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Abstract

Polycrystalline Tm3þ /Yb3þ co-doped CaMoO4 UC phosphors were successfully synthesized by a complex citrate-gel method and

their upconversion (UC) luminescence was investigated. Under excitation at 980 nm, Tm3þ /Yb3þ co-doped CaMoO4 showed bright

blue emission near 475 nm generated by the 1G4-
3H6 transition and strong NIR UC emission around 796 nm generated by the

3H4-
3H6 transition, with weak red emission near 650 nm due to the 3F2-

3H6 transition. The optimum doping concentrations of Tm3þ

and Yb3þ for the highest UC luminescence were investigated, and the related UC mechanism of Tm3þ /Yb3þ co-doped CaMoO4

depending on pump power was studied in detail.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, rare-earth (RE) doped luminescent
materials have received extensive attention for their poten-
tial applications such as phosphors [1,2], solar cells [3], flat-
panel displays [4,5], scintillators [6], and solid state lasers
[7]. Among them, UC luminescence from the near-infrared
(NIR) region to the visible region, which can convert from
low energy to higher energy radiation via multiple absorp-
tion or energy transfer, has been actively studied [8,9] due
to their applications for biology and biomedicine such as
fluorescent labels and biological probes for investigation or
sensitive detection of biomolecules [10]. Trivalent lantha-
nide ions such as Er3þ , Tm3þ and Ho3þ are commonly
used as activator ions for UC luminescence due to their
abundant energy levels for radiative transition. In particular,
Tm3þ is an excellent candidate for a UC luminescent center
because of its unique properties such as blue emission around
480 nm and NIR emission near 800 nm [11,12]. However,
Tm3þ has a very low absorption cross section around 980 nm.
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A

g/10.1016/j.ceramint.2012.08.045

ing author. Tel.: þ82 43 841 5384; fax: þ82 43 841 5380.

ess: jhryu@ut.ac.kr (J.H. Ryu).
Therefore, a sensitizer ion is required to achieve upper level
population through energy transfer. Yb3þ is usually chosen as
the sensitizer in UC materials in order to facilitate efficient
energy transfer from the sensitizer to Tm3þ ion because Yb3þ

has a large absorption cross-section near 980 nm [13].
For higher efficiency UC luminescence, stable upcon-

verting materials with low excitation thresholds are very
important. Metal oxide materials are usually very stable
chemically, mechanically and thermally, and could therefore
be promising host matrices for light upconverting applica-
tions. However, to date, most research on RE-doped UC has
focused on halides [14], glasses [15] and simple oxides [16,17].
One of the metal molybdates with a scheelite structure,

CaMoO4, is an excellent candidate for host matrices
because it has high density (4.25 g/cm3) and more stable
physical and chemical properties compared to other oxide
materials [18,19]. In addition, the Mo6þ ions in CaMoO4

matrices have strong polarization induced by large electric
charges and a small radius, which consequently decreases
symmetry and enhances Stark energy splitting in the
crystal field [20]. We already reported blue and NIR UC
luminescence in Liþ/Tm3þ/Yb3þ co-doped CaMoO4 [21].
However, effect of Tm3þ and Yb3þ concentrations on UC
ll rights reserved.

www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2012.08.045
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2012.08.045
dx.doi.org/10.1016/j.ceramint.2012.08.045
dx.doi.org/10.1016/j.ceramint.2012.08.045
mailto:jhryu@ut.ac.kr


20 25 30 35 40 45 50 55 60

In
te

ns
it

y 
(a

.u
.)

2 theta

(1
12

)

(0
04

)

(2
00

)

(2
11

)
(1

14
)

(1
23

)

(2
04

)

(2
20

) 

Yb3+ 0 

Yb3+ 4 

Yb3+ 8 

Yb3+ 12 

Yb3+ 16 

Yb3+ 20 

Fig. 1. (a) X-ray diffraction patterns of Tm3þ /Yb3þ co-doped CaMoO4

upconversion phosphors with Yb3þ concentrations varied from 0 to

20 mol% calcined at 600 1C for 3 h. (b) Enlarged XRD patterns near

2y¼291 for the (112) peak.
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luminescence from Tm3þ /Yb3þ co-doped CaMoO4 has
not been studied yet. Consequently, the development of a
Tm3þ/Yb3þ co-doped CaMoO4 system and the establish-
ment of a mechanism relating the efficiency of NIR to
visible UC luminescence are expected to have a great
impact on broadening potential application fields.

In the present work, we synthesized the strong blue emitt-
ing oxide UC phosphors through Tm3þ/Yb3þ co-doping into
CaMoO4 matrix by the citrate-gel method and investigated
effect of Tm3þ /Yb3þ concentrations on UC luminescence
from Tm3þ /Yb3þ co-doped CaMoO4. The properties of
structure and photoluminescence under excitation of 980 nm
were investigated. Moreover, the effects of co-doped Tm3þ

and Yb3þ ions in CaMoO4 matrix on the intensity of UV
emission and luminescent mechanism are studied in detail.
2. Experimental procedure

2.1. Starting materials

Tm3þ /Yb3þ co-doped CaMoO4 were prepared by a
complex citrate-gel method with microwave assistance [21].
The starting materials were calcium nitrates (Ca(NO3)2 � 4H2O,
purity 99.99%, Junsei Chemical Co. Ltd., Japan), ammonium
molybdate ((NH4)6 Mo7O24 � 4H2O, 99.99%, Junsei Chemical
Co., Ltd., Japan), ytterbium chloride hydrate (YbCl3 � xH2O
(x¼6), 99.99%, Alfa Aesar) and thulium nitrate hydrate
(Tm(NO3)3 � xH2O (x¼5), 99.99%, Alfa Aesar), which were
dissolved in DI water with citric acid (metal cation:citric
acid¼1:2).

2.2. Preparation and synthesis of Tm3þ/Yb3þ co-doped

CaMoO4

The molar ratios of the metal cations were as follows:
(1�x�y) Ca2þþxTm3þ

þyYb3þþMo6þ ; x¼0, 0.02,
0.05, 0.1, 1.5, 2 and 3; y¼0, 0.04, 0.08, 0.12, 0.16 and
0.20. The solution was kept at 100 1C for 10 min under
constant stirring until it became viscous. The solution was
then microwave-treated for a 30-min period with an on-
time duration of 2 min and an off-time duration of 1 min
in ambient atmosphere until a gel was formed. The gel was
heated in an oven at 250 1C for 24 h in order to remove
organic substances and evaporating moisture, until an
yellow dried powder was obtained. The powder was
calcined at 600 1C for 3 h at ambient atmosphere.

2.3. Characterization

Phase analysis was performed using an X-ray diffract-
ometer (XRD, Rigaku D/MAX2C, Japan, Cu-a
(l¼1.5046 Å)). The UC luminescence spectra and power-
dependent properties were evaluated using photolumines-
cence spectroscopy (PerkinElmer, LS55, USA) at room
temperature with a range of wavelengths from 400 nm
to900 nm under excitation at 980 nm, and the pump power
for irradiation was varied from 20 mW to 110 mW (SPEX,
1404p, France).

3. Results and discussion

3.1. Structural and optical analysis of Tm3þ/Yb3þ co-

doped CaMoO4

Fig. 1(a) shows the XRD patterns of Tm3þ /Yb3þ co-
doped CaMoO4 with various Yb3þ ion concentrations
calcined at 600 1C for 3 h. We did not observe any impurities
or secondary phases, implying that the charge difference
induced by trivalent ions (Tm3þ ,Yb3þ ) doped into the site of
bivalent host ions (Ca2þ ) did not affect the structural
properties [22]. However, with increasing Yb3þ concentra-
tions, the diffraction peaks were shifted to a higher 2y angle,
illustrating substitution of Yb3þ ions into Ca2þ ion sites and
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Fig. 2. Photoluminescence (PL) spectra of CaMoO4 UC phosphors with (a)

Tm3þ concentrations ranging from 0.2 to 2 mol% and (b) Yb3þ concentra-

tions ranging from 0 to 20 mol%. The inset represents the variation in UC

luminescence emission intensity with increasing (a) Tm3þ and (b) Yb3þ

concentrations. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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the resultant shrinkage of lattice constants (Fig. 1b). More-
over, broadening of the diffraction peaks at (112) at increased
Yb3þ concentrations implied that a high doping concentra-
tion of Yb3þ ions would lead to a decrease in crystallinity
due to lattice shrinkage of the CaMoO4 matrix.

Fig. 2 presents that (a) effect of Tm3þ concentration on
the intensity of UC luminescence at fixed Yb3þ concentra-
tions (8 mol%) and (b) effect of Yb3þ concentration in
Tm3þ/Yb3þ co-doped CaMoO4 at a fixed Tm3þ concen-
tration (0.5 mol%) within the range of 400–900 nm. As
shown in Fig. 2(a), at a fixed Yb3þ concentration (8 mol%),
the intensities of all emission regions were increased with
increased Tm3þ concentration up to 0.5 mol%, and then
decreased at concentrations over 0.5 mol%. Moreover,
shown in Fig. 2(b), with increasing Yb3þ concentrations
up to 16 mol%, the intensities of all emission regions
increased, while emission intensities declined at concentra-
tions over 16 mol% due to a quenching effect [23]. This
concentration quenching effect could be explained by the
energy transfer between the nearest dopant (activator-
activator or sensitizer-activator) ions. As dopant ion con-
centrations are increased, the distance between dopant ions
shrinks, allowing non-radiative energy transfer such as
exchange or multipole–multipole interactions. Based on our
results, we concluded that the optimum Tm3þ /Yb3þ doping
concentrations were 0.5/16 mol% (summarized in the inset of
Fig. 2(a) and (b)). The UC emissions in Tm3þ/Yb3þ

co-doped CaMoO4 were dominated by strong blue emission
and NIR emission while red emission was weaker than blue
and NIR. The UC luminescent spectra of Tm3þ /Yb3þ co-
doped CaMoO4 consisted of the following three regions: (1)
NIR emission at 796 nm, which could be attributed to the
3H4-

3H6 transition; (2) strong blue emissions near 475 nm
assigned to the 1G4-

3H6 transition; and (3) relatively weak
red emission attributed to the 3F2-

3H6 transition around
650 nm, caused by intra 4f–4f transitions of Tm3þ ions [24].
Fig. 3 shows the commission internationale de l’Eclai-

rage (CIE) chromaticity diagrams of 0.5% Tm3þ/16%
Yb3þ co-doped CaMoO4 under laser excitation at 980 nm
(fixed at 100 mW). The Tm3þ /Yb3þ co-doped CaMoO4

(0.5/16 mol%) sample exhibits strong blue emission visible
to the naked eye under excitation at 980 nm (inset of
Fig. 3). The corresponding chromaticity coordinates are
x¼0.116 and y¼0.085, which are imbedded in the blue
luminescent region of Fig. 3. Based on our results we
therefore suggest that Tm3þ/Yb3þ co-doped CaMoO4 is
an excellent candidate for blue and NIR UC phosphors.
The blue, NIR and red intensities of CaMoO4 co-doped

with Tm3þ /Yb3þ to 0.5/16 mol% in a logarithmic dia-
gram as a function of pump power are plotted in Fig. 4. In
the UC process, the intensity of emission is proportional to
the nth value of the irradiation pump power [25]:

IpPn

where n is the number of pumping photons required to
excite the emitting state, I is the luminescent intensity and
P is the laser pumping power. The calculated results
indicated that the slopes of the n values were 2.73, 1.75
and 1.59 for blue emission, NIR emission and red emission,
respectively. The n value for blue emission (1G4-

3H6) was
over 2 and close to 3, while that for NIR (3H4-

3H6) and red
emission (3F2-

3H6) was less than 2. This result implies that
the UC mechanism corresponding to blue emission can be
explained by a three-photon process, while NIR and red
emissions can be induced by a two-photon process [25].

3.2. Possible upconversion mechanism of Tm3þ/Yb3þ

co-doped CaMoO4

Based on the above results, UC mechanisms of the blue,
NIR and red emissions of Tm3þ /Yb3þ co-doped CaMoO4

are schematically illustrated in Fig. 5. Under excitation at
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980 nm, non-resonant energy transfer occurs from the 2F5/

2 state in the Yb3þ to the 3H5 level in the Tm3þ and/or
ground state absorption (GSA) process by a 3H6-

3H5

transition. The subsequent 3H5-
3F4 transition can be
generated by non-radiative relaxation. The 3F3 state can
then be excited from the 3F4 state through excited state
absorption (ESA) or energy transfer upconversion (ETU)
generating the metastable 3H4 state from a non-radiative
transition, which plays an important role in the generation
of blue and NIR emissions [24]. For blue emission, the 3H4

state can be further excited to the 1G4 state through ESA
or ETU. Finally, the 1G4-

3H6 transition generates the
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blue emission center [24,26]. For NIR emission, the meta-
stable 3H4 state that is not excited to the high energy state
in Tm3þ , such as the 1G4 state, generates the NIR
emission by radiative transition of 3H4-

3H6. The red
emission is assigned to the 3F2-

3H6 transition [24,26]. The
3F2 state can be populated only by the 3H5-

3F2 transition
by ESA and ETU processes. According to the energy gap
law, the nonradiative transition of 3H5-

3F4 dominates
rather than the 3H5-

3F2 transition because the energy gap
between the 3H5 and

3F4 states is so small [26]. Therefore,
the 3F2 state cannot be populated well, underlying the
weak red emission. Moreover, the intensity of the NIR
emission is higher than that of the blue emission. This
might be due to the increased population of the 3H4 state
[27]. The energy gap between 1G4 and 3H4 is smaller than
that between 3F4 and 3F2 (740 cm�1) [28]. Therefore,
through the CR process, the energy transition of
1G4-

3H4 can easily populate the 3F3 state instead of the
3F2 state. Moreover, the 3F3 state can easily relax to the
3H4 state because the energy gap between 3F3 and

3H4 is so
small, which can increase the population of the 3H4 state
and the radiative transition of 3H4-

3H6.
4. Conclusion

We synthesized and investigated UC luminescence of
Tm3þ/Yb3þ co-doped CaMoO4. The Tm3þ/Yb3þ

co-doped CaMoO4 phosphor has strong blue and NIR
luminescent centers at 475 nm (1G4-

3H6) and 796 nm
(3H4-

3H6), while it has a very weak red emission center
around 650 nm (3F2-

3H6) under 980 nm excitation. The
optimum doping concentrations of Tm3þ and Yb3þ for
the highest intensities of UC luminescence in the CaMoO4

system are 0.5 mol% of Tm3þ and 16 mol% of Yb3þ .
Power-dependent luminescent properties show that a three
photon process is responsible for blue emission, while NIR
and red emissions are dominated by a two-photon process.
In particular, the intensity of NIR emission is higher than
that of blue emission, which results from an easily
populated 3H4 state because the energy gap between 1G4

and 3H4 is smaller than that between 3F4 and
3F2. Based on

our results and analysis, we conclude that Tm3þ /Yb3þ

co-doped CaMoO4 is an excellent candidate for blue and
NIR UC phosphors.
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