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a b s t r a c t

Er-doped and Yb,Er-doped CeF3 single crystals were grown by Temperature Gradient Technique (TGT)

method. The UV–VIR–NIR absorption spectra, near-infrared emission spectra, and 4I13/2 decay curves

were measured. The infrared to visible up-conversion emission of Er3 + wasn’t observed in Yb,Er-doped

CeF3 crystal. The efficiency of nonradiative energy transfer from Yb3 +(2F5/2 level) to Er3 +(4I11/2 level) was

43.3%. The measured luminescence lifetimes of the �1.5 mm emission for CeF3:Yb,Er crystal was 1.91 ms,

with quantum efficiency up to 62%.

& 2011 Published by Elsevier B.V.
1. Introduction

Infrared-emitting rare-earth doped materials have been exten-
sively used in fiber amplifiers, solid-state lasers, telecommunica-
tions, optoelectronics and remote sensing applications [1]. Laser
emitting in the 1.5–1.6 mm spectral range are known since 1962,
when Kiss and Duncan have obtained oscillations in an Er-doped
CaWO4 crystal [2]. Because of the broad emission at the eye-safe
wavelength of 1.5 mm, occurring between the first excited level
4I13/2 and the ground level 4I15/2 of Er3 + ions, Er3 + doped laser
materials have attracted much more interest. Soon the first pulsed
operation of the Er,Yb:glass laser was reported [3]. Yb3 + is usually
added as the sensitizer to increase the pump absorption efficiency,
due to the resonant energy transfer from Yb3 +(2F5/2) to Er3 +(4I11/2)
at an energy �10,000 cm�1 [4].

With the development at the end of 1980s of new InGaAs laser
diodes emitting at 980 nm [5] the realization of a CW erbium laser
became possible and the requirements for erbium glass have been
modified. CW diode-pumped operation of Er:glass laser is limited
at several hundred milliwatts of output power mainly due to
thermal defects inside the active element intensified by the low
thermal conductivity of the glass host [6]. Because of the high
thermal conductivity, a number of erbium-doped crystals were
investigated in the search for the best active medium for a CW
diode-pumped 1.5 mm laser, but typical slope efficiencies were
below 10% [7,8] (the typical slope efficiency of Yb, Er:glass laser is
about 20–30% [9]). The main reason is the low branching ratio of
�0.1–0.2 for the 1.5 mm emission. According to the references, one
of the methods to improve this branching ratio is co-doping with
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Ce3 + as the deactivator. Due to the phonon-assisted energy transfer
between Er3 + and Ce3 + which facilitates the population of the 4I13/2

level and simultaneously decreases up-conversion losses, the
branching ratio improves from �0.1–0.2 to �0.8–0.9 [10]. 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 + [11]. But they also found that when
crystals grown with several kinds of impurities, the quality and the
thermal properties 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 efficiency of 1.5 mm emission reached up to
75% and without visible up-conversion luminescence [13].

In this work, CeF3 single crystals doping of Er3 + and Yb3 + were
grown by a temperature gradient technique (TGT). Then we will
discuss the spectroscopic properties of the crystals.
2. Crystal growth

The equipment of TGT for crystal growth of rare-earth-doped
CeF3 single crystals is as described in Ref. [12]. The raw materials
with their purities in parentheses were CeF3(99.99%), ErF3(99.99%),
YbF3(99.99%) and PbF2(99.99%). Three kinds of starting powder were
prepared, and the ratio of raw materials were as follows: the first one
contained 1.5 at% ErF3, 7.5 at% YbF3 and 1 at% PbF2 mixed in CeF3

powder (labeled YEC), the second one contained 1.5 at% ErF3, 1 at%
PbF2 mixed in CeF3 powder (labeled EC), and the third one contained
7.5 at% YbF3, 1 at% PbF2 mixed in CeF3 powder (labeled YC). The PbF2

powder was used as an oxygen scavenger. we observed that the
emission intensity of 1.5 mm increases with the increase of con-
centration of YbF3. The crystals were melted at 1460 1C, and then
grown on the seeds with reducing the temperature.
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The concentration of dopant ions in the three crystals were
measured by ICP-AES analysis. Optical absorption spectra were
recorded by Jasco V-570 UV/VIS/NIR spectrophotometer. The
luminescence spectra at 1000–1700 nm were recorded with
Triax550 spectrofluorimeter under 980 nm LD pumping. The
emission lifetimes for 4I13/2 level and 4I11/2 level of Er3 + and 2F5/2

level of Yb3 + were measured using a modulated 980, 940 and
808 nm LD with a Tektronix TDS3052 digital oscilloscope to store
the temporal decay curves of the fluorescence signals at 1530, 1060
and 1030 nm, respectively. All these measurements were taken at
room temperature.
3. Result and discussion

The color of YEC and YC crystals with Yb3 + ions are deep yellow,
and the color of EC crystal is buff. The X-ray diffraction (XRD)
patterns of the YEC sample (Fig. 1) was recorded by the D/max
2550 V X-ray diffraction analysis (X-ray generator: power 18 kW
(40 kV, 450 mA), stability �0.01%; Goniometer accuracy:
0.0021(2y)). We identified the pattern with the standard cards,
and found that it was well consistent with the ICSD#: 081674
card.
Fig. 1. The XRD pattern of YEC crystal.

Fig. 2. The concentrations of dopant ions in the three crystals.
The samples for ICP-AES analysis were selected in the crystals with
different distance from the seed. Fig. 2 shows the concentrations of the
dopant ions at different locations of the crystals. The abscissa shows
the distances of the locations of the samples from the seed. Then, we
calculated the effective segregation coefficient with the formula
[14,15]: keff¼CS/CL, which is the ratio of the concentration of solute
in the solid CS to that in the liquid CL. At the beginning of crystal
growth, CS is the solute concentration near the seed, and CL can be
replaced with the original concentration of the solute (C0) approxi-
mately. The original concentrations of Yb3+ and Er3+ are 5.9 and
1.14 wt% for YEC crystal, 1.24 wt% for EC crystal, and 6.05 wt% for YC
crystal, respectively. So, the effective segregation coefficients of the
dopant ions in the grown crystals were as follows: keff(Yb3+)¼0.44,
keff(Er3+)¼0.26 for YEC crystal, keff(Yb3+)¼0.15 for YC crystal and
keff(Er3+)¼0.33 for EC crystal. We think that the reason to the low keff

value is due to the biggish diameter difference between the dopant
ions and Ce3+ in the crystals. The radius of Yb3+, Er3+ and Ce3+ are
1.00 Å, 1.03 and 1.15 Å, respectively [16]. So, Dr(Yb3+/Ce3+) is 13%,
and Dr(Er3+/Ce3+) is 10.4%. The dopant ions cannot enter the crystal
lattice effectively and they will enrich in the melt in the growth
process. It is also the reason of the increase of the impurities’
concentration with increasing the distance from the seed.

Fig. 3 shows the transmittance curve of the CeF3 crystal. There is
a broad absorption band in the region of 2000–3000 cm�1. The
absorption band should be corresponding to 2F7/2-

2F5/2 transition
of Ce3 +. Considering that the cutoff phonon energy for CeF3 was
�320 cm�1 and energy difference of DE�3656 cm�1 between the
4I11/2-

4I13/2 transition of Er3 + [17,18], the estimated number of
phonons emitted is �2 in the nonradiative decay from 4I11/2 level to
4I13/2 level by deactivating of Ce3 +, assuming that the phonons
involved in the energy transfer are of equal energy.

With pumping at 980 nm, the energy transfer routes between Yb3+,
Er3+ and Ce3+ ions are as depicted in Ref. [11]. The 4I11/2 level of Er3+

ions will be populated mainly through resonant energy transfer from
the 2F5/2 level of Yb3+ ions, i.e. 2F5/2+4I15/2-

2F7/2+4I11/2. The upper
4I13/2 level of Er3+ for 1.5 mm emission is populated through the
relaxation from the 4I11/2 level. In the CeF3 crystal, the process of
phonon-assisted transition 4I11/2-

4I13/2 is dominated by fast phonon-
assisted resonant energy transfer between Er3+ and Ce3+, i.e. 4I11/2+
2F7/2-

4I13/2+2F5/2. We calculated the absorption cross sections of Yb3+

and Er3+ at 980 nm, and they were 0.904�10�20 and 0.14�10�20

cm2, respectively. In other words, the pump-energy absorption
efficiency of Er3+ in YEC crystal is about 6 times higher than that in
EC crystal. And, the luminescence intensity of 1.5 mm emission of YEC
Fig. 3. The transmittance curve of YEC crystal in infrared region.



Fig. 4. The luminescence spectra of YEC and EC crystal at 1.5 mm region.

Fig. 5. The luminescence spectra of Er3+ ions from the transition 4I11/2-
4I15/2 in

1.5%Er3+:CeF3 crystal with 808 nm pumping.
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sample is about 3 times than that in EC sample (Fig. 4). The fluorescence
lifetime of the 4I13/2 level of Er3+ ions was also measured in this work.
The values of tEM(4I13/2) are 1.91 and 1.65 ms for YEC and EC crystal,
respectively. The radiative lifetime of the 4I13/2 level of Er3+ ions in CeF3

crystal was also calculated by Judd–Ofelt Theory [20,21], and its value
(tR(4I13/2)) was 3.07 ms. So, the quantum efficiency (Z) of 1.5 mm
luminescence is about 62% according the formula, i.e. Z¼tEM(4I13/2)/
tR(4I13/2). Then we calculated the emission cross section of 1530 nm
emission of YEC and EC samples with F-L equation [19], and they were
1.26�10�20 and 1.25�10�20 cm2, respectively.

The excited state absorption and up-conversion luminescence
could affect the efficiency of 1.5 mm emission greatly. The lumi-
nescence spectra in visible region (�300–800 nm) of the grown
YEC crystal was investigated, and it was found that there was no
any fluorescence signal in this region. The efficient deactivating
effect of Ce3 + ions was demonstrated to eliminate the up-conver-
sion of Er3 + ions in YEC crystal.

Fig. 5 shows the luminescence spectra of Er3 + ions from the
transition 4I11/2-

4I15/2 in EC crystal with 808 nm pumping. In YEC
crystal, it overlaps with the luminescence spectra of Yb3 + ions. The
measured fluorescence lifetime of the 4I11/2 level (tEM(4I11/2)) of
Er3 + ions in EC crystal is about 432 ms. Another important para-
meter of Er3 +/Yb3 + co-doped materials is the energy transfer
efficiency from Yb3 + ions to Er3 + ions (ZYb-Er). Its value can be
calculated from the following formula, i.e. ZYb-Er¼1�tYb,Er/tYb.
Where tYb is the lifetime of the Yb3 + 2F5/2 level in Yb-single-doped
crystal (YC crystal), and tYb,Er is its lifetime in Yb,Er-codoped crystal
(YEC crystal) [22]. In our work, it was found that the lifetime of Yb3 +

ions shortens from 492 ms in YC crystal to 279 ms in YEC crystal. So,
the value of ZYb-Er is about 43.3%. In our opinion, the lifetime
reduction is consequence of nonradiative resonant energy transfer
from the Yb3 + to the Er3 + ions.
4. Conclusions

In conclusion, a doping scheme of Er3 + and Yb3 + in CeF3 single
crystals were grown by TGT method. Broad band luminescence at
1.5 mm was observed under 980 and 940 nm LD pumping. The
deactivating effect of Ce3 + on the Er3 + ions was demonstrated by
the increase the integrated emission intensity at 1.5 mm and the
elimination of the up-conversion luminescence in visible region
under 980 nm pumping. The resonant energy transfer efficiency
from Yb3 + to Er3 + ions was about 43.3%, and the fluorescence
quantum efficiency of 1.5 mm reached to 62%.
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