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Yb3+/Er3+ co-doped polycrsytalline yttrium-aluminum garnet (YAG : Yb3+,Er3+) powders were synthesized by a flux (BaF2)
assisted solid-state reaction method at low-temperature. The optimum condition of flux concentration and calcination
temperature was investigated by the XRD analysis. Crystal structure and upconversion luminescent property of the synthesized
YAG : Yb3+,Er3+ powder was analyzed as a function of Yb3+ concentration when concentration of Er3+ was fixed at 25.0 mol%.
Under 980 nm excitation, YAG : Yb3+,Er3+ powder exhibited weak red emissions near 660 and 670 nm, and strong green UC
emissions at 530 and 550 nm corresponding to the intra 4f transitions of Er3+ (4F9/2, 

2H11/2, 
4S3/2)→ Er3+ (4I15/2). The Yb

3+

15 mol% doped YAG : Yb3+,Er3+ powder sample exhibited strongly shiny green emission. A possible UC mechanism for
YAG : Yb3+,Er3+ depending was discussed in detail. 
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Introduction

Yttrium-aluminum garnet (YAG or Y3Al5O12) has
important optical properties, which have been used as
hosts for lasers and phosphor materials [1, 2]. The
yttrium-aluminum matrix presents three crystalline phases;
two stable Y3Al5O12 or Y4Al2O9, and metastable YAlO3

[3, 4]. Recently, ceramic crystalline ceramic lasers appear
extensively in the This is an literatures because they can
lead to materials with excellent optical characteristics [5-
7], especially Nd:YAG single crystal [8, 25-27]. 
Powders with pure YAG phase are usually synthesized

by a conventional solid-state reaction method with Y2O3

and Al2O3 as the raw materials [9, 10]. This is an
efficient and cost-effective method as compared with
other complex synthetic routes. However, this method
has a few inherent disadvantages in that it requires a
high calcination temperature over 1600 oC and long
processing time.. 
In light of these issues, this study mainly focuses on

developing a novel solid-state reaction route at low
temperature to synthesize crystalline YAG : Yb3+,Er3+

powders. To overcome the drawbacks of the conventional
solid-state reaction method and to achieve phase purity,
we prepared an initial mixture using raw oxide powders
combined with BaF2, which is known as proper flux in
the synthesis of YAG powders [11, 12, 28] and the
upconversion luminescent mechanism of the synthesized
YAG : Yb3+,Er3+ will discussed. 

Experimental 

The nominal composition of the phosphor is Y3-x-y

(Erx)(Yby)Al5O12. The raw materials are high purity
grade Y2O3, Al2O3, Er2O3 and Yb2O3. BaF2 as flux is
added to the starting materials with weight percentage
from without to 10.0 wt%. All of them are purchased
from Kojundo Chemicals Co., Ltd., with regent grade.
The reactants were weighted stoichiometrically and
thoroughly ground in a ball mill. Ethyl alcohol is added
into the ball mill container and the weight ratio of ball,
alcohol and powder is 3 : 3 : 1. The ball mill was
operated at 200 rpm for 5 hrs and the mixture slurry is
dried at 100 oC for 2 hrs. Then the mixed powders were
put into alumina crucible. The alumina crucibles were
fired at different temperatures from 700 to 1500 oC in
air for 5 h and pulverized into fine powders in an agate
mortar after cooling. The fine powders were washed by
80 oC water for removal of flux residue. 
The phase analysis was conducted using X-ray diffraction

(XRD, Rigaku D/MAX2C, Japan, Cu-α (λ = 1.5046 Å)).
Room-temperature upconversion luminescent spectra
originated from Er3+ were obtained using a pho-
toluminescence spectrophotometer (PerkinElmer, LS55
with an IR laser diode (980 nm, 100mW)) in a range of
400-700 nm. 

Results and Discussion

Fig. 1(a) shows the XRD patterns of pure YAG
powder prepared at 1500 oC for 5 hrs in air by a solid
state reaction without and with a BaF2 flux. XRD
patterns of the samples illustrate that all of the samples
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could be assigned a cubic crystalline structure (JCPDS
No: 33-0040). The XRD patterns for the samples
obtained without and with the BaF2 flux were similar
to each other. No distinct XRD peaks corresponding to
BaF2 were observed, which indicates that most of the
BaF2 flux was removed through washing process. For
understanding the effect of BaF2 on the crystallinity of
the YAG phase, the relative intensity of the main
diffraction peak (4 2 0) and existence of secondary
peaks were examined. When the pure YAG phase was
synthesized at 1500 oC without and with BaF2 flux up
to 5.0 wt%, unreacted secondary peaks around 29.5 o

was detected as shown in inset of Fig. 1(a). Moreover,
relative intensity of diffraction peaks was improved as
the weight ratio of the BaF2 flux increase. The YAG
sample synthesized with 7.0 wt% BaF2 shows single
crystalline XRD peaks without any secondary or
unreacted phase. Therefore we could conclude that the
optimum weight ratio for the BaF2 flux is 7.0 wt%. 
Fig. 1(b) shows the XRD patterns of pure YAG

powder from 700 to 1200 oC for 5 hrs in air when BaF2

weight ratio is fixed at 7.0 wt%. XRD patterns of the
samples illustrate that all of the samples could be
assigned a cubic crystalline structure. The XRD patterns
for the samples obtained at various temperature were
similar to each other. For understanding the effect of heat
treatment temperature on the crystallinity of the YAG
phase, the relative intensity of the main diffraction peak

(4 2 0) and existence of secondary peaks were examined.
When the pure YAG phase was synthesized from 700 up
to 900 oC with 7.0 wt% BaF2, secondary XRD peaks
around 28.4 o were detected as shown in inset of Fig.
1(b). Moreover, relative intensity of diffraction peaks was
improved as the heat-treatment temperature increase. The
YAG sample synthesized at 1000 oC with 7.0 wt% BaF2
shows single crystalline XRD peaks without any
secondary or unreacted phase. Fig. 1(a,b) indicate that the
optimum synthesis condition using solid state reaction for
pure YAG is 1000 oC with 7 wt% BaF2 flux. 
 Fig. 2 shows the phase analysis of Yb3+/Er3+ co-

doped YAG samples calcined at 1000 oC for 5 hrs as a
function of Yb3+ concentration when BaF2 flux is
7 wt%. Er3+-doped YAG crystals are very popular due
to their abundant energy level for laser oscillation or
upconversion luminescence [13]. However, because
Er3+ ions have a very low absorption cross-section of
the 4I11/2 level under 980 nm excitation, Er3+ single-
doped luminescent materials have a relatively low
emission intensity and pump efficiency. In order to
overcome these drawbacks and enhance the emission
efficiency, Yb3+ ions are generally used as co-dopant
ions because they have a large absorption cross-section
around 980 nm and a possible effective energy transfer
from Yb3+ to the activator ions through the multi photon
process [14]. In this study, effects of Yb3+ concentration
on the optical property of the YAG : Yb3+,Er3+ was
investigated when the concentration of Er3+ is fixed at
25.0 mol%. 
In Fig. 2, it can be seen that XRD patterns are in

good agreement with the standard diffraction pattern of
pure YAG (JCPDS No: 33-0040). No impurities or
secondary phases could be identified, which is
evidence that single phase Yb3+/Er3+ co-doped YAG
with Er3+/Yb3+ concentrations up to 25.0/15.0 mol%
can be obtained. These powders fundamentally
maintained characteristics of cubic structure, which are
not affected by the doped Er3+ and Yb3+ ions [15].

Fig. 1. XRD patterns of pure YAG samples prepared (a) at 1500 oC
as a function of BaF2 flux weight ratio and (b) from 700 to 1200

oC
when the BaF2 flux weight ratio is fixed at 7.0 wt%. 

Fig. 2. XRD patterns of Yb3+/Er3+ co-doped YAG samples
calcined at 1000 oC for 5 hrs as a function of Yb3+ concentration
when BaF2 flux is 7 wt%. The inset represents that main
diffraction peaks of (4 2 0) plane near 2θ = 33.5 o shift to high
angle with Yb3+ concentration. 
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Based on the effective ionic radii of the cations, it can
be expected that Er3+ and Yb3+ [r(Er3+) = 1.004 Å, r
(Yb3+) = 0.985 Å, when CN = 8] are preferably
substituted into the Y3+ sites [r(Y3+) = 1.019 Å, when
CN = 8] [16]. Note, that when the Y3+ ions are
substituted by the Er3+ or Yb3+ ions, the corresponding
lattice constant becomes smaller. Therefore, as shown
in the inset in Fig. 2, with higher Yb3+concentrations,
the diffraction peaks are shifted to a high 2θ angle,
which illustrates that Yb3+ ions were well substituted
into Y3+ ion sites, resulting in reduction of lattice
constants. 
Fig. 3 shows room temperature upconversion

luminescent spectra of the Yb3+/Er3+ co-doped YAG
samples with Yb3+ concentrations ranging from without
up to 20.0 mol% when the Er3+ concentration is fixed
at 25.0 mol% under excitation at 980 nm. The
upconversion luminescent spectra of the Yb3+/Er3+ co-
doped YAG consisted of three regions [17]; (1) intense
green emissions near 530 nm assigned to the 2H11/2 °Ê
4I15/2 transition, (2) near 550 nm attributed to the 

4S3/2

→
4I15/2 transition, and (3) relatively weak red emission

around 660 and 670 nm attributed to the 4F9/2 →
4I15/2

transition, which contribute to the intra 4f-4f transitions
of Er3+ ions. 
The concentration dependence of upconversion

emissions could be mainly attributed to the interactions
between doping ions. As seen in Fig. 3, the
upconversion emission intensity of green emissions near
530 and 550 nm and red emissions around 656 and
670 nm increased with increasing Yb+3 concentration up
to 15.0 mol% and then decreased beyond the optimum
doping concentration due to the concentration quenching
effect [18]. The concentration quenching effect can be
explained by the energy transfer between nearest Er3+

and Yb3+ ions. That is, with increasing Er3+ and Yb3+ ion

concentrations, the distance between Er3+ and Yb3+ ions
will decrease, which can promote non-radiative energy
transfer such as exchange interactions or multipole-
multipole interactions [19]. Such a result is also observed
from Er3+ doped or Yb3+/Er3+ co-doped in other host
matrices [20]. Therefore, according to above mentioned
results, it can be concluded that the optimum Yb3+

doping concentration is 15.0 mol% when concentration
of Er3+ is 25.0 mol%. The Yb3+/Er3+ co-doped YAG
specimen exhibited a stronger green emission shiny to
the naked eye when excited by a 980 nm laser diode
(100 mW) compared to the Yb3+ undoped YAG
sample, as shown in inset of Fig. 3.
To comprehend the mechanism which populates the

green (2H11/2, 
4S3/2 →

4I15/2) and red (
4F9/2 →

4I15/2)
luminescence, the upconversion emission mechanism
and population processes for the Yb3+/Er3+ co-doped
YAG system is schematically illustrated in Fig. 4
Under excitation at 980 nm, Er3+ and Yb3+ ions are
initially excited from the ground state to the excited
state through the ground state absorption (GSA)
process (Er3+ : 4I15/2 →

4I11/2,Yb
3+: 2F7/2 →

2F5/2) or the
energy transfer (ET) process of 2F5/2(Yb

3+) + 4I15/2(Er
3+)

→
2F7/2(Yb

3+) + 4I11/2(Er
3+) are responsible for the

population at the 4I11/2 level in Er
3+. For the green

emissions, there are three possible processes for the
energy transition from the 4I11/2 level to the 4F7/2 level
of Er3+, as follows [21].

ESA: 4I11/2 + a photon (980 nm)→ 4F7/2  (1)

ET: 2F5/2(Yb
3+) + 4

I11/2(Er
3+)→ 2F7/2(Yb

3+) + 4F7/2(Er
3+)  
(2)

ET: 4I11/2(Er
3+) + 4I11/2(Er

3+)→ 4F7/2(Er
3+) + 4I15/2(Er

3+)
(3)

These three possible processes populate from the 4I11/2

Fig. 3. Upconversion luminescent spectra of the Yb3+/Er3+ co-
doped YAG samples as a function of Yb3+ concentrations from 0.0
to 20.0 mol% when concentration of Er3+ is fixed at 25.0 mol%.
The photographs show Yb3+ undoped and 15.0 mol% doped
YAG : Yb3+,Er3+ samples emit green light excited by a 980 IR
laser (100  mW). 

Fig. 4. Energy level diagram of Er3+ and Yb3+ in the YAG crystal
and possible upconversion mechanism under excitation at 980 nm. 
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level to the 4F7/2 level in the Er3+ level, and then the 4F7/2
level relaxes rapidly and non-radiatively to the next
lower levels at 2H11/2 and 4S3/2 in Er3+ because of short
lifetime of the 4F7/2 level [22]. As a result, the above
processes can produce green emissions in the spectral
lines near 530 and 550 nm through the radiative
transitions of 2H11/2/4S3/2 → 4I15/2. For the red emission,
the 4F9/2 level is generated by non-radiative relaxation
from the 4S3/2 to the 4F9/2 level and cross relaxation
(CR) via the 4F7/2 + 4I11/2 → 4F9/2+ 4F9/2 transition in
Er3+ [23]. Finally, the 4F9/2 level relaxes radiatively to
the ground state at the 4I15/2 level and releases red
emission at 660 and 670 nm, as shown in Fig. 3. The
upconversion emission is dominated to strong green
emission at 530 (2H11/2 →

4I15/2) and 550 nm (4S3/2 →
4I15/2) and the red emissions are very weak due to the
weak absorption cross-section of the 4I13/2 level [24]. 

Summary

 Effects of a flux (BaF2) was investigated for the
synthesis of Yb3+/Er3+ co-doped polycrsytalline yttrium-
aluminum garnet (YAG : Yb3+,Er3+) powder. It was found
that the BaF2 flux plays a key role in synthesizing the
YAG : Yb3+,Er3+ powder in the solid state reaction process.
The optimum synthesis temperature was 1000 oC when
7wt% BaF2 was used, which was lower than the reported
synthesis temperature about 600 oC. Single phased
YAG : Yb3+,Er3+ with Yb3/Er3+ concentrations up to 20.0/
25.0 mol% could be obtained without any impurities
nor secondary phases. Under NIR excitation (980 nm),
Yb3/Er3+ co-doped YAG powder exhibited obviously
bright green upconversion luminescence at 530 and
550 nm with weak red emission at 660 and 670 nm. It
was found that the upconversion emission intensity
depends on Yb3+ acting as a sensitizer ion to improve
the absorption cross-section around 980 nm, while Er3+

acts as an activator ion for upconversion luminescent
centers in the YAG matrix. The optimum doping
concentrations of Yb3+ for highest green upconversion
luminescence were 15.0 mol% when concentration of
Er3+ was fixed at 25.0 mol%. 
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