

over a wide range from 298 K to 573 K. As temperature rises, the visible

emissions and the 870 nm NIR emission gradually decrease in intensity

due to thermal quenching, whereas the 756 nm and 806 nm NIR emissions

exhibit an anomalous increase, which is ascribed to phonon-assisted

energy transfer and thermal population effects. Based on these distinct

thermal responses, dual-mode optical thermometers were constructed

using the fluorescence intensity ratio technique. For the TCL pair
composed of (4S3/2+4F7/2) and (2H9/2+4F5/2), the FIR(1756 nm/Is06 nm) follows
the Boltzmann distribution, vielding an energy gap of approximately 743

cm’' and a maximum relative sensitivity of 1.20% K-!' at 298 K. For the
NTCL modes, using the pairs of (*Sspt*F7n) vs. (?Gopt+*Gzp) and
(PHopt*Fsp) vs. (?Gopt*Gyp), the FIR values are well fitted by the
Struck-Fonger model, and the corresponding maximum relative
sensitivities reach 4.70% K-' and 3.58% K-, respectively, with

temperature resolutions as low as 0.0064 K and 0.0084 K. These figures
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of merit compare favorably with those of most previously reported

Nd3>"/Yb3" co-doped systems. The exceptional thermometric performance

is mainly attributed to the abundant defects introduced by large-ion

doping in the hierarchical microstructure, which enhance electron -

phonon interactions and make the FIR response more sensitive to

temperature variations. The combination of TCL and NTCL strategies

within a single material not only overcomes the spectral overlap and

sensitivity limitations inherent in conventional single-mode thermometry

but also provides self-calibration capability and reliable signal readout

across a broad operational temperature range. These results demonstrate
that the ZnO:Nd>'/Yb3" flower-like hierarchical microstructures are

promising candidates for practical non-contact optical thermometry

applications in complex environments, such as biomedical thermal

monitoring, microelectronic  device diagnostics, and microfluidic

temperature sensing.

Keywords: ZnO, upconversion luminescence, Optical temperature measurement,

Fluorescence intensity ratio
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