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Abstract: Lanthanide-ion-doped upconversion luminescence is limited by the small absorption cross-section
and narrow absorption band of lanthanide ions, which results in weak luminescence. Recently, a dye-sensit-
ized method has proven to be an effective strategy of increasing upconversion luminescence. However,
simply attaching dye molecules to nanoparticles with classic Yb-doped nanostructures cannot effectively ac-
tivate the sensitizing ability of the dye molecules. In response to this problem, we designed Nd-sensitized
core/shell/shell (NaYF,:Yb/Er (20/2%)@ NaYF,:Yb (10 %)@ NaYF4:Nd (80 %)) nanostructures, compared
with the classic IR-806 sensitized NaYF,:Yb/Er nanostructure, their upconversion luminescence (500 to
700 nm) was approximately enhanced by a factor of 38. Through analysis of the nanostructure’s emission and
luminescence lifetime data, the enhancement was confirmed by the effective overlap of Nd absorption with
the emission of near-infrared dye molecules and the protective effects of the shell structure on the lumines-
cent center (the lifetime of Er (*S;,—*1;5,) was increased by 1.7 times). In addition, we found that the dop-
ing Yb*" in the outermost layer will decrease the dye-sensitized luminescence intensity. Furthermore, this Nd-
sensitized core/shell/shell structure also achieved enhancement in the sensitized upconversion luminescence
of the luminescence centers of Ho and Tm, which establishes a foundation for enhanced dye-sensitized up-

conversion luminescence.
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In spite of the above wide applications, the fur-

I Introduction ther practical application of the up-conversion lu-

) - ) minescence generated by the doped rare earth ions
Due to the unique electron transitions in 4f o ) ) ) )
. has been limited by its low luminous intensity. How
electron configuration and between 4f and 5d, rare
) . ) to enhance the up-conversion luminescence has al-
earth ions can generate the photon radiation of vari-

b t problem to be solved i -
ous wavelengths from ultraviolet, visible light to in- Ways been afl urgent probiem 1o be sotved I up

frared light"?. The Up-Conversion NanoParticles
(UCNPs) doped with rare earth ions have the char-
acteristic of converting two or more low-energy
near-infrared photons into a high-energy photon. In
particular, the photon emission generated by UCN-
Ps has the advantages such as narrow spectral band,
resistance to bleaching, and low background noise®.
This up-conversion luminescence induced by near-
infrared light has been applied in many fields, such
as super-resolution imaging, fluorescent labeling,
photodynamic therapy, and optical anti-counterfeit-

ing**,

conversion luminescence research. In recent years,
the techniques such as core-shell nanostructure™,
plasma field-enhanced luminescence"” and dye-
sensitized luminescence!"!! have realized the en-
hancement of up-conversion luminescence intensity.
In particular, the study of dye-sensitized lumines-
cence has not only enhanced the intensity of up-con-
version luminescence, but also broadened the excit-
ation range of up-conversion luminescence. Instead
of the rare earth ions with weak absorption (absorp-
tion coefficient: 0.1~10 M cm™), near-infrared

dyes (absorption coefficient: 1000~10000 M cm™)
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have been used to absorb near-infrared light so as to
realize the up-conversion luminescence enhanced by
sensitization. However, the iterated integral of most
of the near-infrared dye emission (800~900 nm) and
the Yb absorption in the classical Yb-sensitized
doping system (950~1,000 nm) is small, thus limit-
ing the enhancement of dye-sensitized up-conver-
sion luminescence. Furthermore, Nd/Er-ion sensitiz-
ation system has been designed as the recipient of
dye sensitization"*"¥ to achieve more effective en-
hancement of dye-sensitized up-conversion lumines-
cence. It is in recent years that Nd**-sensitized up-
conversion luminescence system has been deve-
loped. Especially, its partitioned doping strategy can
realize efficient up-conversion luminescence!*'®,
However, the dye-sensitized Nd-ion doping system
usually adopts the optimum structural design of Nd-
sensitized up-conversion luminescence. Consider-
ing that the dye will interact with rare earth lumines-
cence system in the dye sensitization process to
weaken the luminescence!”, the design and optimiz-
ation of dye-sensitized Nd-doped up-conversion lu-
minescence system will be more effectively applied
in biochemical analysis, tumor diagnosis and treat-
ment, luminescence display and other fields'"***.

In this paper, Nd-sensitized core/shell/shell
structure was designed as the recipient of enhanced
dye-sensitized up-conversion luminescence. The
Nd-sensitized core/shell/shell structure was success-
fully prepared by high-temperature thermal decom-
position, and then was coupled with the dye IR-806
molecules to enhance the intensity of dye-sensitized
up-conversion luminescence. The related structural
characterization confirmed the successful prepara-
tion of this nanostructure. The enhancement mech-
anism behind it was further studied through the ana-
lysis of emission spectrum and fluorescence life-
time spectrum. Meanwhile, by optimizing the dop-
ing concentration of Yb ions in the outermost shell,
the intensity of the dye-sensitized up-conversion lu-
minescence without Yb doping proved to be the

strongest.

2 Experiment

2.1 Experimental materials

The experimental materials include ytterbium
chloride (YbCl;-6H,0, 99.99%), yttrium chloride
(YCl;3-6H,0), erbium chloride (ErCl;-6H,0), sodi-
um hydroxide (NaOH, 98%), ammonium fluoride
(NHF4, 99.99%), IR-780 iodide (99%), 4-mercapto-
benzoic acid (99%), 1-octadecene (ODE), oleylam-
ine (90%)(OM) and oleic acid (90%)(OA), all of
which were purchased from Sigma-Aldrich. Accord-
ing to the reference [14], Nd(CF;COOQO); was ob-
tained through the reaction between Nd,O; powder
and excessive trifluoroacetic acid and then remov-
ing the remaining trifluoroacetic acid by evapora-
tion. Ytterbium trifluoroacetate (Yb(CF;COO);), yt-
trium trifluoroacetate (Y(CF;COO);) and sodium
trifluoroacetate (CF;COONa) were purchased from
GFS Chemicals. Dichloromethane,

ane and dimethyl formamide (DMF) were pur-

trichlorometh-

chased from Beijing Chemical Works. All the chem-
ical reagents were of analysis purity.
2.2 Synthesis of up-conversion nanoparticles
The core-shell-shell up-conversion nanostruc-
ture is fabricated based on the published chemical
process!'*"l Firstly, synthesize the core structure.
Dissolve YbCl;-6H,O (0.1 mmol), YCl;-6H,0
(0.39 mmol) and ErCl;-6H,0 (0.01 mmol) in a
three-mouth flask containing 3 mL OA and 7.5 mL
ODE. Heat the mixture to 150 °C for 30 minutes,
and then cool it to room temperature under the pro-
tection of argon. Then, dissolve NH4F (2 mmol) and
NaOH (1.25 mmol) into 5 mL methanol, add the
mixture to the above three-mouth flask with rare
earth salts, and heat it to 70 °C to remove methanol
and then heat to 300 °C for 1h. Then, add 0.25 mmol
NaYF4:Yb (10%) active shell to ODE (synthesized
by trifluoroacetate process) and then add to the
above mixture for 10 min curing. Then, add 0.5 mmol
NaYF,4:Nd (20%) active shell (synthesized by tri-
fluoroacetate process) and cure it for 10 min. Fi-

nally, cool the solution to room temperature, centri-
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fuge it with ethanol, and dissolve it into 6 mL tri-
chloromethane. The core-shell-shell up-conversion
nanostructures doped with different rare earth ele-
ments were all synthesized in the similar way.
2.3 Synthesis of IR-780 molecules

Similarly, dissolve organic IR-780 molecules
(250 mg), 4-mercaptobenzoic acid (115.5 mg) and
DMF (10 mL) in a 50-mL three-mouth flask under
nitrogen protection according to the Ref. [11]. Then
keep the mixture under nitrogen protection for 17 h.
Filter the product solution with 0.45 um PTFE and
remove DMF through reduced-pressure distillation.
Then dissolve the residue into 5 mL dichlorometh-
ane, filter the mixture again with 0.45 pm PTFE and
precipitate it with ice ethyl ether. Finally, filter and
dry the reactant under vacuum, and keep it in dark
place.
2.4 Synthesis of IR-806 molecules

In the similar way as Refs. [8], [17], dissolve
1 mL IR-806 (x mg/mL, x = 0~20 mg/mL) into tri-
chloromethane, and mix it with 1 mL B-NaYF,:Yb/
Er(20/2%) @ NaYF4:Yb (10%)@ NaYF4:Nd (20%)
nanoparticles (Er’": ~1.67 mmol). Stir the entire re-
action mixture for 24 h at room temperature, centri-
fuge it, and redisperse it into 1 mL trichlorometh-
ane. Test the up-conversion spectrum of IR 806-
sensitized UCNPs under the Er’" concentration of
about 16 pmol.
2.5 Experimental characterization testing

Transmission Electron Microscope (TEM) was
tested at 200 kV by use of Tecnai G2 F20 S-Twin
electron microscopy. X-ray diffraction (XRD) test
was performed on Rigaku D/Max-2000 by using Cu
Ka radiation (A=0.1541 nm) as diffraction radius.
Absorption spectrum was tested on a Maya 2000
spectrometer (Ocean Optics). The up-conversion
spectrum was recorded by an externally coupled
808 nm laser on an ocean optical spectrometer
(Maya2000). Energy Dispersive Spectrum (EDS)
analysis was characterized by Hitachi S-4800. In the

fluorescence lifetime test of up-conversion lumines-

cence, 500 MHz TDS 3052 was used as the excita-
tion light source, and the fluorescence lifetime data
was obtained through an OPO (Sunlite 8000) and an

oscilloscope.

3 Experimental results and discus-
sion

3.1 Morphology and characterization of nano-

particles

The highly uniform Nd*'-sensitized core-shell-
shell (NaYF,:Yb/Er (20/2%)@ NaYF,:Yb (10%)@
NaYF,:Nd (80%)) UCNP structure was successfully
prepared through high-temperature thermal decom-
position. The TEM photo showed that the UCNPs
were in uniform size. As shown in Fig. 1, the
average sizes of core (NaYF4 Yb/Er (20/2%),
denoted as “C”), core/shell (NaYF,:Yb/Er (20/2%)
@NaYF,:Yb(10%), denoted as “CS”) and core/shell/
shell (NaYF4Yb/Er (20/2%)@ NaYF4Yb (10%)
@NaYF,:Nd (80%)), denoted as “ CSS” ) were
23.5 nm, 26.3 nm and 33.6 nm, respectively. This
increasing size confirmed that an Yb transition
layer of about 1.4 nm and a 3.7 nm Nd-sensitized
nanoshell layer were gradually growing on the
NaYF,4: Yb/Er nano-core. The Fig. 2(a) shows that
the UCNPs have a classical hexagonal phase struc-
ture (JCPDS-16-0334). The EDS confirmed that Nd,
Y, Yb and other rare earth elements were effect-
ively doped into the nanoparticles (Fig. 2(b)). Fur-
thermore, we synthesized the IR-806 molecule ac-
cording to the reference method (Fig. 2(c)). As seen
from the absorption diagram (Fig. 2(d)), its absorp-
tion peak shifted from 780 nm to 806 nm, which
confirmed the successful synthesis of IR-806 mo-
lecule. Furthermore, the IR-806 molecules was
modified to the surface of UCNPs according to the
above method. As shown in Fig. 2(d), after an IR-
806 molecule was modified to UCNPs, the absorp-
tion peak of the UCNPs was masked by the absorp-
tion spectrum of IR-806, thus confirming the suc-

cessful modification of dye molecule to UCNPs.
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3.2 Confirmation and discussion of dye-sensit-
ized enhancement mechanism

As shown in Fig. 3(a), the up-conversion lu-
minescence intensity of the dye-sensitized CSS
structure proposed in this paper is about 38 times
stronger than that of the classical IR-806-sensitized

NaYF4: Yb/Er (20/2%) nanoparticle reported at the

earliest!"'!. This proves that the dye-sensitized struc-
ture has achieved the enhancement of up-conver-
sion luminescence intensity. In addition, under the
excitation of 808 nm near-infrared light, the intensit-
ies of both the up-conversion red and green light
emissions of dye-sensitized CSS structure were non-

linearly dependent on excitation light power (Fig. 3
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(b)). The corresponding multiphoton indexes were
1.67 (540 nm green light emission: *S;3,—"1;55)
and 2.0 (655 nm red light emission: ‘Fg;,—*1;ss).
Therefore, the luminescence of this structure proves

to be nonlinear up-conversion luminescence.
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Fig. 3 (a) Up-conversion luminescence (UCL) spectra of
IR-806-sensitized CSS structure and IR-806-sensit-
ized core structure under 808 nm excitation
wavelength; (b) log-log plots of the UCL intensity
versus laser power for the IR-806 dye-sensitized
CSS under 808 nm excitation
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According to our analysis, the outermost layer
of CSS nanostructure is Nd**-doped shell, where Nd
can be sensitized by IR-806 molecules efficiently
due to the serious overlap between the Nd absorp-
tion and the emission of IR-806 dye molecules, as
shown in Fig. 4(a) (Color online). On the other
hand, the nanoshell in CSS structure can effectively
protect the luminescence center. As seen from

Fig. 4(b) (Color online), the luminescence lifetime

of Er (253 ps) in the dye-sensitized CSS structure
was significantly longer than that of Er in the dye-
sensitized core nanoparticle (146 ps) or core nano-
particle (169 ps). In other words, the luminescence
lifetime of Er has increased by 1.73 times and 1.50
times, respectively. Thus, it is proved that the
nanoshell can insulate the luminescence center from
the external interference environment so as to guar-
antee a long life of the luminescence center. It is
worth noting that although the designed dye-sensit-
ized Nd**-doped nanostructure has a better excita-
tion wavelength near 800 nm, but NaYF,:Yb/Er
(20/2%) nanoparticles can only be excited by 980 nm
wavelength. As shown in Fig. 4(b), the exicitation
wavelength was 980 nm, not the conventional 808 nm
wavelengh. Furthermore, the Fig. 4(c) shows that
the luminescence life of CSS nanostructure remains
unchanged whether dye molecules are connected or
not. This further proves that the nanoshell can ef-
fectively prevent the interaction between the lumin-
escence center and the external environment, thus
enhancing the up-conversion luminescence

The difference of Nd** sensitization system lies
in the fact that its outermost nanoshell is doped with
only Nd*' ions, rather than the previously reported
Nd-Yb ions"®. This structural design is based on the
results of our experiments. As shown in Fig. 5, with
the increase of Yb**-doping concentration in the out-
ermost layer, the up-conversion luminescence in-
tensity of dye-sensitized CSS structure will gradu-
ally decrease. According to our previous research of
dye-sensitized rare earth up-conversion nanosystem,
the excitation energy absorbed by dye needs to be
gradually transferred to the internal luminescence
center''”. In this process, the energy loss in the mi-
gration of excitation energy to the surface is very
heavy. The doped Yb*" ions are likely to transfer the
excitation energy to the surface® 2%, thus reducing
the excitation energy transferred to the interior and
weakening the up-conversion luminescence. There-
fore, the strongest dye-sensitized up-conversion lu-

minescence is produced in the outermost nanoshell
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3.3 Enhancement of dye-sensitized luminescence

by using Ho or Tm as luminescence center

Furthermore, the replacement of luminescence
center in the core of CSS structure by Ho (NaYF,:
Yb/Ho (20/1%))@ NaYF,:Yb (10%)@ NaYF,:Nd
(80%)) or Tm (NaYF,:Yb/Tm (20/1%)@ NaYF,:Yb
(10%)@ NaYF4:Nd (80%)) also realized the en-
hancement of dye-sensitized up-conversion lumines-
cence (Fig. 6 (a) and 6(b), Color online). When the
luminescence center was Ho or Tm, the typical non-
linear dependence of luminescence intensity on ex-
citation light power was also shown (Fig. 6(c) and
6(d), Color online). When the luminescence center
was Ho, the multi-photon indexes were 1.57 (540 nm
emission, *S;3,—";s,) and 1.88 (645 nm emission,
*Fo,—"l;5,) respectively. When the luminescence
center was Tm, the multi-photon indexes were 2.82
(450 nm emission, 'D,—°F,), 1.74 (470 nm emis-
sion, 'G,—’Hg), 1.80 (645 nm emission, 'G,—"Fy)
and 1.34 (695 nm emission, *F,—’Hy) respectively.
It should be noted that, for Tm ions, the dye-sensit-
ized up-conversion luminescence had hardly been
seen in the NaYF,:Yb/Tm (20/1%) nano-core struc-
ture. This is because the 800 nm emission level
(H,—’Hg) of Tm heavily overlapped with the ab-
sorption of IR-806 molecules, thus quenching the
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Tm luminescence. However, the outer shell of CSS

structure successfully blocked the transfer of Tm to
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IR-806, thus realizing the dye-sensitized up-conver-

sion luminescence.

(b) IR-806/NaYF,: Yb/Tm(20/1%)@NaYF;: Yb(10%)@NaYF,:Nd(80%)
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Fig. 6 (a) The UCL of the IR-806 sensitized Ho core nanostructure and IR-806 sensitized Ho-CSS nanostructure, (b) the UCL
of the IR-806 sensitized Tm core nanostructure and IR-806 sensitized Tm-CSS nanostructure, (c) log-log plots of the

UCL intensity over laser power for the green and red emissions of the dye-sensitized Ho-CSS under 808 nm excitation,

(d) log-log plots of the UCL intensity versus laser power for the green and red emissions of the dye-sensitized Tm-CSS

under 808 nm excitation
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4 Conclusion

Highly uniform NaYF,:Yb/Er (20/2%)@
NaYF,;:Yb (10%)@ NaYF,:Nd (80%) up-conver-
sion nanoparticles were successfully prepared. Their
up-conversion luminescence intensity was about 38
times stronger than that of dye-sensitized NaYFy:
Yb/Er (20/2%) core nanostructure. Further studies
showed that there were two reasons for this en-
hancement. On the one hand, the heavy overlap
between the Nd absorption in the outmost layer and
the emission of dye IR-806 molecules led to the ef-

fective absorption of the excitation energy of dye.

On the other hand, due to the protective effect of
nanoshell layer on the luminescence center, the lu-
minescence life of this structure was 1.73 times
longer than that of dye-sensitized core nanostruc-
ture. By changing the doping concentration of Yb**
ions in the outermost layer, we demonstrated that
the dye-sensitized up-conversion luminescence
would be weakened by the doping of Yb’* ions, and
could become the strongest without the doping of
Yb* ions. Furthermore, this dye-sensitized CSS
structure has realized the enhancement of dye-sens-

itized up-conversion luminescence intensity when

the luminescence center is Ho or Tm.
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Fis LB T T HEA 4f TSN K 4f 5]
5d Z[a] ) B FBRAE A RE S 1, R BOLE] A A
Ah L Al G X LT AMGIX Y 22 Rl 1 5% 58
A, R, W B TR A A g KR T
(UCNPs) HAK 4~ K A LA AR BE R £ 4
HTF R4 — AR E O T AR, A
FRPEAEEZE . PUEA . RS IR
JBL XANIT LT AN B R R
AiE 2 N, WA FE G BObhRIE . BB TR
IT . HF B O,

RER+ BT3B E N D bR E S
Jo7 FH 8 AR X AR i) 2 e 5 R ) T HedE— 25
SERRL . Al 1 AR R — ELR LR R
ST AR R PR A ) UTAFSR, Qs 4K
SEMO SRR O JURHMEk &,
SEPRT L R R R BE ARG . BRI, Yk
B SEHIBFFE A58 T 4 R AR,
v T A R R R T . AR T s
i 181 (WU R BN 0.1~10 M em™), BUHIE
LLANGERE (U R ECN 1000 ~10000 M em™!) %
W CIT 21 7' T SE B AL 3 5 T FE e 2 . SR
1M, AR LTAM G & S (800~900 nm) Al
ZLHL Yb LB AR R A Y BRI K (950~
1000 nm) 938 & B85/, T BR il T Y4 kHg ik
R R R . HE—2F, TR Nd Al Er
BT AR R AE D YR B i 37 0, S
AR SR E AR R . Na Uk
BRI G AR R SR ) R R R &R, TR
EHAY X B ARG TT DL s 2 el
HATA 1k, Rk B Nd 8115 240K 258 R
FH 2 Nd ik b RO s e mikit. %
JE RN GBI R T YLkl 2 55 1 ROk R A E
YRR A0S 607, B e, e b ek fb
SR Nd #8440 L340 R IR R 1 R85 A 2
BTG BESTY | Kb R SEeg s

AR SCBET SR Nd AR A% /52 /FE S5 /R

R R B R e 22, i R R R
P74 Nd B A% 5 /54, IF
YLk} IR-806 43l SE I YL bk T i &
FEORBE IR . AHOC I Z5 R RAEIE SR 5 H 1
AR, HE—E RGOS, PO FE LI o
MrAEmsE T AT G 3R pLE . it ko2
FoH Yb BT RYB AR IE, IESCTE Yb BT
JukHg il L kot iR

2.1 SEIGIEHR

Sk B (YbCly-6H,0 (99.99%). A& 1k 42
(YCl3-6H,0) . A L4 (ErCly-6H,0) . A A fL il
(NaOH, 98%) . i1k %% (NHF,, 99.99%) . IR-780
iodide (99%). 4-FiHAHR (99%). 1--1/\I% (ODE).
THAE (90%)(OM) VMR (90%)(OA), 4T Sigma-
Aldrich A F) . #4527 3CHR [14], Nd (CF;C00);,
I NdyO5 #y oK 5 ik 1 = JRS R S I, 2R
ZRR R RO R B R A . U R R
(Yb(CF;CO0)5). = #H R %2 (Y(CF;CO0);), =
JUBE R 4M (CF;COONa) 1T GFS Chemicals, —
A BE S = B, —HIEH B (DMF) KT
e T P AR AR S i i
22 AR EHEBRANITF

TR DR AR I T B R R
ST, e, B RUEEEH, # YbCly 6H,0
(0.1 mmol), YCl;-6H,0 (0.39 mmol) Fl ErCl;-6H,0
(0.01 mmol) ¥ f#7E 3 mL OA, 7.5 mL ODE [ =
FUHCR, ] 150 ¢, 4445 30 min, Z 5 7ER
SRR HIRER . S5, BUE NH4F (2 mmol),
NaOH (1.25 mmol) , ffi A f#AE 5 mL H i, Jf
IOAZILL E s RER g = 108 P, i3l 70 ¢ 25
O, F I E] 300 °C FFR4F 1 he R, A
0.25 mmol NaYF,:Yb (10%) % 1:727E ODE (G
i ZIREE R AR A D), INHIEE 10 mine SR
JnA 0. 5 mmol NaYFE:Nd (20%) ¥ 158 Gt 11 =
FEEIRERTE A B, Ak 10 min. )5, (AR
RHENZE R, I H CBEE O, ¥ L IRIR G YRR
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6 mL =M ki, AT RBRNESL
FCI2 YRGS BRI VA B
2.3 AR IR-780 7F

FRYESCHR [11] 7%, 25, e AR T,
# A Bl IR-780 4 F (250 mg), 4-i 3k 7K H /iR
(115.5 mg), F1 DMF (10 mL) J&f#7E 50 mL = [
e, R SR AT T4ERF 17 he 72
WWH 0.45 um PTFE & JE 5, 08k 78 18 25 BR
DMF. fRJ5, ¥R YA MHTE 5 mL & H ke,
FEYGE T 0.45 pm PTFE 133%, I FHVK Z BESCHEDT
VE . B, BN YITE A i ug . TR
R A
2.4 AR IR-806 97F

KT SR [8, 17] 8977325, #+ 1 mL IR-806
(x mg/mL, x &y 0~ 20 mg/mL) % % 7£ = & H b
H1, 355 1 mL B-NaYF,:Yb/Er(20/2%) @ NaYF,:Yb
(10%)@ NaYF4Nd (20%) 44 Kk ki iR &, Hp
(BEr*" ~1.67 mM). K152 A IR A5 24 h
TEEIR T B0, EHHAE | mL =& e,
%} IR-806 {4k i UCNPs HEAT [ %5 3618 3K,
B, e Rk TR ) Er B TR IEZN 16 uM
55T AT o
2.5 SCERFAEMIK

7 ST (TEM) M1i: SR A Tecnai G2 F20
S-Twin HL 7 @ B 7E 200 kV B JE ik, X-ray
75 (XRD) 18 4 Rigaku D/max-2000 5¢ i,
A48 % 1 Cu Ka radiation (A=0.154 1 nm), W
GRS R Maya 2000 S SEREMER (Ocean op-
tics). A FHAMEFE A1 808 nm IOEAE i Tt 2F
FiE{ Y (Maya2000)ie5¢ TGRS, il Hitachi,
S-4800 FAFAEIE (EDS) . HE0 LI Cho i F 1
M 2% 500 MHz TDS 3052 1E i & G, i
it OPO( Sunlite 8000) K 7% iz #% 45 15 79 ¢ 73 fir

3 R R5HR

3.1 YR FRER R RAE

SR FH 1o BR324 A0 1 N Ak
¥i/5e/7 5 NaYF,: Yb/Er (20/2%)@ NaYF,:Yb
(10%)@ NaYF,:Nd (80%) 4 KA%EEH . i35 5 i B
HE A R LR TR RSH 4], B
FEBRAN KA T A% | A% /5e | W 5e /5t F e R AiE 1A

KRS oA . iR KN GE T 25 R T
B, #% (NaYF,Yb/Er (202%), i A C), ¥ /5¢
(NaYE,:Yb/Er (20/2%)@ NaYF,:Yb (10%), ic. N
CS), #% /72 /57 (NaYF,:Yb/Er (20/2%)@ NaYF,:Yb
(10%)@ NaYF,:Nd (80%)), ic. i CSS) -4 R
SEArRIh 23,5, 26.3., 33.6 nm. X UFSE LS HIAEAE
29 1.4 nm [ Yb 22 ¥ )2, 3.7 nm ) Nd ik g8k
FeJZB A KAE NaYF, Yb/Er HKA% Ef. ] 2(a)
h BRI L K5 K% /78 /5E XRD
K, 7R 4 A UCNPs iy 28 8L 7S ) AH 45 7
(JCPDS-16-0334), EDS jIF5X Nd. Y. Yb %#i -7t
RA MBI AR T N (K 2(b)) . 325,
MR 4 SRk i 5 1% (& 2(¢) ), AT IR-806 431,
P W ST (P 2(d) ) mT L, IR i e 57 JA 780 nm
%5 2] 806 nm, £ AR UE LA A AL T IR-806 43
To b2, MRAEHTE B 750K IR-806 4 T8
B gk R, I 2(d) FTAL 2 IR-
806 4> T & i 2| UCNPs | 22 J, H W g i o7 4%
IR-806 MW T #E 5, MNITTIE S Gebe o3 o1&
1% UCNPs I,
3.2 FRIBULIEENFNELS5TTie

AH O T A L HCE ) 28 1 TR-806 1k
NaYF,:Yb/Er (20/2%) GKALF1, ARSCBH 4y
BHE AL CSS S50 Y L4 2 R BE (B 3(a)) 1
5 T2 38 A% o UESEAR SCIBETT I YLk i fh 25 44 52
T LR RGBSR . 54, FEIE AL Ah
(808 nm) YA T, YukHift CSS L5411 I 4k
LIRS HE R ST & R R
IR HE L M R (B 3(b)), 2 TFHa %k
SR 1.67( 489 540 nm& 5t 4S 3,—,55)
2.0(£15% 655 nm K414 Fop—1,5,), WESLH L EHE
PR AR AL L

ASCBETT B Gk I CSS 25 B L i i
58 AH X Rk A 19 % 9 KR T 3 5 24
384f o XF T X PGSR, A HTIAN R — O I, TE
CSS YK 5 i A2 N N& & F1845¢ )2,
i & 4(a) C B WL E 7 R 7l 60, Nd 9 Wi
5 IR-806 Yt 4r+ 1 Kk S0 K288, IR, fig
f5 9 IR-806 73 = &Ll ik ; 73— J7 I, CSS &t
HR GRS )Z AT A R Aot . B 4(b)
Rl L3 PR 7 W) BT L, e e kb e i oA
CSS 454414 Er B &6 F74r (253 ps) W B4 T 4
RHEAAZ AR T (146 ps) MAZAAKRLT (169 ps)
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Er W54, KCHF A BIER T 1.73 55 1.50
W ESE THORFEIZRY T LSO 5N 5
R RET IR L% ot sV N e b L o= 1 A [ K = SE
B, RGP JoBHE L N2 1184490
KEEF AL PR B AE 800 nm FFHET, (HETERT
5% K FF AT, NaYF, Yb/Er(20/2%) 44K ki 1 2
AETE 980 nm P KALELA .

458 (20/2%) ¥ 9K R+ HEEDE 980 nm St
WOk A FR RO, R, B 4(b) B &
P BEREN 980 nm T IEHE & >R FH 1Y 808 nm. Hi
Bl 4(c) AT, XFF CSS UK ZEH), Toit 75 1% 4%
E S e R W3 s i S NG 3 e o T R
YR FEEA R T &0 5 MR EE AR
HAEM, Dmisgas T ik kot

AT NE AR R AR Z b e T, iR sh
JZRIGUKTEZ P AB A T N, 1B A 15 LA SC
R AR T 1K Nd-Yb 2R 48 4% 8 44 0k 72 )=
PSSR TR AR S IR A5 TS . AR SRR T
LT Z 2 5e AR G5 Y R Eis e 5 Jir
Ro AU, BEE B ANZ YO B2 BN, Y
BHEIE CSS 254 1) i e % 08 B 1T 340 347 Uk
550 ARYERT I RS RT AL, JORHMEIEAS + R
YRR ZR v, YRS A PR RE T 5 A AL i B
PRI AL, T R BEAG B R T, R
FEAEH K, $84% YO B T o B i & e AL 31 3%
T 2324 DT £ 38 1) PR ) R BRI, e ¢
FECE RGBT AL SN2 K
SEETEARBIR YO B T AT, AR e Rk
b 5 R R
3.3 &3AulF Ho & Tm BRIk & Se1ia

E—2, XFF CSS 2544, BEA% ) & 6
# & Ho (NaYF,Yb/Ho (20/1%))@ NaYF,:Yb
(10%)@ NaYF4:Nd (80%)) 2 Tm (NaYF4:Yb/Tm
(20/1%)@ NaYF,:Yb (10%)@ NaYE,:Nd (80%)),

BE R

[FIRE S T Yok fb 3 & e s (18] 6(a)
A 6(b), B WP FM) o XFF&EH0H
Ho J Tm, & B [RIRE R IL 6T R AR 1k
KRS S 2 (T 6(c) At 6(d), F 1 L3 1) H 7
) o X TF &G Ho BB I, HiZ kI
4% 9k 1.57( 540 nm%& 5t “Sp3p—"s,) » 1.88
(645 nm & J1*Fo,—115) o« X FEZAHL N Tm
TG, H 2T 485053 R 2.82(450 nm & 4
'D,—%F,). 1.74(470nm &5'G,—Hg). 1.80(645nm
RH'G,—Fy) . 1.34(695 nm & 51°F,— He) . {EH1S
WM, 5T Tm B T, NaYF,Yb/Tm (20/1%)
YRAEEEY, JLT- BT G b iy I 4 k't
P, XM T Tm 9 800 nm & 5FfiEZk (CH,— Hy)
5 IR-806 7 F MM i 52 & /™ H, MK T Tm
&M T CSS S5 F (45 A1 1 9 5¢ )2 A 0y b BH
B% T Tm [1] IR-806 1%, T SCER T Y bt

4 % i

A SO A8 T R 44 1 NaYF,: Yb/Er
(202%)@ NaYF,:Yb (10%)@ NaYF,:Nd (80%)
R AR, LGB T R R AR
St T G RHEE B NaYF,: Yb/Er (20/2%) ¥4 44 K 45
PSSR T 2 38 fif . dE—2BHFoR e, X Rl R —
D5 TR A 5 HMZE Nd IS 34k IR-806 4311 &
PSR, FEOLRA BRI BH R B,
— TR A GRS E X RO AR R, A
X FYRME A B R AR S5, R E A i T
L7348, BT AR R AMNZE YO B AR, IS
$BoR YOl B R AR R OGS, 11 T8
B2R YO AT L RO R . R SR
X Fh YLk ik i CSS ZE My S B T &l
Ho K Tm A4 YL b5 Ak - 55 i % Sl o B8 %) 348 5
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