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The Er-single-doped and Er/Ce-codoped La3Ga5SiO14 polycrystalline powders are synthesized by the solid-phase

synthesis method. The room-temperature luminescence spectra of the samples are investigated. The Near-infrared-

region spectroscopic properties of Er3+ ions in the La3Ga5SiO14 systems are analysed with Judd–Ofelt theory and rate

equations. The effective deactivating effect of Ce3+ ions on Er3+ ions is confirmed.
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1. Introduction

Recently, rare-earth doped laser crystals attracted
more and more attention. The spectroscopic proper-
ties and thermal properties of the laser crystals were
reported in detail.[1−7] Laser emitting in the ∼1.5 µm
spectral range has been known since 1962, when Kiss
and Duncan[8] obtained oscillations in an Er-doped
CaWO4 crystal. Because of the broad emission at an
eye-safe wavelength of ∼1.5 µm, occurring between
the first excited level 4I13/2 and the ground level 4I15/2

of Er3+ ions, Er3+-doped laser materials have aroused
much more interest. Soon the first pulsed operation
of the Er, Yb:glass laser was reported.[9]

With the development of new InGaAs laser diodes
(LD) emitting at ∼980 nm, at the end of the 1980s
the realization of a continuous-wave (CW) erbium
laser became possible and the requirements for er-
bium glass were modified. CW diode-pumped oper-
ation of Er:glass laser is limited at several hundred
milliwatts of output power due mainly to thermal de-
fects inside the active element intensified by the low
thermal conductivity of the glass host.[10] Because of
the high thermal conductivity, erbium yttrium alu-
minum garnet (Er:YAG) lasers are of interest.[11] The

main reason is the low branching ratio of 0.1∼0.2
for the ∼ 1.5 µm emission. According to the refer-
ences, one of the methods to improve this branch-
ing ratio is co-doping with Ce3+ as the deactiva-
tor. Due to the phonon-assisted energy transfer be-
tween Er3+ and Ce3+ which facilitates the popula-
tion of the 4I13/2 level and simultaneously reduces up-
conversion losses, the branching ratio was enhanced
from 0.1∼0.2 to 0.8∼0.9.[12] In another work, the
branching ratio of 4I11/2 → 4I13/2 transition of Er3+ in
Er/Yb/Na/Ce:CaF2 crystal was improved about ∼ 40
times by the deactivating effect of Ce3+.[13] However it
was also found that when crystals grown with several
kinds of impurities, the quality and the thermal prop-
erties of the crystals became worse. Then, some host
materials which contain Ce3+ ions were studied. For
example, Yb/Er:CeF3 nanoparticles were synthesized
by hydrothermal process and its internal quantum ef-
ficiency of 1.5-µm emission reached up to 75% without
visible up-conversion luminescence.[14]

Langasite (LGS, La3Ga5SiO14) is a piezoelectric
material that has a reasonably large piezoelectric co-
efficient compared with quartz crystal and belongs to
the point group 32, space group P321. There are a
few reports concerning its piezoelectric properties and
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surface acoustic wave (SAW) and bulk acoustic wave
(BAW).[15−18] Furthermore it has excellent physical
properties, such as high hardness, large specific heat,
small thermal expansion and high optical transmit-
tance and it is suited to be the laser host.[19] There
are some reports on rare-earth doped LGS crystals
serving as laser media and some meaningful results
are obtained.[19−30]

In the present work, we prepare Er-doped and
Er/Ce-codoped LGS compounds with different con-
centrations by the solid-phase synthesis method.
Then, the spectroscopic properties of the samples are
studied and the deactivating effect of Ce3+ ions is dis-
cussed.

2. Experiment

Twelve LGS samples were prepared by the solid-
phase synthesis method. They include four Er single-
doped LGS samples (Er3+: 0.5 at%, 1.0 at%, 1.5 at%,
and 2.0 at%; labeled as A, B, C, and D, respectively),
five Er, Ce-codoped samples (CLGS, Er: 1.5 at.%;
Ce:La=1:4, 1:3, 1:2, 1:1, 1:0; labeled as E, F, G, H
and I, respectively) and Er, Ce, Yb-codoped samples
(Er: 1.5 at%; Ce:La=1:2; Yb: 2.5 at%, 5.0 at% and
7.5 at%; labeled as J, K and L, respectively). The
raw oxide materials were pressed into cylinders with a
diameter of ∼20 mm after having mixed adequately.
The 2 mol% over Ga2O3 was added into every sample
due to its volatilization. Then, the pressed precur-
sors were sintered with muffle furnace at ∼1250 ◦C
for 12 h. Finally, we obtained the polycrystalline LGS
phosphors.

The samples for spectral measurements were pre-
pared by grinding the sintered blocks into powders.
The luminescence spectra of 1000 nm∼1700 nm and
300 nm∼700 nm regions of the samples were recorded
with Triax550 spectrofluorimeter under ∼980-nm LD
pumping. The emission lifetimes for 4I13/2 level
and 4I11/2 level of Er3+ ions were measured with a
Tektronix TDS3052 digital oscilloscope to store the
temporal decay curves of the fluorescence signals at
∼1530 nm and ∼1060 nm. All the measurements were
taken at room temperature.

3. Results and discussion

Sample C (1.5 at% Er-single-doped LGS) was se-
lected to be observed with scanning electron micro-
scope (SEM). Its cross-section morphology is shown

in Fig. 1. We can see the porous structure of the sin-
tered block. The average size of the LGS powder is
about 1∼2 µm.

 

 

(a)                                  

(b)

Fig. 1. The SEM images of Sample C (1.5 at% Er-doped

LGS), (a) 1000×; (b) 3000×.

Figure 2 shows the X-ray diffraction (XRD) pat-
terns of the samples C and G. From Fig. 2(a), the main
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Fig. 2. XRD patterns of Er-doped LGS powder: (a)

1.5 at% Er-La3Ga5SiO14 (sample C), (b) 1.5 at% Er-

(Ce1/3La2/3)3Ga5SiO14 (sample G).
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phase of the sample C is La3Ga5SiO14 and there is also
little La2O3 existing in it. There is no Ga2O3 exist-
ing in sample C. For sample G, there are only a little
La2O3 and Ce2O3 powder existing in it. All the XRD
measurements show that we synthesized La3Ga5SiO14

particles successfully without Ga2O3.
Figure 3 shows the absorption, emission and tran-

sition routes of energy levels of Er3+ ions and the
resonant energy transfer process between Er3+ and
Ce3+ ions. It is shown that the energy difference
(∆E) between the 4I11/2 level and the 4I13/2 level
of Er3+ is about 3600 cm−1, and it is similar to
that between the ground level 2F5/2 and the 2F7/2

level of Ce3+. So, with codoping with Ce3+, the

decay rate of Er3+ 4I11/2 → 4I13/2 in the sample
would be greatly enhanced by fast resonant energy
transfer between Er3+ and Ce3+, i.e., (Er3+)4I11/2

+ (Ce3+)2F5/2 → (Er3+)4I13/2 + (Ce3+)2F7/2. It
means that the branching ratio of 4I13/2 level will be
improved greatly due to the resonant energy transfer
process from Er3+ to Ce3+ ions. The increase of the
decay rate of 4I11/2 level can induce the decrease of the
excited state absorption (ESA) and the upconversion
luminescence intensity of Er3+. On the other hand,
Ce3+ ions can also well inhibit the formation of Er–Er
clusters in which the concentration-quenching could
be induced due to the interaction of Er3+ ions.
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Fig. 3. (colour online) Absorption, emission transition routes of energy levels of Er3+ ion and the energy

transfer process between Er3+ and Ce3+ ions.

Figure 4(a) shows the near-infrared (NIR) lumi-
nescence spectra of the Er single-doped LGS samples
(Samples A–D) under 980-nm LD pumping. It can
be seen that sample C which contains 1.5-at% Er
has the highest peak luminescence intensity. When
the concentration of Er3+ ions reaches up to 2 at%,
the luminescence intensity of 1.5 µm decreases due to
the interaction between the Er3+ ions. The cross re-
laxation effect between the Er3+ ions could increase
the rate of nonradiative transition of the Er3+ 4I13/2

level. With the concentration of Er3+ ions fixed to be
1.5 at%, Er/Ce-codoped LGS samples were synthe-
sized in which the rate of Ce:La were 1:4, 1:3, 1:2, 1:1,
and 1:0 (samples E–I), respectively. The NIR fluo-
rescence spectra of the codoped samples are shown in

Fig. 4(b). Under the same experimental conditions,
the luminescence intensity of 1.5 µm first increases
and then decreases and the sample G (Ce:La=1:2)
has the highest luminescence intensity. The energy
differences are about 6600 cm−1 for Er3+ 4I13/2 →
4I15/2 transition and about 3000 cm−1 for Ce3+2F5/2

→ 2F7/2 transition. It just needs two Ce3+ ions to
relax one Er3+ ion in the first excited state (4I13/2)
through the following energy transfer: 4I13/2+2F5/2

= 4I15/2+2F7/2. This process can be realized easily
in the systems. So, if we increase the concentration
of Ce3+ ions by more than 33% (Ce:La=1:2), the lu-
minescence intensity of Er3+ ions at 1.5 µm will de-
crease. Therefore, the proper concentration of Ce3+

ions is important for improving the NIR luminescence
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properties of Er3+ ions.
In order to improve the absorption efficiency of

the pumping light, Yb3+ ions were added into the
Er/Ce-codoped LGS samples with different concen-
trations (samples J–L). From Fig. 4(c), it can be found
that the luminescence intensity of 1.5 µm increases
greatly with Yb3+ ions codoping. Sample K (5.0%
Yb3+) has the highest NIR emission intensity and it
is 2 times higher than that of Sample G (without Yb3+
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Fig. 4. (colour online) the NIR fluorescence spectra under

980-nm LD pumping for (a) Er single-doped LGS sam-

ples, (b) Er, Ce-codoped LGS samples, and (c) Er, Ce,

Yb-codoped LGS samples.

codoping). The lifetimes of 1530-nm emission of the
samples were obtained by fitting the corresponding
decay curves (as shown in Fig. 5(a)). The lifetime
of Er3+ 4I11/2 level (∼1060 nm) was also investigated
and partly shown in Fig. 5(b). It can be seen that
the lifetime of 1060 nm decreases from 582 µs (1.5%
Er-single-doped LGS) to 192 µs (1.5% Er/Ce-codoped
LGS, Ce:La=1:2). The lifetimes of 1060-nm emission
of the Er/Ce-codoped samples are listed in Table 2.
The lifetime of Er3+ 4I11/2 level in 1.5% Er, 5.0% Yb-
codoped CLGS (Ce:La=1:2) increases up to more than
300 µs. We think that it is because the luminescence
spectrum of Er3+ 4I11/2 level at 1.0 µm region over-
lapped with that of Yb3+ ions.
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Fig. 5. (colour online) Semilog plots of Er3+ lumines-

cence decay curves of Er-doped LGS samples recorded at

300 K, showing (a) lifetime of the emission of 4I13/2 level

at 1530 nm and (b) lifetime of the emission of 4I11/2 level

at 1060 nm.

The upconversion luminescence of Er3+ ions was
investigated at 300 K under 980-nm LD pumping (as
shown in Fig. 6). It can be found that the upcon-
version luminescence intensity of Er3+ ions is reduced
greatly with Ce3+ ions codoping. But it cannot elim-
inate the upconversion visible luminescence of Er3+
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absolutely.
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Fig. 6. (colour online) Upconversion luminescence of

Er3+ ions in sample C (1.5% Er-single-doped LGS) and

sample G (1.5% Er-CLGS, Ce:La=1:2).

Room temperature fluorescence preperties of the
Er-doped LGS was analysed in the framework of the
Judd–Ofelt theory[31,32] to determine radiative tran-
sition rate and luminescence branching ratio for the
4I13/2 metastable level. According to the Judd–Ofelt
theory, electronic dipole transitions within the 4fn

configuration of a rare-earth ion can be analysed. The
electronic dipole transition line strength Sed between
two different J states can be expressed as

Sed(SLJ → S′L′J ′)

=
∑

t=2,4,6

Ωt

∣∣∣〈SLJ
∥∥∥U (t)

∥∥∥S′L′J ′
〉∣∣∣2 , (1)

where Ωt (t = 2, 4, 6) are the Judd–Ofelt parameters,
S, L, J are the quantum numbers corresponding to the

total spin, the total orbit and the total angular mo-
mentum, respectively, and U (t) are the reduced matrix
elements which do not vary with host. For Er3+ ions,
the U (t) can be obtained from Ref. [33]. The intensity
parameters and the values Ω2 = 2.74 × 10−20 cm2,
Ω4 = 0.67 × 10−20 cm2, and Ω6 = 0.59 × 10−20 cm2

have been reported earlier in Ref. [19].
The radiative transition probability (Wr) between

the excited states can be calculated by the following
expression:

Wr(SLJ → S′L′J ′)

=
64π4e2

3hλ3(2J + 1)
×

[
n

(
n2 + 2

)2

9
Sed + n3Smd

]
, (2)

where e is the charge of the electron, n is the refrac-
tion index (n = 2.5) and Smd is the magnetic dipole
transition line strength and it can be neglected.

The fluorescence branching ratio β (SLJ ;S′L′J ′)
of the transition from the excited state to the lower
states and the radiative lifetime τr of the initiative
state can be calculate respectively with the following
expressions:

β (SLJ → S′L′J ′)

=
Wr(SLJ → S′L′J ′)∑

S′L′J′
Wr(SLJ → S′L′J ′)

, (3)

τrad = [β (SLJ → S′L′J ′)]−1. (4)

With the intensity parameters Ω2,4,6 determined,
the radiative transition rate Wr, luminescence branch-
ing ratio β and radiative lifetime τr for the 4I13/2 level
were calculated and listed in Table 1.

Table 1. Calculated values of radiative transition rate (Wr), the branching ratio (β) and the radiative lifetime (τr)

for 4I13/2 and 4I11/2 levels of Er-doped LGS.

Tansitions from Transition Line Radiative Branching Radiative

the excited states wavelength/nm strength/1020 transition rate Wr/s−1 ratio β/% lifetime τr/ms

4I13/2→4I15/2 1533 0.9767 89.3302 100 11.19

4I11/2→4I15/2 976 0.3107 5.5713 1.57 2.81

4I13/2 2778 0.8461 349.8518 98.43

The 4I13/2 radiative lifetime defined as an inverse
of the sum of radiative transition rates was found to
be 11.19 ms. So, the fluorescence quantum efficiency
of 1.5-µm emission was calculated to be 19.2% (1.5%
Er-single-doped LGS), 38.5% (1.5% Er-doped CLGS,
Ce:La=1:2), and 42.1% (1.5% Er, 5.0% Yb-codoped
CLGS, Ce:La=1:2). The fluorescence quantum effi-

ciency of 4I11/2 level at 1060 nm was 20.7% (1.5%

Er-single doped LGS), 6.83% (1.5% Er-doped CLGS,

Ce:La=1:2) and 11.6% (1.5% Er, 5.0% Yb-codoped

CLGS, Ce:La=1:2).

For Er/Ce-codoped LGS systems, the rate equa-

tions for the population densities in the 4I11/2 and
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4I13/2 states can be expressed as follows:[34]

dn3

dt
= −Kn3 −

n3

τ3
, (5)

dn2

dt
= Kn3 −

n2

τ2
, (6)

where n2 and n3 are the population densities in the
4I13/2 state and the 4I11/2 state, respectively; τ2 and
τ3 are the experimental lifetimes of 4I13/2 and 4I11/2

levels, respectively; K is the decay rate of the 4I11/2 →
4I13/2 transition which was composed of two parts: the
nonradiative decay rate of 4I11/2 state for the samples
without Ce3+, and the energy transfer rate from Er3+

to Ce3+ ions (K = 1/τ3 − 1/τ3r, τ3r is the radiative
lifetime of the 4I11/2 level). The decay rates of Er3+
4I11/2 → 4I13/2 of the Er/Ce-codoped LGS samples
were listed in Table 2.

Under the pumping of continuous LD at ∼980 nm,
the dynamic equilibrium among all the populated lev-
els is quickly reached with a stable fluorescence yield.
So, we can obtain the equations as follows:

dn2

dt
=

dn3

dt
= 0, (7)

n3 = n30 − C e−t/τ3

(C is a constant which related to K), (8)

n2 =
(

2K+
1
τ3

)
τ2n3. (9)

In Er/Ce-codoped LGS samples, we assume that
the n30 is the density of Er3+ ions (N). On the basis
of the fluorescence integral intensity at the ∼1.5 µm,
which is proportional to the populations of Er3+ 4I13/2

level, i.e., If (t) ∝ n2(t) , the emission intensity of the
sample at ∼1.5 µm can be estimated.

Table 2. Fluorescence properties of Er3+ 4I11/2 level in the Er/Ce-codoped LGS samples.

Samples

Experimental Radiative Decay rate of Fluorescence

lifetime of lifetime of the 4I11/2→I13/2 quantum efficiency

4I11/2 [τ3/ms] 4I11/2 [τr3/ms] transition [K/s−1] of 4I11/2 [η/%]

C (1.5% Er-LGS) 0.582 2.81 1362 20.7

E (1.5% Er, Ce:La=1:4) 0.429 2.81 1975 15.3

F (1.5% Er, Ce:La=1:3) 0.362 2.81 2406 12.9

G (1.5% Er, Ce:La=1:2) 0.192 2.81 4852 6.8

H (1.5% Er, Ce:La=1:1) 0.374 2.81 2318 13.3

I (1.5% Er, 100% Ce) 0.544 2.81 1482 19.4

4. Conclusions

In this work, Er-single doped and Er/Ce-codoped
LGS polycrystalline powders with different concen-
trations are synthesized by the solid-phase synthesis
method. The visible upconversion and NIR lumines-
cence spectra of the samples are investigated. It is
found that 1.5 at% Er-CLGS (Ce:La=1:2) has the
highest luminescence intensity at 1530 nm. The ra-
diative lifetime of Er3+ 4I13/2 ion in this system is
calculated to be 11.19 ms by the Judd–Ofelt the-
ory. The fluorescence quantum efficiency of Er3+
4I13/2 level of the sample G (1.5% Er-doped CLGS,
Ce:La=1:2) reaches up to 38.5% which is 2 times more
than that of 1.5% Er-single-doped LGS (19.2%). And
the corresponding fluorescence quantum efficiency of
Er3+ 4I11/2 level decreases from 20.7% (1.5% Er-
single doped LGS) to 6.8% (1.5% Er-doped CLGS,
Ce:La=1:2). So that codoping with Ce3+ is confirmed

to be an effective method to improve the quantum ef-
ficiency of Er3+ ∼1.5 µm radiation and to reduce the
energy loss from the excited state absorption of Er3+.
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