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Y2O3:Tm3+, Yb3+ was prepared by nanosecond pulsed laser irradiation. The X-ray diffraction pattern
shows that the material produced by laser irradiation is amorphous, which presents strong blue upcon-
version emission under the excitation of 976 nm diode laser. The relative intensity of the blue emission to
the infrared one is linearly dependent on the pump power and is an order of magnitude higher than that
of the bulk material. The analyses of rate equations and the time-resolved spectroscopic results indicate
that the enhancement of the blue upconversion is attributed to the longer lifetime of the levels of the
Tm3+ and Yb3+ ions.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

In the recent years, upconversion (UC) emissions from rare
earth doped materials have gained much attention due to many
potential applications, such as all-solid state lasers [1,2], three-
dimensional displays [3], biological labeling [4–6], and lumines-
cent switchers [7]. Excitation is easily achieved by a commercially
available continuous wave (CW) infrared diode laser, which is
compact, power-rich, and inexpensive. For technological applica-
tions and basic research, studies on the dependence of UC property
on different host matrices and synthesis methods are very impor-
tant, which can help the realization of controllable UC emissions,
enhancing the quantum yield of the luminescence, and under-
standing the UC dynamics.

The local environment around the active ions and the chemical
components in a host material greatly affect the UC efficiency and
emission spectra. Qin et al. reported enhancement of ultraviolet UC
in Yb3+ and Tm3+ codoped fluoride film due to the decrease of
Judd–Ofelt parameter X2, which is related to the symmetry of
the ligand field [8]. Qi et al. indicated that the change of local struc-
ture around the active ions lead to new emission peaks and the red
shift of the charge-transfer band of the Eu3+ ions [9]. Patra et al.
investigated the effect of crystal size and crystal phase on UC lumi-
nescence in ZrO2: Er3+ nanocrystals [10]. In relevant literatures, the
UC samples were synthesized by chemical methods, such as sol–
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gel [10,11], coprecipitation [12], solution combustion [13,14], and
controlled hydrolysis synthesis procedures [14]. In these chemical
methods, the contamination caused by chemical precursors or
additives may lead to the change of the UC dynamics and affect
the UC luminescence results, especially in the nanomaterials
[12,13].

In a recent work, ultrafine Y2O3:Pr3+, Yb3+ nanoparticles were
prepared by femtosecond pulsed laser irradiation [15]. Because
the method can avoid possible chemical contamination, these
nanoparticles showed higher UC efficiency, compared with nano-
particles synthesized by typical sol–gel method. However, the
amount of the product is very small in the synthesis by femtosec-
ond pulsed laser ablation. Different from the above method, nano-
second pulsed laser was used to treat sample surface, which
produced a process of melting and resolidification. Larger amount
of materials can be obtained [16].

Based on the above consideration, the main goal of this work is
to investigate the structural properties and UC emissions of
Y2O3:Tm3+, Yb3+ prepared by the nanosecond pulsed laser irradia-
tion. The structural properties of the product were analyzed by
the grazing incidence X-ray diffraction and field emission scanning
electron microscopy. The pump power dependence of the UC emis-
sion spectra and the intensities of blue to infrared band were mea-
sured. These spectra behaviors were explained by the rate
equations and time-resolved spectroscopy.
2. Experiments

The preparation procedure is similar with that employed in pre-
viously [17,18]. The stoichiometric mixture of Y2O3, Tm2O3 and
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Figure 1. (a) GIXRD pattern of Y2O3:Tm3+, Yb3+ produced by nanosecond pulse laser
irradiation and corresponding bulk material with angle of X-ray incidence 1�; (b)
SEM image of the sample produced by nanosecond pulse laser irradiation.
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Yb2O3 powders is pressed into a round disk with 13 mm diameter
and 2 mm in thickness. The molar ratio of Y2O3, Tm2O3 and Yb2O3

were fixed at 100:0.5:3.5. The target was fixed on a two-dimen-
sional translational platform which was controlled by a computer.
The laser beam was focused using a 10-cm-focal-length lens onto
the solid target. The laser beam scanned the whole surface of the
sample with a track of square-wave lines by controlling the two-
dimensional translational platform. The solid target moved at a
speed of 1 mm/s during the experiments and the distance between
parallel lines is 0.2 mm. The laser source employed was a 532 nm
Nd: YAG nanosecond laser (Spectra Physics) with a pulse width
of 10 ns operated at a repetition rate of 10 Hz. The pulse energy
was 400 mJ, and the laser intensity is estimated to be
5.1 � 108 W/cm2. The surface of the irradiate target was investi-
gated for the structure and optical properties, but no special treat-
ment was performed.

For comparison, bulk material with the same composition was
prepared using the sol–gel method followed by high temperature
annealing. The synthesis routine is described below: The mixtures
mentioned above were dissolved in dilute nitric acid by stirring at
80 �C. Then, citric acid was added into the solution with a mole ra-
tio of cation to citric acid of 1:4. The pH of the solution was ad-
justed to 6.0 by the addition of ammonium hydroxide. The
solution was dried at 120 �C for 12 h. The resulting black mixture
was sintered at 800 �C for 2 h. The powders obtain were pressed
into a round disk, which were sintered again at 1300 �C for 20 h.
This sample is referred as HT sample and the sample prepared by
the laser irradiation is referred as LI sample in the following text.
According to the FT-IR absorption spectra, the influence of the
groups with large phonon mode could be ignored in both samples.

Grazing incidence X-ray diffraction (GIXRD) was used to deter-
mine the crystalline phases of the samples. The GIXRD device em-
ployed were a Philips X-ray diffractometer (XRD) with Cu Ka
radiation. During the diffraction experiment, the incidence angle
was fixed at 1�. The morphology of the product was characterized
by field emission scanning electron microscopy (SEM, Hitachi S-
4800). The room temperature UC emissions were recorded using
a monochromator (Zolix Instruments Co. Ltd., Beijing) and a photo-
multiplier tube (Hamamatsu CR131) under the excitation of
976 nm diode laser. The light beam was focused to an area of
2 mm2. The fluorescence lifetimes were measured by a digital stor-
age oscilloscope (Tektronix 5052).
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Figure 2. UC spectra of Y2O3:Tm3+, Yb3+ produced by nanosecond pulse laser
ablation (a) and bulk material (b) excited by 976 nm DL at 390 mW.
3. Result and discussion

The normal-incidence XRD patterns of both samples show iden-
tical phase, which is consistent with the cubic phase of yttrium
oxide (referenced JCPDS 86-1107). However, no valuable informa-
tion was obtained. Hence, the grazing XRD experiments were con-
ducted. Figure 1a shows the GIXRD patterns for both samples.
From Figure 1a one can see that the amorphous structure produced
by the pulsed laser is only on the surface. The weak diffraction
peaks at 29� and 49� probably come from raw material at the side
face of the disk or under the top layer. While, the HT sample exhib-
its pure cubic structure. Figure 1b shows the SEM micrograph of
the LI sample. It can be observed that the surface of the sample
demonstrated a typical morphology resulted from surface melting
and subsequent fast recrystallization of the liquid phase after high
energy laser irradiation.

Figure 2 shows the UC spectra of the LI sample (a) and HT sam-
ple (b) under the excitation of 390 mW, 976 nm diode laser. These
UC emissions all have two emission bands centered at 490 and
810 nm, respectively. The spectra were normalized to the intensity
at 486 nm for easy comparison. Interestingly, the relative intensity
of the blue band to the near infrared band is obviously different for
samples synthesized by different methods. In the HT material, the
emission at 810 nm is much stronger than the one at 490 nm.
While in the LI sample, the emission centered at 490 nm is domi-
nant in the spectrum. The strong blue emission is propitious to
the potential application of blue UC laser [1]. The relative intensity
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Figure 4. Pump power dependence of the UC emission intensity at 490 and 810 nm
for both samples.
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Figure 5. Energy level diagram of Yb3+ and Tm3+ ions in Y2O3.
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of 490 nm/810 nm emitted intensity as a function of the excitation
power is shown in Figure 3. It can be seen that the relative inten-
sity is increased linearly with the excitation power for both sam-
ples within the excitation range (50–390 mW). The slopes are
3.85 � 10�3 for the LI sample and 3.60 � 10�4 for the HT sample.
And the relative intensity of the LI sample is always ten times as
high as that of the HT sample.

To investigate this discrepancy in the spectra, the upconversion
mechanism of Y2O3:Tm3+, Yb3+ under the 976 nm excitation were
further studied. The emissions of 480 and 810 nm are assigned to
the transition from 1G4 to 3H6 and 3H4 to 3H6, respectively. The
dependence of UC intensities on the pump power was measured
and given in Figure 4 in double-logarithmic representation. For
an unsaturated UC process, the number of photons, which are re-
quired to populate the upper emitting state, can be obtained by
the following relation [19],

I / Pn;

where I is the fluorescence intensity, P is the pump laser power, and
n is the number of the laser photons required. It was observed that
power dependence slopes are 2.40 and 1.57 for the 490 and 810 nm
UC emissions, respectively, in the LI sample, and the slopes are 2.74
and 1.87 for the two corresponding emissions in the HT sample.
This indicates that three or two photons are required to populate
the 1G4 and 3H4 level, respectively. Due to the mismatch of the en-
ergy level gap of Tm3+ ion and the pump photon, the 1G4 level is
populated by three step energy transfer while the 3H4 level is pop-
ulated by two step energy transfer from the Yb3+ ions to the Tm3+

ion, as illustrated in the simplified energy level diagram in Figure 5
[7,20]. Briefly, the Yb3+ ions are excited by 976 nm photons and
transit from the ground state 2F7/2 to 2F5/2. Then, three excited
Yb3+ ions subsequently transfer their energies to Tm3+ ions and
make them transit from 3H6 to 3H5, from 3F4 to 3F2,3 and from 3H4

to 1G4 assisted by multi-phonon nonradiative relaxation. The
Tm3+ ions in 1G4 state emit photons near 480 nm and return to
the 3H6 state. A fraction of Tm3+ ions in 3H4 state transit to the
ground state and emit photons near 810 nm.

In fact, the n is usually smaller than the theoretical integer value
because the competition between the linear decay and the upcon-
version for the depletion of intermediate excited states [19]. Under
the excitation of low pump power, linear decay is dominant and
the n value would be close to an integer. However, as the pump
power increases, upconversion becomes dominant and the n value
would be smaller and even approaches 1, where a ‘saturation’ of
the emission intensity would be observed. Based on the observed
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Figure 3. Pump power dependence of the relative intensity of 490 nm/810 nm
emissions from samples prepared by laser irradiation (LI) and bulk material (HT),
and the ratio of the relative intensity in the LI sample to that of the HT sample.
n-values, we can conclude that the upconversion process is more
efficient in the LI sample.

We may use the following steady-state rate equations to further
analyze the UC properties:

dnY1

dt
¼ rqnY0 � nY1AY1 � C0n0nY1 ¼ 0; ð1Þ

dn1

dt
¼ C0n0nY1 � n1A1 � C1nY1n1 ¼ 0; ð2Þ

dn2

dt
¼ C1n1nY1 � n2A2 � C2nY1n2 ¼ 0; ð3Þ

dn3

dt
¼ C2n2nY1 � n3A3 ¼ 0; ð4Þ

where Y0 stands for 2F7/2, Y1 for 2F5/2, 0 for 3H6, 1 for 3F4, 2 for 3H4,
and 3 for 1G4; ni, Ci are population density and coefficient of energy
transfer, respectively, and r, q are the absorption cross-section and
energy density of the pump light, respectively. Due to the quick
non-radiation decays: 3H5 ? 3F4 and 3F2,3 ? 3H4, the equations cor-
responding to the 3H5 and 3F2,3 energy levels have been ignored. We
also do not need to consider the direct transition from 2F5/2 of Yb3+

to the excited levels of Tm3+ because of the large mismatch of the
energy levels. The emission intensity is proportional to the sponta-
neous emission, that is,

Ii / niAi: ð5Þ
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Figure 6. Decay profiles of the 1G4 ? 3H4 transition in Y2O3:Tm3+, Yb3+ produced by
laser irradiation (a) and bulk material (b).
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From Eqs. (1)–(5), we can get the relative intensity of 490 nm/
810 nm as follows:

R ¼ I3
I2
/ n3A3

n2A2
¼ C2nY1n2

C1nY1n1�C2nY1n2
¼ C2rqnY0

A2ðAY1þC0n0Þ ð6Þ

where R is the relative intensity. From Eq. (6) and A2 ¼ 1
s2

, where s2

is the lifetime of the 3H4 level, one can conclude that the relative
intensity is proportional to the pump intensity and the lifetimes
of the 3H4 level of Tm3+ and the 2F5 level of Yb3+. The influence of
the pump power is consistent with the results given in Figure 3.

To confirm the influence of the lifetimes of the energy levels,
the decay time of 810 nm UC emission from both samples was
measured and shown in Figure 6. All curves can be fitted very well
by the double exponential decay function. We believe that the
short lifetime is for the 3H4 level of Tm3+ and the long lifetime is
for the 2F5 level of Yb3+. These fitting results are summarized in Fig-
ure 6. Obviously, the lifetimes in the LI sample (0.36 and 0.78 ms)
are longer than that of the HT sample (0.13 and 0.54 ms). It can be
seen that the relative intensity increases with the corresponding
lifetime, which is consistent with the conclusion of the rate equa-
tions. Therefore, the long lifetimes of the energy levels in the LI
sample are responsible for the stronger blue UC emission.

The possible mechanism for the increase of the lifetimes of the
energy levels in the LI sample is not fully understood. In the Letter
of Guanshi Qin et al., the authors suggested that the UC emissions
can be influenced by the change of the local host structure around
the active ion by analyzing the Judd–Ofelt parameters [8]. Analo-
gously, by the rate equations and the time-resolved experiment
results, we have demonstrated that the relative intensity of the
blue UC emission to the infrared one is related to the lifetimes of
the energy levels. The amorphous materials prepared by the laser
irradiation present a relatively longer lifetimes of the energy levels.
The long lifetimes are propitious to the UC processes of the higher
energy levels, which lead to the higher relative intensity of the blue
to the near infrared emissions.
4. Conclusion

We have prepared Tm3+, Yb3+ codoped Y2O3 by nanosecond
pulsed laser irradiation. The GIXRD pattern shows that the structure
of the product on the sample surface is amorphous. The sample
shows much improved upconversion properties compared with
the bulk material. The relative intensity of the blue to the near infra-
red in the laser induced sample is ten times as high as that of the
bulk material. Rate equation analyses and the lifetime measure-
ments indicated that the laser irradiated samples have longer
lifetimes of energy levels, which are in favor of the UC processes.
Our results and analysis indicated that nanosecond pulsed laser
irradiation is a good method to prepare more efficient UC materials.
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