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Fine-tuning of multi-color emission characteristics of upconversion lanthanide-ion-doped nanocrystals

is of high importance for 3-D color displays, multi-color bio-imaging, and multiplexed cellular labeling.

Here, we report a strategy enabling crystal phase transition and morphology transformation between

GdF3Yb*" Tm®" and GdOF:Yb*" Tm>" nanocrystals for fine-tuning of upconversion multi-color

emissions. By controlling the ratio between oleylamine (OM)/octadecene (ODE), the orthorhombic phase

of rhombic nanoplates (GdFs:Yb>* Tm®") was transformed to the cubic phase of nanospheres

(GAOF:YR** Tm>*),
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along with their upconversion color change from blue to red. Broadband
upconversion emission was observed from GdOF:Yb®* Tm** nanocrystals at a high excitation power,

which is expected to originate from oxygen defects. Multi-color upconversion nanocrystals providing

DOI: 10.1039/c6ra27024g

www.rsc.org/advances

1. Introduction

Upconversion (UC) is an anti-stokes type emission process in
which the sequential absorption of two or more longer wave-
length photons leads to emission of one shorter wavelength
photon. The pioneering work of lanthanide-ion doped UC
materials was reported by Auzel et al, including the 4f-4f
electronic structure, spectra, and population mechanism."*
Recently, rare-earth (RE) doped upconversion nanocrystals
(UCNCs) have been widely used in 3-D color displays,®* multi-
color biomolecular imaging,* ratiometric sensors,* solar cells,®
and so on,”® due to their large anti-Stokes shift, low auto-
fluorescence, high tissue penetration depth, sharp emission
lines, and long excited-state lifetimes.>™ However, each RE
activator ion in UCNCs generally exhibits a set of inherent
emission peaks only because of its inherent energy level.*> For
wider applications in imaging, the multi-color emissions of RE-
doped UCNCs should be finely tuned. Up to date, there have
been a number of approaches for the purpose, e.g. tailoring RE-
doping concentration, changing the morphology, phase tran-
sition, and shape of UCNCs, controlling the laser pulse width,
and utilizing the energy migration in core-shell UCNCs."*™*°
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broadband emission are expected to find their applications in broad band multi-color biomolecular
imaging requiring a high imaging resolution.

Controlling UCNCs' crystal phase and morphology is one of
the promising ways for accurately tuning UC emissions
properties.”**

Among RE-doped UCNCs, RE-doped fluorides and oxy-
fluorides NCs got more attention due to their high ionicity, low
phonon energy, and high chemical and thermal stability.>>**
Especially, gadolinium based UCNCs can be used for multi-
modal imaging (upconversion luminescent imaging and
magnetic resonance imaging at a time), because Gd** can serve
as a positive contrast agent for magnetic resonance imaging.***¢
Nowadays, RE-ions doped GdF; and GdOF NCs with various
shapes can be synthesized by several techniques, such as the
solid state reaction, the sol-gel method, the thermolysis
method and the hydrothermal method.”** Up to date, to our
best knowledge, the fine-tuning of multi-color UC emissions
between RE-ions doped GdF; and GdOF NCs by controlling the
crystal structure and morphology evolution has not been
reported.

In this work, we present the crystal phase and morphology
evolution between GdF;:Yb**,Tm*" and GdOF:Yb*", Tm** NCs by
using the thermolysis of RE (CF;COO); under the cooperative
effect of oleic acid (OA), oleylamine (OM), and octadecene
(ODE). The preparation method develop a new route towards
a general synthesis of high-quality GdF; and GdOF nano-
crystals, which have advantages of high crystallinity, uniform
size, high luminescence efficiency. The shape and phase
structure of GdF; and GdOF NCs can be controlled between

This journal is © The Royal Society of Chemistry 2017
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orthorhombic phase with rhombic nanoplates (GdF;) and the
cubic phase with nanospheres (GdOF) by just adjusting the
ratio between OM and ODE. Meanwhile, UCL color also changes
from blue to red with the crystal phase evolution from
the orthorhombic (GdF;:Yb*',Tm*") to the cubic phase
(GAOF:Yb** Tm*"). Interestingly, UC broadband emissions are
observed in GdOF:Yb*",Tm®" NCs at a high power excitation
density. The mechanism of color alternating and UC broadband
in GdF,;:Yb*",Tm*" and GdOF:Yb**,Tm*" NCs, and UC broad-
band emissions in GdOF:Yb*",Tm?*" NCs will be discussed in
details.

2. Experimental section

2.1. Sample preparation

All the chemicals were analytical grade and used as received
without further purification. All the lanthanide oxides were
purchased from the National Engineering Research Centre of
Rare Earth Metallurgy and Function Materials. First, Gd(CF;-
COO0);, Yb(CF;CO0)3;, and Tm(CF;COO); hydrate (1 mmol)**
were added into the oleic acid, oleylamine and octadecene
mixed solution, the doped concentration of Yb** and Tm>" ions
was 15 mol% and 1 mol%, respectively. In the reaction system,
the total amount of oleic acid, oleylamine and octadecene was
20 ml, and oleic acid was fixed for 10 ml, the four different OM/
ODE ratios of 4:1,3:2,2:3 and 1 : 4 were selected. And the
solution was heated to 120 °C to remove water with vigorous
magnetic stirring under vacuum for 40 minutes until forming
a transparent solution. Then the mixed solution was heated to
320 °C at a heating rate of 10 °C min ' and kept for 1 hour
under N, atmosphere, and thus a light-yellow colloidal solution
was obtained, the yields of all the obtained nanocrystals were
30-40%. To selectively obtain GdF; or GAOF NCs, the fluori-
nation of the Gd-O bond to the Gd-F bond at the nucleation
stage was controlled by finely tuning the ratio of OM/ODE.*
After the solution was cooled naturally, an excess of ethanol was
added and the resulting mixture was centrifugally separated.
The products were collected and washed with ethanol for three
times, and followed by oven-dried at 60 °C.

2.2. Characterization and measurements

The size and morphology of UCNCs were determined with
a Hitachi H-8100IV transmission electron microscope (TEM)
under an acceleration voltage of 200 kv. All the samples were
dispersed in the cyclohexane and dropped on the surface of
a copper grid for tests. Powder Xray diffraction (XRD)
measurements were performed on a Rigaku D/max-rA power
diffractometer diffractometer using Cu Ko radiation (1) 1.54178
A at a scanning rate of 1° min~" in the 26 ranging from 10° to
70°. A photomultiplier combined with a monochromator was
used for signal collection from 400 nm to 850 nm. To investigate
the steady-state spectra, a continuous 980 nm diode laser was
used to pump the samples. The luminescent dynamics of Tm>*
ions were investigated by a laser-system consisting of a Nd:YAG
pumping laser (1064 nm), a third-order harmonic-generator
(355 nm) and a tunable optical parameter oscillator (OPO,
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Continuum Precision II 8000). The laser has pulse duration of
10 ns, repetition frequency of 10 Hz and line width of 4-7 cm ™.
The brightness of the UC broadband was measured by a PR650

spectrometer.

3. Results and discussion

3.1. Size, morphology and crystal phase transformation
between GdF,:Yb*",Tm>" and GdOF:Yb**,Tm** NCs

Fig. 1(a-d) show the morphology of UCNCs prepared at different
OM/ODE ratios of 4 : 1,3 : 2,2 : 3 and 1 : 4. First, UCNCs are in
uniform, monodisperse and rhombic shapes (Fig. 1(a and b)).
The average side lengths of these NCs are 15.4 and 13.6 nm with
a standard deviation of 1.0 nm (see Fig. 1(i and j)). The corre-
sponding HR-TEM images of the lattice fringes with d-spacing
of 0.195 nm and 0.20 nm are observed (Fig. 1(e and f)), which is
in good agreement with the lattice spacing of the (301) planes of
orthorhombic GdF; (0.1961 nm, JCPDS: 12-0788). When the
OM/ODE ratios was changed to 2 : 3 and 1 : 4, the UCNCs were
transformed into spherical NCs with the smaller sizes of to
2.5 and 2.0 nm (Fig. 1(c, d, k and 1)). Their lattice spacing was
determined to 0.326 nm and 0.324 nm (Fig. 1(g and h)), which is
according with the lattice spacing of the (012) planes of cubic
GdOF (0.3161 nm, JCPDS: 50-0569). General trend of
morphology and phases transition from rhombic shapes (GdF;)
to spherical shapes (GdOF) as a function of OM/ODE ratios is
shown in Fig. 2(a). In addition, the space structure of ortho-
rhombic GdF; and tetragonal GdOF are simulated, which
belongs to the orthorhombic crystal system (a = 6.570 A, b =
6.984 A, ¢ = 4.393 A) and the cubic crystal system (a = 5.363 A,
b=5.363 A, c = 5.363 1&), respectively, as shown in Fig. 2(b and
c). It should be noted that the Gd**-Gd** distance in ortho-
rhombic GdF; NCs are 3.884 A and 4.447 A, which is longer than
that of 3.792 A in cubic GAOF NCs.***¢ The crystal structure's
evolution was further monitored by tracking the changes in the
UCNC's XRD patterns, as shown in Fig. 2(d and e). All the
diffraction peaks can be exclusively indexed to orthorhombic
GdF; (Fig. 2(d)) and cubic GdOF (Fig. 2(e)), the peaks confirms
the presence of highly crystalline GdF; and GdOF NCs without
impurity phases. In other words, the morphology and phase
transforming between GdF; and GdOF can be simultaneously
controlled by adjusting the ratios between OM and ODE. The
two-dimensional growth of the GdF; rhombic nanoplates and
the zero-dimensional growth of the GdOF spherical NCs are
likely due to the selective adsorption of the capping ligands on
specific crystal planes of NCs. The phase evolution between
GdF; and GdOF are more likely due to the different fluorination
of the Gd-O bond to the Gd-F bond at the nucleation stage in
different ratios of OM/ODE.*” The size, shape, and phase of
UCNCs can also be affected by organic surfactant, reaction
solvent, reaction temperature and the ionic radius of lanthanide
ions.*** It should be noted most of NCs still retain uniformity
and monodispersity after the morphology and phase trans-
formation. And a small degree of agglomeration consisting of
two or three NCs is happened (Fig. 1 (c and d)). Such agglom-
eration is usually observed in small NCs, due to the high activity
of small NCs.
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Fig.1 (a—d) TEMimages, (e—h) HR-TEM images, and (i-1) size distribution of GdF:Yb*>* Tm>* and GdOF:Yb®*, Tm>* NCs synthesized at OM/ODE
ratiosof 4:1,3:2,2:3and 1: 4, respectively.
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Fig.2 (a) Schematic of morphology transition from rhombic shapes (GdFs) to spherical shapes (GdOF) as a function of OM/ODE ratios; (b and c)
schematic of crystal phase structure orthorhombic GdFz and cubic GAOF; (d and €) XRD patterns of GdF5:Yb**, Tm®* and GdOF:Yb®* Tm** NCs
prepared at OM/ODE ratiosof 4: 1, 3:2,2: 3 and 1: 4, respectively.
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3.2. Upconversion luminescence depending on defect state,
crystal phase and size

As known, the UCL properties of the RE-doped NCs strongly
depend on their size, crystal structure, phonon energy, and
defect states. In order to reveal the effect of the above elements
on the UCL, the power-dependent spectra of GdF;:Yb**,Tm** and
GdOF:Yb*", Tm*" NCs are measured (see in Fig. 3(a-d)). As shown
in Fig. 3(a and b), the typical UC multi-color emission of Tm**
ions can be distinguished in GdF,:Yb*",Tm** NCs, assigned to
the 'D,~*H, (368 nm), 'D,-’F, (456 nm), 'G,~*H, (480 nm),
'G,~’F4 (652 nm), *F;—°Hg (700 nm) and *H,~*Hg (800 nm)
transitions, respectively. It should be noted that the dominant
UC emission line locates in the blue region, centering at 480 nm.
Interestingly, the luminescence intensity ratio of 'D,~*Hg + °F, to
1G,—*H, transitions decreases with the increase of excitation
power density in GdF;:Yb*",Tm®" NCs, which is opposite to the
result observed in oxide host, such as NaGd(WO,),:Yb**,Tm**
NCs,* Tm>'/Yb** codoped water-free low silica calcium alumi-
nosilicate glasses.** This phenomenon can be attributed to the
improved cross relaxation process of 'D, + 'G,~°F; + 'G, with the
increasing excitation power density, which can effectively
increase the population of the 'G, energy level.”?

However, as the crystal structure transforms from GdF;
(Fig. 3(a and b)) to GAOF (Fig. 3(c and d)), the UC color changes
from blue to red and the dominant emission in GdO-
F:Yb*",Tm>" NCs is assigned to *H,~*Hg centering at 800 nm.
The remarkable color change between GdF;:Yb*',Tm*" and
GdOF:Yb*",Tm®*" NCs could be attributed to the following
reasons. First, the involving of oxygen defect states in GAOF
host, which can increase non-radiative relaxation processes.*’
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For example, electrons on *F,;; can alternatively relax to the
*H, intermediate state via the multi-phonon depopulation
process, generating *H,~>Hg (~800 nm) transition, instead of
populating from *F,; to 'G, level. Second, the crystal structure
evolution from orthorhombic GdF; to cubic GdOF results in
shorter Gd*'~Gd*" distance in cubic GAOF NCs (3.792 A) relative
to that in orthorhombic GdF; NCs (3.884 A and 4.447 A), as
shown in Fig. 2(b and c). Consequently, the doping of Yb** and
Tm>" ions into the GAOF host structure by substitution of Gd**
cation creates closer Tm**~Tm?>" pairs than those in GdF; NCs
lattices. The shorter distance between Tm**-Tm>" in GdOF NCs
may improve the cross-relaxation processes (*Hg + *H,~'G, +
*H;, *H¢ + *F,—>H, + *H;), possibly leading to the increase of the
ratios of R/B (defines as the red emissions (*F3/°H,4~>Hg)/blue
emissions ('D,~*H¢/°F,;, 'G4—°H,) ratios) in GdOF:Yb**,Tm**
NCs.** Third, the size of UCNCs decreased from 15 nm to 2 nm
with the crystal structure changed from GdF; to GdOF, leading
to lower crystallinity and more surface defects, which increase
the ratio of nonradiative decay of luminescence centers, leading
the increase of R/B.*

To better understand the multicolor tuning mechanism, the
ratios (R/B) as a function of the excited power density are further
studied, as shown in Fig. 4. In GdF;:Yb®",Tm*" NCs, the R/B
ratios decreases gradually with the increase of the 980 nm
excited power which is opposite to that observed in
GdOF:Yb*', Tm** NCs and traditional fluoride hosts.* Generally,
in some conventional fluoride samples (e.g. NaYF,:Yb, Er/Tm,
YF;:Yb, Er/Tm), as the excitation density is high enough, the
electron number of excited Er** or Tm*®" ions increases largely,
inducing the increasing cross relaxation process, which effec-
tively enhances the population at the *Fo/, or 'G,/°H, energy
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Fig. 3 UCL spectra of GdF5:Yb>*, Tm** and GdOF:Yb**, Tm>* NCs prepared at OM/ODE ratios of 4 : 1,3: 2,2 : 3and 1 : 4 with different 980 nm

excitation power.

This journal is © The Royal Society of Chemistry 2017

RSC Adv., 2017, 7, 2426-2434 | 2429


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27024g

Open Access Article. Published on 12 January 2017. Downloaded on 6/10/2026 6:48:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances
30
v
254 —=—OM/ODE=4:1 / A
—e—OM/ODE=3:2
204 —+—OM/ODE=2:3 b d /
15] =~ OM/ODE=1:4 //A
10 —g—Y—X—4&
| Z—N—X |

R/B ratio

0.8
0.6 O\O\o\o

- o—eo—0_o
0.2 5—5—5—5_5_5_5_5
0-0 T T T T T T T

30 40 50 60 70 80 90 1 60

Power density(mW/mmz)
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level of Er*" or Tm>" ions.? Instead, the decrease of R/B ratios
with excitation power in GdF;:Yb®",Tm** NCs could be attrib-
uted to the competition between linear decay and upconversion
processes for the depletion of the intermediate excited states,
which was theoretically described by Pollnau et al.*®

3.3. Upconversion broad band emission in GdOF:Yb**, Tm**
NCs

Interestingly, as the excitation power exceeded 540 mW mm >

as shown in, a UC broad band emission in GdOF:Yb*",Tm?®" NCs

800

(€]
7004 —u—OM/ODE=2:3
o —e—OM/ODE=1:4
< 600
£
g 500 //
a
]
400 e
e gatl
e
3004 &
50 100 150 200 250
Power density (mW/mmz)
© g=1.9543
_— GdFJ:Yb, Tm
—— GdOF:Yb, Tm
[
=
&
oy
&
I
o
T T T T T
300 320 340 360 380
Field mT

View Article Online

Paper

ranging of 450-750 nm appears and the emission intensity
dramatically increases with increasing the excitation power, the
step of increasing the excitation power density is 30 mW mm >
(Fig. 3(c) and (d)). The central wavelength of these UC broad-
band emissions locates around 600 nm (~2.1 eV) and is inde-
pendent of excitation power. The temperature measurement
under the exposure of 980 nm light was achieved by burying the
thermocouple thermometer into the powder plate samples in
Fig. 5(a). The threshold temperature for the UC broad band
emission of GAOF:Yb**,Tm** NCs prepared at OM/ODE ratios of
2:3 and 1: 4 were 475 K and 492 K, which is much lower than
the necessary temperature for generating sufficient blackbody
radiation (~2500 K).* Thus, the broadband do not come from
the blackbody radiation. And we also exclude that the present
UC broad band originates from the charge transfer transition of
Yb>* or Yb*" ions, because the charge transfer emissions of Yb**
and Yb*" located at around 560 nm and 650 nm (ref. 50)
(different from 600 nm), the integral emission of broad band
emission of GdOF:Yb*",Tm*" NCs was recorded every hour
under the uninterrupted illumination of 980 nm (750 mW), as
shown in Fig. 5(b). Its intensity reduces less than ~15% over
24 h, which suggests that the broad band emission of GdO-
F:Yb**,Tm®" NCs has high photo-stability. In addition, the peak
of UC broad band emission remains unaltered with increase of
excitation power density and could be well fitted by a Gaussian
function. Therefore, we deduce that UC broad band emission in
GdOF:Yb’",Tm’** NCs originates form the UCL of oxygen
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Fig.5 (a) Sample temperature as a function of 980 nm excitation power density in GdOF:Yb®*, Tm>* NCs prepared at OM/ODE ratios of 2 : 3and
1: 4, (b) normalized integral intensity of UC broad band emissions in GdOF:Yb®*, Tm®* NCs in this measuring period of 24 hours under the
uninterrupted illumination of 980 nm laser (750 mW), (c) EPR spectra of GdFzYb*", Tm>" and GJOF:Yb®*, Tm>* NCs at room temperature
prepared at OM/ODE ratio of 4 : 1 and 1 : 4, (d) CIE chromaticity coordinates diagram of GdOF:Yb>*, Tm3* NCs prepared at OM/ODE ratios of
2 :3 and 1: 4 under the excitation power of 750 mW from a 980 nm laser diode. Inset is the digital photograph of broadband emission of

GdOF: YR, Tm3*.
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defects.” In order to further prove this, the electron para-
magnetic resonance (EPR) spectra of GdF;:Yb**,Tm** NCs and
GdOF:Yb*",Tm>" NCs are recorded in Fig. 5(c). No EPR signal
can be distinguished in GdF;:Yb*',Tm*" NCs, while in
GdOF:Yb*",Tm** NCs, a EPR signal is detected in the range of 0-
800 mT with g factor of ~1.9543. In general, when the actual
measured g factor is lower than the free electron g factor (geee =
2.0023), the EPR signal represents the electron trap.** Accord-
ingly, the EPR signal in GdOF:Yb*",Tm** NCs should be
assigned to the oxygen defects. Taken all together, as the
excitation power is high enough, the temperature of GdO-
F:Yb**,Tm?" NCs samples increases considerably, leading to the
cross relaxation (*Fy; + *Fp/3-'Gy4 + *Hjs) exacerbating (the super-
strong power-dependence of the slopes (more than 10) further
implies its happening, as shown in Fig. 7(c and d)). Then, most

E (10°cm)
40, P, P,
35 r b L
1 5> 6 6
30 gkt g R .
1
4> * D, 4> D,
25
1 1
20{ F G, ¢
15 F, o
3, F3 —= N 5 I 3, 3 ygen vacancy
z H, y> an .| H,
101 N S R -, £d ‘ i*m
8 3HS : N JFS
51 1> F4 1> e 4
3H6 g SHs
o |
GdF,:Yb,Tm GdOF:Yb,Tm Valence band

Fig.6 Schematic of UCL populations and UC broadband mechanisms
in Yo, Tm3* co-doped GdFs and GdOF samples under 980 nm
excitation.
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of the electrons on *F, might be captured by the oxygen vacancy
states through the tunneling effect. The UC multicolor pop-
ulation and UC broad band emission mechanism in GdF;:-
Yb**,Tm** and GdOF:Yb**,Tm®" NCs are presented in Fig. 6.
Furthermore, we calculates the International Commission on
Ilumination (CIE) coordinates of the broad band emission in
GdOF:Yb*",Tm>" NCs, which are (0.455, 0.406) and (0.466, 0.403)
respectively, which both are located at white light region (shown
in Fig. 5(d)). The inset of Fig. 5(d) shows a digital photograph of
UC broad band emission of GAOF:Yb*" Tm?*" excited 980 nm
laser (750 mW). The bright white light can be seen clearly from
the sample and the brightness is 5.3 x 10" cd m™~?, which has
potential applications in white-light illumination.*

3.4. Power-dependence of UCL

The visible output power intensity (Iy) is proportional to power
(n) of the infrared excitation (I;z) power if the saturation effect
can be neglected:**

Iy « Iy"

where 7 is the number of IR photons absorbed per visible photon
emitted. The In-In plots of the emission intensity in GdF;:-
Yb**, Tm*" and GdOF:Yb*",Tm>* NCs as a function of excitation
power for all the emissions levels are listed in Fig. 7. It is
observed that the slopes of 'D,~*Hs, 'G4—>Hg, *Hy—>Hg in
GdF,;:Yb*',Tm*" NCs and 'G,—*H,, *F;—*H,, *H,—Hy in GdO-
F:Yb*",Tm** NCs are lower in different degree in comparison to
the actual phonon numbers, and it is mainly due to the so-called
saturation effect. The values of r for both the blue (*G,~*H,) and
red (°F;, *H,;—>H,) emissions of Tm ions at the relatively low
excitation power in the GdF3:Yb®",Tm>®" NCs is larger than that in

'E ®
eq1 e
e"
7~ 5]
E e n=3.4
. a b
1 3
T T e T
S & e & 6
B -
c o™ (C) L lG|-j : 4 (d) -
e 3 3 16 | - G:l_ Ha A
\— b b L e 1 3. a A"
4 3 3 n=12 1 ® F-H 7
Q A H- 4 3% &
e 4 6 J "
- A;Oiz/w A e v
LYYy ]
1 n=0.67 ‘AL 1 n=
‘] /0 °, - _An/li“’* AAAAa A
e ] - ] ... eﬂ_
: 7-0.86 . 1 =138 I
7 "ug ] n=2.32
e’ . &t
e-A e-a e-z e" e-1

Ln (Power (ms\’))

Fig. 7 Plot (In-In) of emission intensity versus excitation power in (a and b) GdFz:Yb** Tm** and (c and d) GdOF:Yb**, Tm** NCs prepared at

different OM/ODE ratios of 4:1,3:2,2: 3 and 1: 4, respectively.
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GdOF:Yb*",Tm*" NCs. In addition, in the GdF;:Yb*",Tm*" NCs,
the UCL intensity increases continuously in the studied range,
while in the GdOF:Yb**,Tm’*" NCs, the quenching of UCL
appears at a certain excitation power, which should be attributed
to the thermal effect. Thermal effect is seriously affected by the
phonon energy of the host. Because the phonon energy of GAOF
(550 em ™) is larger than that of GdF; (320 cm™ '), the thermal
effect would be smaller in GdF; NCs under the same power
density excitation, leading to the smaller slopes in GdO-
F:Yb** Tm**. We also observed that the slope of *H,~Hg tran-
sition is ~1 in GdF;:Yb?",Tm** NCs (shown in Fig. 7(a and b)). In
the UC population process, if the linear decay is dominant, &, «
I&", otherwise, the UC is dominant, Iy « I;z.** Therefore the UC
is the dominant depletion mechanism of *H, level in GdFj:-
Yb**, Tm>*" NCs, which is also in consistent with the decrease of
R/B ratios with the increase of 980 nm excitation power (Fig. 4).
Particularly, in Fig. 7(c and d), as the UC broadband emission
appears, the UCL intensity increases dramatically with the
increasing excitation power along with the slope reaching as
high as 12 and 17.7, respectively. The super-strong power-
dependence of the slopes (more than 10) implies that the UC
broad band in GdOF:Yb**,Tm*" NCs might originate from
a photon avalanche population process, instead of a traditional
multiple-photon population process. Compared to the well
known NaYF:Yb*",Tm** (Er*") nanocrystals (several nanometers)
encountering the intensifying cross-relaxation or saturation
effect under high power 980 nm excitation, UC broad band
emission of GAOF:Yb**,Tm** has better performance instead,
which has the potential applications in a white light LED.

3.5. Dynamic processes in GdF;:Yb*", Tm** and
GdOF:Yb*", Tm>" NCs

Fig. 8 shows the UCL dynamic curves of 'G,~*Hg transition in
GdF;:Yb*", Tm*" and GdOF:Yb**,Tm>*" NCs under 980 nm exci-
tation with different ratios of OM/ODE, which can be well fitted

(@ (b)

OM:ODE=4:1 OM:ODE=3:2

©=26 ps =18 ps

50 100 150 0 50 100 150 200

(©) @)

OM:ODE=Z:> OM:ODE=1:4

Intensity (a.u.)

=7 ps =5 ps

0 20 40 60 0 20 40 60 80
Decay time (us)

Fig. 8 UCL decay dynamics curves of the Gs—3Hg transition at

480 nm of Tm*" jons in (a and b) GdFs:Yb*", Tm** and (c and d)

GdOF:Yb**, Tm** NCs prepared at different OM/ODE ratios of 4 : 1,
3:2,2:3and1:4 under the 980 nm excitation.
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to a single exponential function. It can be clearly seen that the
decay time constants reduce from 26 to 5 ps with the change of
the ratios of OM/ODE from 4 : 1 to 1 : 4, which can be attributed
to the cooperative effect of the particle size, crystal phase,
phonon energy and defects state. Firstly, as the particle size
decreases, the number of detects and the large phonon bonds
on the surface of the NCs increase due to the increase of the
volume to surface ratio, leading the nonradiative relaxations
(such as 'D,-'G, and 'G,~°F,) to happen easily. Secondly, as
known, in GAOF:Yb**,Tm** NCs, the distance among Tm** ions
decreases relative to that in GdF5;:Yb®*',Tm*" NCs, so the cross-
relaxation process (such as 'G, + *H,—F; + 'D,, *Fyp3 + °Fy
5= G4 + *H;) among Tm>* ions should be intensified in the UC
population process. Thirdly, the larger phonon energy (550
cm ') of GAOF:Yb**,Tm*" NCs leads the increase of the non-
radiative relaxation processes via multiphonon assistant. The
above factors result in the increase of nonradiative relaxation
processes from excited states (e.g. 'D,, 'Gy, °F4 and *H, for Tm**
ions) to defect states and/or large phonon bonds, leading to the
decreasing of the decay time constants as well as the tuning of
UC multicolor emissions.

4. Conclusions

In this research, we fabricated rhombic GdF;:Yb*", Tm*" and
spherical GdOF:Yb*",Tm** UCNCs using the thermolysis
method. The effect of OM/ODE ratios on size, shape and multi-
color tuning of lanthanide-ion doped UCNCs was studied in
detail. The experimental results can be summarized as
following. First, the UC emission color change from blue to red
was observed with the transform of the crystalline phase from
orthorhombic GdF; to cubic GdOF NCs, which was mainly
attributed to cooperative effect among crystal phase structure
and size of UCNCs. Second, UC broadband emissions with
super power-dependent lopes are observed in GAOF:Yb*", Tm*"
under 980 nm laser illumination with high excitation power.
Their origin could be oxygen vacancies, being accompanied by
a photon avalanche population process. These UCNCs with
broadband multi-color emissions are expected to find their
applications in multi-color bio-imaging, white-light emitting
diodes, and multiplexed cellular labeling.
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