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Abstract
Tm3+/Yb3+ codoped rod-like YF3 nanocrystals were synthesized through a facile hydrothermal method. After annealing in an argon

atmosphere, the nanocrystals emitted bright blue and intense ultraviolet (UV) light under a 980-nm continuous wave diode laser excitation.

Up-conversion emissions centered at �291 nm (1I6! 3H6), �347 nm (1I6! 3F4), �362 nm (1D2! 3H6), �452 nm (1D2! 3F4), �476 nm

(1G4! 3H6),�642 nm (1G4! 3F4), and�805 nm (3H4! 3H6) were recorded using a fluorescence spectrophotometer. Especially, enhanced UV

emissions were studied by changing Yb3+/Tm3+ doping concentrations, the annealing temperatures, and the excitation power densities. A possible

mechanism, energy transfer–cross relaxation–energy transfer (ET–CR–ET), was proposed based on a simple rate-equation model to elucidate the

process of the enhanced UV emissions.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, a subgroup of luminescent materials have

been developed, which are capable of converting long

wavelengths radiation into short wavelengths [1,2]. The

emissions of most of these materials are based on up-conversion

(UC) processes. The frequency UC in rare earth ions doped solids

has been investigated extensively owing to its potential

applications in a large range of areas including detection of

infrared radiation [3], color display [4], UC lasers [5], medical

applications, sensors, optical data storage, optoelectronics [2],

and so on. Most of these applications are based on fluoride

systems because they have appropriate energy phonons to

produce strong UC fluorescence. The introduction of Yb3+ as

a sensitizer at around 1 mm pumping wavelength, where
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high-power sources are commercially available, allows a large

enhancement of UC fluorescence of lanthanide ion activators,

too. In Yb3+ sensitized rare earth ions doped materials, efficient

IR (NIR)-to-UV UC emissions have widely been investigated

[6–9]. Tm3+ is a promising optical activator that provides the

possibility for simultaneous blue and UV emissions of laser

action and various applications [10–15]. Especially, the

phenomenon of UV UC luminescence has become an appealing

research topic recently. Studies of new approaches to obtain

efficient UV luminescence are very necessary and valuable due

to the need for developing short-wavelength solid-state lasers.

In this article, Tm3+/Yb3+ codoped YF3 nanoparticles were

synthesized using a facile hydrothermal method. The annealed

samples emitted bright UC light under 980-nm excitation.

Particularly, the enhanced UV emissions were observed. The

factors (Yb3+ and Tm3+ doping concentrations, annealing

temperatures, and excitation power densities) resulting in

enhanced UV UC emissions were studied and analyzed. A

simple rate-equation model was established to explain the

phenomena. A possible UV UC process based on frequency UC
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Fig. 1. XRD patterns of Y0.797Yb0.2Tm0.003F3: (a) before annealing, and (b)

after annealing at 500 8C for 1 h.
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mechanisms [2,16], energy transfer–cross relaxation–energy

transfer (ET-CR-ET), was proposed and elucidated.

2. Results and discussion

The XRD patterns of the Y0.797Yb0.2Tm0.003F3 are shown in

Fig. 1 for before (Fig. 1(a)) and after annealing at 500 8C for 1 h

(Fig. 1(b)). All diffraction peaks can be easily indexed to those

of the orthorhombic phase of YF3 with space group Pnma (62)

(JCPDS 74-0911). The intensification of peaks from the

unannealed sample to the annealed sample indicated increased

crystallinity, which could result in improved luminescence

properties due to the reduction of defects and the efficient

doping. From the patterns, we inferred that the sample was
Fig. 2. FE-SEM images of Y0.797Yb0.2Tm0.003F3. Low magnification: (a) before ann

unit before annealing, and (d) after annealing.
nanometer-sized before annealing, and became well-crystal-

lized and larger in size after annealing, as shown in the FE-SEM

images described below.

The FE-SEM images of Y0.797Yb0.2Tm0.003F3 are shown in

Fig. 2. Fig. 2(a) and (b) are images of unannealed sample, and

(c) and (d) are images of annealed sample, which correspond

with Fig. 1(a) and (b), respectively. As shown in Fig. 2(a), the

unannealed samples were rod-like morphologies, which were

about 1 mm in length and 300 nm in diameter. Fig. 2(b) is an

image of single unit of the unannealed sample, indicating that

the rod-like structures were assemblies of numerous smaller

rods. Most of the small rods were about 10 nm in diameter and

40 nm in length and lined up lengthways. The FE-SEM images

of the sample annealed at 500 8C (Fig. 2(c)) showed that the

annealing process did not make significant changes to the

morphology of the nanoparticles, except that small rods

changed to elongated particles and interlinked each other, and

the higher magnification image in Fig. 2(d) proves that further.

Fig. 3 is an UC emission spectrum of the sample

Y0.797Yb0.2Tm0.003F3 in the 270–870 nm wavelength range,

recorded under 980-nm excitation with power density �
100 W/cm2. UC emissions centered at �291 nm originating

from 1I6! 3H6 transition, �347 nm from 1I6! 3F4 transition,

�362 nm from 1D2! 3H6 transition, �452 nm from
1D2! 3F4 transition, �476 nm from 1G4! 3H6 transition,

�642 nm from 1G4! 3F4 transition, including �805 nm from
3H4! 3H6 transition, were recorded.

To understand the n-photon UC processes well, we

investigated the dependence of pumping power on the

fluorescent emission. For an unsaturated UC process, the

number of photons that is necessary to populating the upper
ealing, and (c) after annealing at 500 8C for 1 h. High magnification: (b) single



Fig. 3. Up-conversion emission spectrum of Y0.797Yb0.2Tm0.003F3 recorded

under 980-nm excitation (power density � 100 W/cm2).

Fig. 4. Excitation power dependence of the fluorescence for

Y0.797Yb0.2Tm0.003F3.
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emitting state can be obtained by the following relation:

If / Pn, where If is the fluorescent intensity, P the pumping

laser power, and n is the number of laser photons required [17].

The typical double-logarithmic plots of log I � log P are shown

in Fig. 4. The signal intensity of fluorescence is represented by

the integrated area between the spectrum peak of profile and the

baseline. The n value is easily obtained from the slope of the

linear fit. As illustrated in Fig. 4, n value obtained for 477 nm

was 3.19 � 0.18, indicating a three-photon process. The n

values for 362 nm and 452 nm were 3.73 � 0.20 and

4.10 � 0.20, respectively, which meant that populating the
1D2 level needs four photons. While for 347 nm and 291 nm

emission, n values were 4.69 � 0.15 and 4.83 � 0.18,

respectively, meaning five-photon processes. The correspond-

ing n values of samples Y0.8�yYb0.2TmyF3 of the log I � log P

plots are listed in Table 1, which further prove that populating

the 1I6 level needs five photons, populating the 1D2 level needs

four photons, and populating the 1G4 level needs three photons.

The experimental results are slightly different from those in

Refs. [8,9]. In the Refs., the authors believed that populating the
1D2 level through cross relaxations (CR): 3H4! 3F4,
1G4! 1D2, and 1G4! 3F4, 3H4! 1D2, which needs five

photons. We believed that the 1D2 level was populated through

the CR: 3F3! 3H6: 3F3! 1D2 (Tm3+), bases on the Refs.

[6,19], needing four photons.

As shown in Fig. 3, the emissions mainly concentrated on

the blue, especially the UV bands, which meant that the five-,

four-photon emissions were much stronger than those three-, or

two-photon. What factors can result in the intense UV

emissions? The enhanced UV UC emissions will be discussed
Table 1

Relevant n values of the slopes for log I � log P (nanocrystals

Y1�0.2�yYb0.2TmyF3) plots

y 291 nm 347 nm 362 nm 452 nm 477 nm

0.1 4.82 � 0.28 4.87 � 0.27 4.24 � 0.21 4.34 � 0.13 3.24 � 0.19

0.2 5.00 � 0.21 4.76 � 0.24 4.16 � 0.22 4.27 � 0.19 3.23 � 0.18

0.3 4.83 � 0.18 4.69 � 0.15 3.73 � 0.20 4.10 � 0.20 3.19 � 0.18

0.5 4.80 � 0.18 4.91 � 0.19 4.21 � 0.19 4.18 � 0.11 3.39 � 0.10
in the following text. For comparison, the spectra were all

recorded under the same conditions (excitation power density

�100 W/cm2, high voltage of PMT = 400 V, Ex/Em

slit = 1.0 nm), and normalized to the 1G4! 3H6 transition.

Yb3+ ions served as sensitizers in our studied system. The

UC emission spectra dependence on sensitizers’ concentration

is shown in Fig. 5(a). With the increase of Yb3+ concentration,
1I6! 3H6, 1I6! 3F4, 1D2! 3H6, and 1D2! 3F4 transitions

relatively became stronger than the other UC processes and

gradually became dominant. We concluded that high Yb3+

concentration would result in the increase of the population of

the 1I6 and 1D2 levels. And the enhanced UV UC emissions

were observed. Tm3+ ions act as activators. The spectra of the

nanocrystals Y0.8�yYb0.2TmyF3 are shown in Fig. 5(b). We

found that the spectra had the same changing trends with those

of Yb3+ ions. With the increase of Tm3+ concentration,
1I6! 3H6, 1I6! 3F4, 1D2! 3H6, and 1D2! 3F4 transitions

gradually became stronger and predominate over the
1G4! 3H6 transition. The annealing temperatures have great

effect on the luminescence of the materials. The spectra of the

sample Y0.797Yb0.2Tm0.003F3 annealed at 400 8C, 500 8C and

700 8C for 1 h are shown in Fig. 5(c). Clearly, with the increase

of the annealing temperatures, the UV UC emissions had the

enhancement phenomena, too. However, the annealing

temperatures had much less effect on the UV UC emissions

than Yb3+ or Tm3+ doping concentrations. Increasing the

excitation power density has the same effect with that of

increasing Yb3+ concentration. The UC spectra of

Y0.797Yb0.2Tm0.003F3 dependence on excitation power densi-

ties were investigated, too. The relative spectra are shown in

Fig. 5(d). With the increase of excitation power densities, UV

emissions became much stronger than the other UC ones, which

meant that relatively high excitation power density led to the

enhanced UV emissions, too.

To understand the enhanced UV UC emissions clearly, we

plotted the emission intensity versus the variables in Fig. 6,

where the intensity (summations of integrated areas of the

transition bands 1I6! 3H6, 1I6! 3F4, 1D2! 3H6, and
1D2! 3F4) was normalized to the integrated intensity of



Fig. 5. Dependence of up-conversion emission spectra (normalized to 1G4! 3H6 transition) on (a) Yb3+ concentration (nanocrystals Y1�0.003�xYbxTm0.003F3), (b)

Tm3+ concentration (nanocrystals Y1�0.2�yYb0.2TmyF3), (c) annealing temperatures of nanocrystals Y0.797Yb0.2Tm0.003F3, and (d) excitation power densities of

nanocrystals Y0.797Yb0.2Tm0.003F3.
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1G4! 3H6 transition. Obviously, all the variables had great

effect on the UV UC emissions.

What is the possible UC mechanism resulting in enhanced

UV UC emissions in Tm3+/Yb3+ codoped YF3 system? Fig. 7

are schematic energy-level diagrams of Yb3+ and Tm3+. The

UC mechanisms of the Yb3+–Tm3+ system are outlined in the

figure, too. In Tm3+/Yb3+ codoped system, Yb3+ ions

successively transfer energy to Tm3+ ions to populate the
3H5, 3F3 (3F2), and 1G4 levels [18]. Due to the large energy

mismatch (�3516 cm�1) in the energy transfer (ET) 2F5/

2! 2F7/2 (Yb3+): 1G4! 1D2 (Tm3+), the CR 3F3! 3H6:
3F3! 1D2 (Tm3+) may alternatively play an most important

role in populating the 1D2 level [6,19]. Then, the level 1I6 is
Fig. 6. Dependence of fluorescence ((1I6 + 1D2)/1G4) on Yb3+ and Tm3+

concentrations, annealing temperatures, and excitation power densities.
populated by the ET 2F5/2! 2F7/2 (Yb3+): 1D2! 1I6 (Tm3+).

The CR process depletes the population of the 3F3 level; while

the Yb3+ ions successively transfer energy to Tm3+ ions to

populate the 3F3 level, and CR process occur easily depleting

the population of the 3F3 level, which forms a loop (feedback).

As a result, through ET–CR–ET process, the 1D2 and 1I6 levels

can be efficiently populated, and the corresponding emissions

become stronger. In order to understand the experimental

results well, we used a rate-equation model, proposed by Auzel

[20], and deduced by Ostermayer [21], to explain the

experimental results. In the rate-equation model, the process

of stepwise excitation by nonresonant ET from Yb3+ to Tm3+

and multiphonon relaxations of Tm3+ were considered. As

shown in Fig. 7, the labels listing left-hand are more
Fig. 7. Schematic energy-level diagram of Yb3+ and Tm3+, and mechanism of

up-converted emissions.
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conveniently used in the rate equations below:

dnY1

dt
¼ sY I

eY
nY0 �

nY1

tY
� x1nY1nT0 � x2nY1nT1 � x3nY1nT2

� x4nY1nT4

(1)

dnT1

dt
¼ x1nY1nT0 �

nT1

tT1

� x2nY1nT1 (2)

dnT2

dt
¼ bx2nY1nT1 �

nT2

tT2

� x3nY1nT2 (3)

dnT3

dt
¼ x3nY1nT3 �

nT3

tT3

(4)

dnT4

dt
¼ cð1� bÞx2nY1nT1ð1� bÞx2nY1nT1 �

nT4

t4

(5)

dnT5

dt
¼ x4nY1nT4 �

nT5

t5

(6)

where sY is the Yb3+ 2F7/2! 2F5/2 absorption cross section

averaged over the spectrum of the exciting radiation, eY the

average energy of the Yb3+ 2F7/2! 2F5/2 transition, I the total

intensity of the exciting radiation, the n’s are number density of

ions in the levels, the t’s are total lifetime of the levels, the x’s

are the Yb3+-to-Tm3+ transfer probability coefficient, b the

branch ratio of the 3F3 level relaxing to the 3H4 level, and c is

CR coefficient. Herein, x’s increase monotonically with Yb3+

concentration at low Yb3+ concentration, while they take nearly

constant value at high Yb3+ concentration [22]. With the

increase of Tm3+ concentration, CR process becomes stronger

for Tm3+–Tm3+ distance becomes smaller, b becomes smaller,

too, and there are some inevitable relations between b and c. In

the above rate equations, some approximations have been

made. Firstly, low efficiency processes, such as back energy

transfer from Tm3+ to Yb3+, were neglected in the rate-equation

model. Secondly, in the ET and nonradiative processes, we

assumed that the 3H5 level completely depopulated to the 3F4

(T1) level; Tm3+ ions in the 3F3 (3F2) level partially non-

radiatively decayed to the level 3H4 (T2), and the others

depopulated via the CR (3F3! 3H6: 3F3! 1D2) process; the
1G4 (T3) level was populated via ET (2F5/2! 2F7/2 (Yb3+):
3H4! 1G4 (Tm3+)); the population of the 1D2 (T4) level came

only from the CR process; and the population of the 1I6 (T5)

level came from ET 2F5/2! 2F7/2 (Yb3+): 1D2! 1I6 (Tm3+).

Thirdly, other emission and ET processes were neglected

except those mentioned above.

Now, we use the rate equation model to explain the enhanced

UV UC emissions. First, for the dependence of the UC emission

spectra on Yb3+ concentration, x’s increased with Yb3+

concentration increasing, ET became efficient and more

Yb3+ participated in the ET inducing more Tm3+ to populate

the 3F3 (3F2) levels, the CR process easily happened, and then

the populations of the levels 1D2 and 1I6 increased. So the

enhanced UV emissions from 1D2 and 1I6 were observed.

Second, Tm3+ concentration had great effect on the Tm3+

emissions as shown in Fig. 5(b). With the increase of Tm3+
concentration, indicating the shorter distance between Tm3+–

Tm3+, Tm3+–Tm3+ interaction became stronger, CR process

happened easily. Tm3+–Yb3+ distance became shorter and ET

happened easily, too, and the ET–CR–ET would be more

effective, which resulted in UV emission enhancement. Third,

increasing the annealing temperatures while keeping the doping

concentration invariable, more Yb3+ and Tm3+ would be

incorporated in the host lattices and the practical distance of

Yb3+ and Tm3+ became shorter, resulting in the relatively

effective ET and CR processes, which at last resulted in the UV

emission enhancement phenomena. Last, for the UC emission

spectra dependence on excitation power density, a likely

explanation was given. When the excitation power density

increased, the Yb3+ would be more effectively excited to the
2F5/2 level, and the ET processes became effective too. In a

word, the ET–CR–ET eventually resulted in the enhanced

emissions of the 1D2 and 1I6 levels.

3. Conclusions

In conclusion, Tm3+/Yb3+ codoped rod-like YF3 nanocrystals

were synthesized through a facile hydrothermal method. After

annealing in an argon atmosphere, the nanocrystals had IR to UV

UC emissions under 980-nm excitation. Particularly, bright blue

and intense UV UC emissions were observed and studied.

Increasing Yb3+ and Tm3+ doping concentration, annealing

temperatures, including the excitation power densities, resulted

in enhanced UV UC emissions of the nanocrystals. A simple rate-

equation model was used under some approximations. The

possible UV UC process, ET–CR–ET, was proposed and

elucidated resorting to the simple rate-equation model. The

elucidation was just qualitative. The quantitative explanation is

under extensively study.

4. Experimental

The starting materials were all analytical reagents. In a

typical procedure for the preparation of Y0.797Yb0.2Tm0.003F3,

7.97 mmol Y2O3, 2 mmol Yb2O3, and 0.03 mmol Tm2O3 were

dissolved in the hydrochloric acid (37%) at elevated

temperature to form clear solution. Then hydrofluoric acid

(40%) was added dropwise into the clear solution to form

colloidal solution while stirring with a magnetic force stirrer.

After vigorously stirred for more than 0.5 h, the colloidal

solution was transferred to four 50 mL Teflon-lined stainless

steel autoclaves and treated at 130 8C for 12 h. After cooling to

room temperature naturally, the upper clear solution was

discarded and the remainder was isolated via centrifugation.

The resultant material was dried in vacuum at 55 8C for 6 h.

However, it had hardly UC luminescence under 980-nm

excitation. After annealing at 500 8C for 1 h in an argon

atmosphere, the sample emitted bright blue and intense UV

light. Samples Y0.997�xYbxTm0.003F3 (x = 0.025, 0.05, 0.10)

and Y0.8�yYb0.2TmyF3 (y = 0.001, 0.002, 0.003, 0.005) were

prepared in a similar manner to that for nanocrystals

Y0.797Yb0.2Tm0.003F3. Furthermore, the Y0.797Yb0.2Tm0.003F3

nanoparticles were annealed at 400 8C, and 700 8C for 1 h for
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the study of UC emission dependence on annealing tempera-

tures.

The phase purity and composition identification were

performed by powder X-ray diffraction (XRD) (Model

Rigaku RU-200b), using nickel-filtered Cu Ka radiation

(l = 1.5406 Å). The size and morphology were characterized

by field emission scanning electron microscopy (FE-SEM)

(Hitachi S-4800). With a 980-nm continuous wave diode

laser (CW LD 2W) as excitation source, UC emission spectra

were recorded by a fluorescence spectrophotometer (Hitachi

F-4500). All measurements were performed at room

temperature.
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