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a b s t r a c t

High-order ultraviolet (UV) upconversion (UC) emissions of Gd3+ and Er3+ ions were observed in
NaYF4:Yb3+/Gd3+/Er3+ microcrystals under 980 nm excitation. These UC emissions came from six- and
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five-photon UC processes at low pump power range, which were confirmed by the pumping power
dependences of UC fluorescence intensities. In these high-order UC processes, energy transfer (ET) pro-
cesses of Er3+ → Gd3+ played crucial roles in populating the excited states of Gd3+ ions. Experiments on
concentration variation and dynamic analysis revealed the ET processes between Er3+ and Gd3+ in detail.
Some of possible population routes for populating excited Gd3+ ions were proposed based on spectral
and dynamic analysis.
pconversion luminescence

. Introduction

In recent years, short-wavelength compact solid-state lasers
ave attracted much attention due to their wide range of appli-
ations including high density optical data storage, IR sensors,
olor displays, undersea communications, and so on [1–4]. As one
f the available approaches for achieving the short-wavelength
aser radiation, frequency UC based on certain rare-earth ions
RE3+) in different matrix have been investigated widely in
he past two decades. However, most studies about UC emis-
ions of RE3+ ions have focused on the visible region, and only

few groups reported strong UV UC emissions [5–10]. Con-
equently, synthesizing the intense UV luminescent materials
nd investigating UV UC emission mechanism are the most
mportant tasks for researchers to develop UV UC solid-state
asers.

Er3+ ions have a rich level structure with quasi-ladder long-lived
xcited states, which are favorable to act as both sensitizer and
ctivator for frequency UC. Most researchers have used Er3+ as an
ctivator in their previous studies, and only a few considered it as
sensitizer [11–16]. In addition, unlike Er3+, Tm3+, and Ho3+ ions,

C emissions based on Gd3+ ions have rarely been reported. As far
s we know, there were only four papers reported by Gharavi and
cPherson, Cao et al., Qin et al., and Chen et al. concerning the
C emissions of Gd3+ ions [13,17–19]. The first author found 281

∗ Corresponding author. Tel.: +86 431 85168240 8325;
ax: +86 431 85168240 8325.

E-mail address: wpqin@jlu.edu.cn (W. Qin).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.02.144
© 2011 Elsevier B.V. All rights reserved.

and 313 nm UC emissions from 6IJ and 6PJ levels of Gd3+, respec-
tively. They used Er3+ ions as sensitizers and green lasers (522 and
546 nm) as pumping sources. Qin et al. used Yb3+ and Tm3+ ions as
double sensitizers and excited the sample with a 980 nm contin-
uous wave (CW) diode laser. In their experiments, high-order UC
emissions of Gd3+ and Tm3+ ions have been detected. The last author
used NaGdF4 as the host material and found the near vacuum UV
luminescence of Gd3+ and Er3+ ions under 974 nm excitation and
assigned these UV UC emissions to the unusual super saturation
UC processes. However, the ET routes between Er3+ and Gd3+ ions
have not been analyzed well in their work. Consequently, further
studies are still necessary to make clear the ET processes between
Er3+ and Gd3+, because it is benefit for understanding the com-
plex UC mechanism and the unusual UC population behaviors at
high-energy levels of Er3+ and Gd3+ in the codoped system. In addi-
tion, we surmised that �-NaYF4, with a high refractive index and
low phonon energy, would improve the high-order UC emissions
of Gd3+ ions greatly.

In this work, we chose �-NaYF4 as the host material and pre-
sented an observation of high-order UV UC emissions from Gd3+

and Er3+ ions in Yb3+–Gd3+–Er3+ codoped microcrystals under
980 nm excitation. In the NaYF4:Yb3+/Gd3+/Er3+ system, both Yb3+

and Er3+ served as sensitizers in exciting Gd3+ ions. Under 980 nm
excitation, Yb3+ ions absorbed infrared (IR) photons and trans-
ferred the energy to Er3+ ions successively. Further ET occurred

from Er3+ to Gd3+ ions at high-energy excited states, and then
resulted in the high-order UV UC emissions of Gd3+ ions. The bridg-
ing function of Er3+, the ET from Er3+ to Gd3+, and their high-order
UV UC emissions in the codoped system are discussed here in
detail.

dx.doi.org/10.1016/j.jallcom.2011.02.144
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wpqin@jlu.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.02.144
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system, owing to the large energy gap between the ground state
and the first excited state (32,000 cm−1) of Gd3+ ions, Gd3+ cannot
absorb 980 nm photons directly, therefore, there exist ET processes
from Er3+ to Gd3+ at high energy excited states, which induced the
K. Zheng et al. / Journal of Alloys a

. Experimental

.1. Chemicals

Y2O3, Yb2O3, Gd2O3, and Er2O3 (all with purity >99.99%, Shanghai Shabo Chemi-
al Technology Co., Ltd., China), EDTA, NaF, and HNO3 (all with purity of A.R., Beijing
ine Chemical Company, China). All the chemicals were used as received without
urther purification. RE2O3 (RE = Y, Yb, Gd, and Er) were dissolved in dilute HNO3 by
eating to prepare the stock solution of RE(NO3)3.

.2. Sample preparation

Microcrystals NaYF4 were synthesized via the ethylene diamine tetraacetic acid
EDTA)-assisted hydrothermal method according to the procedure described in
ef. [20]. In a typical procedure for the preparation of NaYF4 microcrystals, 10 mL
(NO3)3 (0.5 M) was added into 20 mL of aqueous solution containing 5 mmol of
DTA and magnetically stirred for 1 h, forming a chelated RE–EDTA complex. Then
0 mL NaF solution was added to the above mixture according to the RE3+:F− ratio
f 1:16. After thorough stirring, the mixture was transferred into two 50 mL Teflon-
ined stainless steel autoclaves. The autoclaves were sealed and maintained in an
ven at 160 ◦C for 18 h, and then cooled down slowly to room temperature. The
esulting precipitates were separated by centrifugation, washed with deionized
ater and ethanol several times, and then dried in air at 60 ◦C for 20 h. To improve

he crystallinity of the microcrystalline powder, the sample was annealed in an
rgon atmosphere at 400 ◦C for 1.5 h. To investigate the luminescence properties
f RE3+ in the codoped NaYF4 microcrystals, the Yb3+–Er3+ and Yb3+–Gd3+–Er3+

oped NaYF4 samples were prepared by introducing proper amount of Yb(NO3)3,
d(NO3)3, and Er (NO3)3 solution instead of Y(NO3)3 to the solution as described
bove.

.3. Characterization

The crystal structures were analyzed by a Rigaku RU-200b X-ray powder diffrac-
ometer (XRD) using a nickel-filtered Cu-Ka radiation (� = 1.5406 Å). The size and

orphology were investigated by scanning electron microscope (SEM, Hitachi TM-
000). UC luminescence spectra were recorded using a Hitachi F-4500 fluorescence
pectrophotometer which equipped with a 980 nm CW diode laser and detected
y R928 (Hamamatsu). The temporal property was studied by using a 953.6 nm
aman shifter laser (pumped by the second harmonic of a Nd:YAG pulsed laser, pulse
idth 10 ns, repetition rate 10 Hz) and a digital oscilloscope. All measurements were
erformed at room temperature.

. Results and discussion

.1. Structure, morphology, and UC luminescence of Yb3+–Er3+

nd Yb3+–Gd3+–Er3+ codoped NaYF4 microcrystals

Fig. 1 shows X-ray powder diffractometer (XRD) pattern
nd corresponding morphology of the NaY0.585F4:Yb0.2Gd0.2Er0.015
icrocrystals. Fig. 1(a) reveals that the sample is hexagonal phase,
hich is in good agreement with the standard values for the bulk
exagonal �-NaYF4 (JCPDS no.16-0334). No other impurity peaks
an be detected from the XRD patterns, indicating that the micro-
rystals are single-phased and RE3+ have effectively incorporated
nto the NaYF4 host lattice. The corresponding morphological anal-
sis, as shown in Fig. 1(b), describes that the microcrystals are
exagonal prisms with uniform size distribution (diameters are
–3 �m and lengths 5 �m on average). The crystal structure, size,
nd morphology of NaY0.785F4:Yb0.2Er0.015 microcrystals are the
ame as those of the above sample and they were not shown here for
implicity. Under 980 nm excitation (power density = 20 W/cm2),
he annealed NaYF4:Yb3+(20%)/Gd3+(20%)/Er3+(1.5%) (molar ratio)

icrocrystals emitted bright UC fluorescence, as shown in Fig. 2. In
he range from 250 to 330 nm, several emission peaks are clearly
bserved, as shown in Fig. 2(a). The emission centered at 253.8 nm
an be assigned to the transition from 6D9/2 to 8S7/2 of Gd3+ ions.
wo emissions peaked in the region of 270–282 nm came from the

IJ → 8S7/2 transitions of Gd3+. Emissions peaked at 306 and 312 nm
riginated from the 6P5/2 → 8S7/2 and 6P7/2 → 8S7/2 transitions of
d3+, respectively. In addition, the emission centered at 317 nm is
ssigned to the 2P3/2 → 4I15/2 transition of Er3+. In this work, we
ainly pay attention to the UV UC emissions of Gd3+ and Er3+ ions,
Fig. 1. XRD pattern and SEM image of NaYF4:Yb3+/Gd3+/Er3+ microcrystals.

the well-known 350–750 nm UC emissions of Er3+, as shown in
Fig. 2(b), is described here briefly [21]. In the NaYF4:Yb3+/Gd3+/Er3+
Fig. 2. UC luminescence spectra of NaYF4:Yb3+(20%)/Gd3+(20%)/Er3+(1.5%) (a) in the
range of 250–330 nm; (b) in the range of 350–750 nm.
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mismatch (1200–2300 cm−1) between 2P3/2 → 4I15/2 (Er3+) and
8S → 6P (Gd3+), which cannot be compensated by the phonon
ig. 3. UC luminescence spectrum of NaYF4:Yb3+(20%)/Er3+(1.5%) in the range of
70–330 nm.

C emissions of Gd3+ ions. Compared with the UC emission spec-
rum of NaY0.785F4:Yb0.2Er0.015 microcrystals, as shown in Fig. 3, we
ound that the weak emissions from 4G9/2, 4G7/2, and 2K13/2 states
f Er3+ (peaked at 276, 289, and 304 nm, respectively) vanished in
he UC spectrum of NaYF4:Yb3+/Gd3+/Er3+ microcrystals, as shown
n Fig. 2(a). These can be attributed to two possible reasons as fol-
ows: the one is spectral overlap between Gd3+ and Er3+ ions (e.g.
IJ → 8S7/2 vs. 4G9/2 → 4I15/2 and 6P5/2 → 8S7/2 vs. 2K13/2 → 4I15/2),
nd the other is ET from Er3+ to Gd3+. In this codoped system,
wo routes are responsible for the depopulation of 4G9/2, 4G7/2,
nd 2K13/2 states of Er3+: (1) nonradiative relaxation (NR) to the
ower level 2P3/2; (2) ETs from the three states of Er3+ to the
earby Gd3+ ions to populate the excited states of Gd3+. All these
esults could well explain why the weak emissions from Er3+ at
igh-energy states disappeared in the NaY0.585F4:Yb0.2Gd0.2Er0.015
icrocrystals. It is crucial important to clarify the bridging func-

ion of Er3+ ions and the ET processes between Gd3+ and Er3+ for

nderstanding the complex UC mechanism and the possible pop-
lation processes of high energy excited states of Gd3+ and Er3+ in
his Yb3+–Gd3+–Er3+ tri-doped system, and these will be described
elow in detail.

Fig. 4. Energy level diagrams of Yb3+, Gd3+, an
mpounds 509 (2011) 5848–5852

3.2. Dynamic analysis and possible UC processes in the codoped
system

Fig. 4 describes schematically possible upconverted processes
in energy level diagrams of Yb3+, Gd3+, and Er3+ ions [22,23]. Under
980 nm excitation, Er3+ ions in the Yb3+–Gd3+–Er3+ tri-doped
system accept the energy transferring from Yb3+ ions succes-
sively to populate the high-energy states 4G9/2 by two different

routes as following: 4I15/2
ET−→4I11/2

ET−→4F7/2
NR−→2H11/2, 4S3/2

ET−→
2G7/2

NR−→4G11/2
ET−→4G9/2 (route 1); 4I15/2

ET−→4I11/2
NR−→4I13/2

ET−→
4F9/2

ET−→2H9/2
NR−→4H11/2, 4S3/2

ET−→2G7/2
NR−→4G11/2

ET−→4G9/2 (route
2) [24]. Additionally, Er3+ at 4G9/2 can relax nonradiatively to
the 4G7/2, 2K13/2, and 2P3/2 states, as depicted in Fig. 4. For the
large energy gap between the ground state and the first excited
state, the major mechanism in populating the excited states 6IJ
and 6PJ of Gd3+ is the ET from Er3+ to Gd3+ ions. Combined with
above analysis, three ET processes should be considered owing to
their appropriate energy matching: 4G9/2 → 4I15/2 (Er3+): 8S7/2 → 6IJ
(Gd3+) (ET1), 4G7/2 and 2K13/2 → 4I15/2 (Er3+):8S7/2 → 6PJ (Gd3+) (ET2
and 3, respectively). These ETs can be confirmed by the fluorescent
dynamics of Er3+, as shown in Fig. 5. The luminescence decay
curves of Er3+ ions in both NaYF4:Yb3+(20%)/Gd3+(20%)/Er3+(1.5%)
and NaYF4:Yb3+(20%)/Er3+(1.5%) microcrystalline samples can
be well fitted into single exponential function I(t) = I0exp(−t/�),
where I0 is the initial emission intensity at t = 0, and � is excited
state lifetime. The lifetime � for the 4G9/2, 4G7/2, 2K13/2, and
2P3/2 states of Er3+ in the two samples are labeled in the inset of
Fig. 5. Obviously, the lifetimes of 4G9/2, 4G7/2, and 2K13/2 states
of Er3+ in NaYF4:Yb3+(20%)/Gd3+(20%)/Er3+(1.5%) shortened com-
paring to those of NaYF4:Yb3+(20%)/Er3+(1.5%) microcrystals,
while the lifetime of 2P3/2 state almost keep unchanged for the
two samples. By codoping Gd3+ ions into the NaYF4:Yb3+/Er3+

microcrystals, an extra route has been introduced to depopulate
the Er3+ ions in the excited states and decrease their lifetimes
due to the ETs to Gd3+ ions. In addition, owing to large energy
7/2 J

energy of NaYF4 microcrystals, the ET between these two levels
is ineffective, and thus the lifetime of 2P3/2 state between two
samples are almost the same. This result is in contradiction to

d Er3+ ions, and possible UC processes.
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to the n-th power of the IR excitation intensity IIR: If ∝ IIR, where n is
the number of IR photons absorbed per upconverted photon emit-
ted. [26] Fig. 7 shows the double logarithmic plots of If as a function
of IIR. The n values can be easily obtained from the slope of the linear
fit. Obviously, for a certain emission, n varies from low to high pump
ig. 5. The luminescence decay curves of Er3+ (�ex = 953.6 nm, �em = 276, 289, 304,
ransitions, respectively) in NaYF4:Yb3+(20%)/Gd3+(20%)/Er3+(1.5%) (red circle) and
olid lines: fitting results by I(t) = I0exp(−t/�)· The insets are lifetime �s for these two
he reader is referred to the web version of the article.)

he previous results reported on Yb3+-Er3+ codoped NaGdF4
ample [19]. At room temperature, the nonradiative relaxation
robability of 6IJ → 6PJ is much larger than the radiative tran-
ition probability of 6I7/2 → 8S7/2, which provide another way
o populate the 6PJ levels [25]. For the UC emission from 6DJ of
d3+ in the NaYF4:Yb3+/Gd3+/Er3+ microcrystals, as shown in
ig. 4, due to the appropriate energy matching, the transitions
f 2F5/2 → 2F7/2 (∼10,000 cm−1), 4I11/2 → 4I15/2 (∼9800 cm−1),
F9/2 → 4I13/2 (∼9100 cm−1), 2H11/2 → 4I11/2 (∼9200 cm−1),
H9/2 → 4F9/2 (∼9400 cm−1), and 4G9/2 → 4G11/2 (∼10,000 cm−1)
an offer approximate energy for the transition of 6PJ → 6DJ

∼6500–8500 cm−1). Owing to the strong IR absorption of Yb3+

nd the high concentration of Yb3+ ions in the sample, 2F5/2 → 2F7/2
Yb3+): 6PJ → 6DJ (Gd3+) should be the dominant approach in
opulating the 6DJ level. Based on the above analysis, we deduced
hat it is of central importance to populate the 4G9/2, 4G7/2, and
K13/2 levels of Er3+ efficiently to obtain intense UV UC emissions
f Gd3+ in the Yb3+–Gd3+–Er3+ codoped NaYF4 microcrystals.

.3. Concentration-dependent UV UC emissions of Gd3+ and Er3+

Fig. 6 shows UC emission spectra of samples NaY0.785 − xF4:
b0.2GdxEr0.015 (x = 0.05, 0.1, 0.15, and 0.2) in the range of
50–330 nm, which were all recorded under the same conditions.

t was found that with the increase of Gd3+ concentration, all the
missions from Gd3+ increased, while the emission intensity of Er3+

ecreased. One of the most likely reasons for the intensity variation
s that the incorporation of an elevated amount of Gd3+ dopants

nto the NaYF4 host lattice would decrease the average interatomic
istance between Er3+ and Gd3+ ions and thus facilitate the ETs
etween them efficiently. Therefore, by doping different concen-
rations of Er3+ and Gd3+ into NaYF4 host lattice, we could control
he population processes of their high energy excited states in the
17 nm; represent the 4G9/2 → 4I15/2, 4G7/2 → 4I15/2, 2K13/2 → 4I15/2, and 2P3/2 → 4I15/2

:Yb3+(20%)/Er3+(1.5%) (black circle) microcrystals. Open circles: experimental data;
les, respectively. (For interpretation of the references to color in this figure legend,

co-doped systems, and it is an effective way to investigate the ET
processes between the RE3+ in the codoped system.

3.4. Power-dependent UV UC luminescence of Gd3+ and Er3+

In order to understand the UC mechanism well, we investigated
the pumping power dependence of UC fluorescence intensity. For
an unsaturated UC process, the emission intensity If is proportional

n

Fig. 6. UC emission spectra of annealed samples NaY0.785 − xF4:Yb0.2GdxEr0.015

(x = 0.05, 0.1, 0.15, and 0.2) in the range of 250–330 nm.
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Fig. 7. Plots (log–log) of emission intensity versus excitation power in
NaYF4:Yb3+/Gd3+/Er3+ microcrystals.

Table 1
The calculated ns for the NaYF4:Yb3+/Gd3+/Er3+ microcrystals under low and high
power region, respectively.

Wavelength (nm) Low energy region
(10–30 W/cm2)

High energy region
(30–50 W/cm2)

253.8 5.17 ± 0.0 2.68 ± 0.2
276.8 4.74 ± 0.0 2.83 ± 0.1
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[
[

[

[

[

[

[

[

[

279.6 4.58 ± 0.0 2.3 ± 0.1
306 4.63 ± 0.0 2.8 ± 0.1
312 4.38 ± 0.0 2.3 ± 0.0
317 4.7 ± 0.1 2.24 ± 0.1

ower regions. For the sample NaY0.585F4:Yb0.2Gd0.2Er0.015 and in
ow pump power region, the slope n is 5.17 for the 6D9/2 → 8S7/2
ransition of Gd3+, which indicates that populating the 6D9/2 level
eed six 980 nm photons and is a six-photon process. For the
76.8, 279.6, 306, and 312 nm UC emissions of Gd3+, the ns we
btained are all lie between 4 and 5, indicating five-photon pro-
esses. Additionally, for the 2P3/2 → 4I15/2 transition of Er3+, the
alculated n is 4.7, describing a five-photon process. The obtained
s for these UV UC emissions are close to the actually numbers of
80 nm photon absorbed by Er3+ and Gd3+, indicating these emis-
ions came from unsaturated UC processes in the power range
f 10–30 W/cm2. On the other hand, when the pump power was
ncreased to 30–50 W/cm2, the calculated ns for all the emissions
ecrease greatly, as shown in Table 1, which could be attributed to
he thermal effect resulting from the laser radiation.

. Conclusions
In conclusion, Yb3+/Gd3+/Er3+ codoped NaYF4 microcrystals
ere synthesized successfully through a facile EDTA-assisted
ydrothermal method. After annealing, the microcrystals emitted
V UC fluorescence and presented the characteristic emissions

[
[
[
[
[

mpounds 509 (2011) 5848–5852

of Gd3+ and Er3+ ions under 980 nm excitation. Power depen-
dence analysis confirmed that these UC emissions came from
five- and six-photon processes in low power region. In the com-
plex frequency UC processes, ETs from Er3+ to Gd3+ play crucial
roles in populating the excited Gd3+ and producing the high-order
UV UC emissions of Gd3+. Experiments on spectral and dynamic
analysis demonstrated some of possible ET routes between Er3+

and Gd3+. Additionally, the ET between 2P3/2 of Er3+ and 6PJ of
Gd3+ was excluded in the codoped system by dynamical analysis
as well.
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