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The aim of this work is growth of LiCaAlF6:Ce
3+ (Ce:LiCAF) crystals by Bridgman technique and study of

spectroscopic and laser characteristics in UV spectral range. We report on growth of LiCaAlF6:Ce3+

(1.2 at.% in the melt) crystals with refractive index inhomogeneity not worse than Dn = 1.2 ⁄ 10�5. The
maximum absorption coefficient of Ce3+ ions appeared to be up to 7 cm�1 and maximum of slope
efficiency of laser action as high as 47% in synthesized crystals was achieved.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

LiCaAlF6:Ce3+ (Ce:LiCAF) crystal is a known and promising
active medium for the ultraviolet spectral range [1–3]. The main
advantage of the LiCaAlF6 (LiCAF) host is the largest value of band
gap (�100 000 cm�1) among the known crystals [4] providing
advantageous localization of energy states of impurities perspec-
tive for UV and VUV light amplification [5–7]. As a result, vibra-
tionally broadened energy levels of Ce3+ ions fit within band-gap,
minor influence of excited state absorption provides stable output
laser characteristics, and active medium does not exhibit UV pump
induced degradation [8–11], continuous wavelength tuning
spreads over a relatively broad range 280–317 nm [12]. This lies
in the course of industrial trends on shortening the wavelength
of laser radiation and meets demand on robust and cheap in use
laser sources.

Bridgman, Czochralski and micro-pulling down techniques are
most popular among growth methods for obtaining of LiCAF crys-
tals. But complexity of growing lies in the fact that components
include aluminum fluoride which is volatile with a high value of
saturated vapor pressure and which does not exist in a liquid state,
so overheating of the melt leads to depletion of this component
[13]. Also aluminum fluoride component exhibits significant water
affinity which leads to a hydrolysis by residual water or hydroxyl
groups in the crystal growth temperature range [13,14]. Growth
procedure in the atmosphere of gaseous HF, CF4, NH4�HF or its mix-
tures with noble gases helps to maintain melt composition and to
arrange fluorination [2,3,13,15–17]. Another peculiarity of Ce:
LiCAF compound is extremely low segregation coefficient of triva-
lent rare earth ions due to heterogeneous substitution by factors of
both valence and ionic radii [18]. Cations Ca2+ and Al3+ both have
6-fold coordination with fluorine anions in colquiriite crystal. The
Ce3+ ion appears to substitute Ca2+ cation [19] where the ionic
radius of Ce3+ is 1.15 Å which is close to that for Ca2+ (1.14 Å) while
isovalent Al3+ is too small (0.67 Å) [20]. Heterovalent substitution
necessitates charge compensation which causes lattice defects to
appear when increasing the Ce3+ ions content. Usually investiga-
tors achieve absorption coefficient between 2 and 5 cm�1 in the
maximum of absorption line (around 270 nm). It is important to
achieve stable segregation of Ce3+ ions and to increase its value.
This is inmortant in view of prospective of design distributed feed-
back lasers of UV spectral range and generation of picosecond
pulses directly in UV [21–25].

The decision to use method of crystal growth by Bridgman was
made due to the following reasons. The Bridgman technique allows
growing crystals in closed graphite crucibles which serve for lower
radiative coupling of melt, solid and furnace elements. This pro-
vides more stable melt/solid interface and lower loss in solid dur-
ing cooling of the crystallized material [26]. Also positioning the
melt above the crystal provides more stable axial distribution of
temperature in contrast to Czochralski method when the hottest
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melt appears at the bottom of the ampoule thus providing signifi-
cant convection determined distortions [27]. In the same work [26]
it was also shown that convective flows occurring in the melt dur-
ing Bridgman growth have far less influence on the process com-
pared to Czochralski method thus providing faster growth
process. This maintains the chemical composition of the melt and
allows to produce crystal samples with various activator ions even
if the segregation coefficients of the required impurities are
Fig. 1. Temperature dependence on height along the heater.

Fig. 2. X-ray diffraction pattern of the sample LiCaAlF6:Ce3+ w
extremely low, which is true for the investigated Ce:LiCAF crystals.
Also colquiriite systems are multicomponent, and, as indicated
above, it is crucial to arrange a sufficient temperature gradient in
the crystallization zone during growth of these crystals [13].

Aim of this work is growth of LiCaAlF6 crystals doped with Ce3+

ions in the amount of 1.2 at.% in the melt by Bridgman technique.
Desired crystals are intended to be active media for UV lasers thus
special attention has been payed to high optical quality of the syn-
thesized material.
2. Preparation and growth by Bridgman technique

The crystal growth of LiCAF with Ce3+ ions content 1.2 at.% in
the melt was performed using the Bridgman technique in the flu-
orinating atmosphere. The melting point is about 810 �C [17]. We
used Ar:CF4 gaseous mixture with the volume ratio 7:4 to fill the
chamber after it’s evacuation to 10�4 mbar. This ratio appeared
to be optimal Ar:CF4 from the point of view of quality of the crys-
tallized material with respect to design of our heater and amount
of charge material. The lower volumes of CF4 lead to defects in
crystals and higher volumes of CF4 gave no better result. All initial
components of the charge were preliminary treated to obtain pur-
ity not less than 99.99%. LiF, CaF2 and CeF3 components were taken
from optical quality single crystals but CaF2 and CeF3 were re-
grown in high vacuum with addition of PbF2. Besides, powder of
CaF2 for the charge was obtained by thermo-shock method [15].
AlF3 was additionally fluorinated in order to remove traces of oxy-
gen and hydroxyl groups in the crystals. To do that AlF3 powder
ith hkl indexes of planes for correspondent reflections.
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with purity 99.99% was pumped to high vacuum (of about 10�4

mbar) in the growth chamber and was kept at temperature of
about 800 �C [13] in CF4 + Argon atmosphere (1:1). The resulting
AlF3 formed resembled transparent snowflakes with a size of 2–
3 mm. Components of the charge of LiCAF to be grown were taken
in ratios correspondent strongly to the stoichiometric composition.

Bridgman technique consists of pulling the crucible with over-
heated melt downwards through the heater from the high to the
low temperature region. Heater assembly is of great importance
since it determines other two demands for successful crystal growth:
temperature stability and certain temperature gradient. We used
axial resistive heater made of graphite and graphite crucible also.
They were surrounded by heat shields with thermocouple mounted
to stabilize the temperature with accuracy of about 0.1 �C. The wall
thickness of the crucible was in the order of 1.5–2 mm to minimize
distortion of the temperature field. Temperature distribution inside
our heater measured along its axis is shown in Fig. 1. The measured
temperature gradient was about 70 �C/cm.

The achieved temperature gradient was sufficient enough for
the LiCaAlF6 compound which melts congruently to crystallize
with relatively high rates. Pulling rate of crucible in our experi-
ments was 2 mm/hour. The LiCAF crystals were grown on seed
crystals with the specified optical c-axis orientation perpendicular
to the boule.
3. Characteristics of grown crystals

Obtained crystal boules were free of cracks and bubbles and had
kept orientation of seeding crystal. Phase composition of
Fig. 4. (a) Integral under Ce3+ absorption band along the crystal, inlets show luminesce
LiCaAlF6.

Fig. 3. The grown crystal LiCaAlF6:Ce3+ (a) and it’s interference pattern from Jamin
interferometer (b).
crystallized material was investigated by means of X-ray diffrac-
tometry technique. The correspondent reflections distribution is
shown at Fig. 2. The obtained diffraction pattern corresponds to
colquiriite structure [28].

But obtained crystals exhibited volume scattering due to micro-
scopic defects, the similar was described in work [29]. This was
successfully removed by 48 h annealing at the temperature
10–15 �C below the melting point in CF4 atmosphere [29,30]. In
order to investigate optical quality and spectroscopic and laser
properties a polished plane-parallel windows were made along
the boules keeping plane of the windows parallel to the plane of
optical c-axis. Length of the optical path in crystals Ce:LiCAF was
8 mm. The inhomogeneity of refractive index was controlled in
Jamin interferometer and appeared to be not worse than Dn = 1.
2 ⁄ 10�5. The grown Ce:LiCAF crystal and its interference pattern
are shown in Fig. 3.

4. Spectroscopy and laser characteristics

Absorption and emission spectra of the grown Ce:LiCAF are
shown in Fig. 4a. Absorption spectrum contains typical for Ce:
LiCAF absorption band due to 4f-5d transitions which peaks at
270 nm with absorption coefficient about 7 cm�1. The emission
spectrum excited at 266 nm is also typical to Ce:LiCAF and has
two peaks centered at 289 nm and 310 nm [1,12,16,17].

We have investigated the absorption coefficient along the boule
of our Ce:LiCAF crystal. At Fig. 4b the integral under the 270 nm
absorption band is presented as function of place at the crystal.
The luminescence spectrum form as well as decay times has not
changed along the crystal. The significant concentration gradient
is clearly seen which is the evidence of low isomorphic capacity
of LiCAF matrix in relation to Ce3+ ions. But there is an area of rel-
atively plane characteristic in the middle of the boule with length
of about 40 mm. The obtained dependence should allow to calcu-
late the segregation coefficient of Ce3+ ions according to Gulliver-
Pfann law, but in LiCAF crystal there are three types of Ce3+ impu-
rity centers with absorption lines superposed give the observed
absorption band.

The laser oscillation of the grown crystal was achieved under
pulsed (10 ns pulse duration) laser pump at 266 nm in 10 cm long
nonselective Fabry-Perot cavity with formed by two plane mirrors
(99.9% and 60% reflectivity). The Ce:LiCAF crystal was turned to
Brewster’s angle with relation to cavity axis. Pump beam was lon-
gitudinally directed onto the crystal through refracting telescope
spectra at three points of the crystal; (b) Absorption and emission spectra of Ce:



Fig. 5. (a) Dependence of laser energy on pump energy; (b) wavelength tuning curve of laser oscillation of Ce:LiCaAlF6 active medium.
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producing approximately 2 mm diameter waist. Both pump and
lasing radiations corresponded to p polarization.

Pulsed laser oscillation of the Ce:LiCAF was obtained at 289 nm
with 6 ns pulse duration. Lasing threshold was near 3 mJ and max-
imum of slope efficiency was up to 47% (Fig. 5a). This appears to be
a high value since multicenter character of Ce3+ substitution in
LiCaAlF6 matrix when pump energy is being distributed among
three types of centers and only one is lasing [18]. By simple insert-
ing a 60� fused silica prism into a cavity we have achieved tuning
from 281 nm to 312 nm. The intensity distribution is presented at
Fig. 5b. This tuning range appears to be common.
5. Conclusion

LiCaAlF6:Ce3+ (1.2 at.% in the melt) crystal with high optical
quality was obtained by Bridgman crystal growth technique and
subsequent annealing. The refractive index inhomogeneity as it
was measured in Jamin interferometer appeared to be no more
than Dn = 1.2 ⁄ 10�5. Absorption coefficient of 7 cm�1 for Ce3+ ions
was achieved which has been relatively high and could speak for
high rate of crystallization. Laser oscillation was obtained with
the threshold near 3.5 mJ and slope efficiency up to 47% which is
also high and speaks for high optical quality of the crystals.
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