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The aim of this work is phase composition and near UV spectroscopic studies of UV active media in flu-
oride crystals with colquiriite structure, such as Ce>*:LiSrq gCag»AlFe. Colquiriite structure mixed crystals
show higher segregation coefficient of Ce3* activator ions than common LiCaAlFg hosts. An important
result is based on the fact that this enhancement was achieved for two types of Ce>* centers in a multisite
Ce:LiSrg gCag,AlFs system. Thus, it provides a higher gain coefficient for the 5d-4f transitions of Ce®" ions
and it spans a wider continuous wavelength tuning range between 280 and 320 nm for tunable Ce:
LiSrg gCag,AlFg laser systems.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of direct UV laser oscillation from Ce**
doped LiCaAlFg (LICAF) crystals [1], the gain medium has been
investigated for various applications [2-4]. Significant vibrational
broadening of the 5d-4f transitions of Ce>* ions for extended laser
tunability was used in LIDAR systems for remote atmospheric con-
trol [5]. Higher cross-sections of dipole interconfigurational transi-
tions provide a lower threshold for laser oscillation. Coupled to the
appropriate pumping source this system exhibited tunability from
281 to 316 nm [5], with more than 60 m] output energy from the
oscillator [6] at 290 nm and high repetition rate, up to 20 kHz [7]
with fast and robust operation. Up to now, microchip UV lasers
were investigated [8] and lasing was achieved with 24% slope effi-
ciency from a 2.2 mm long Ce,Na:LICAF crystal with a Ce ion
dopant concentration of 3.5% in the melt, and 2 piJ pumping energy
at 266 nm from a microchip Nd:YVO,4 laser device. Interesting
results have been achieved too in the field of short pulses. UV laser
pulses of 22 ps at FWHM were obtained [9] by using synchronous
pumping with 70 ps laser pulses. Also, laser pulse trains have been
achieved with 800 ps at FWHM for a single pulse, from a low Q cav-
ity [10]. Generation of short laser pulses is not a trivial task as
mode-locking or Q-switching techniques must be employed and
control of optical cavity’s Q-factor was obtained by modulating
optical cavity transients [11,12].

Any further progress of Ce-doped colquiriite lasers is associated
with improvement spectroscopic and photochemical properties of
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the crystals and increment of dopant’s concentration. It is widely
accepted that Ce3* activators in Ce:LICAF matrixes are able to sub-
stitute sites occupied by Ca?*, which has an ionic radius similar to
that of Ce3* (1 A and 1.03 A, respectively) [2]. However, it is diffi-
cult to increase the Ce®*" ion concentration in Ce:LICAF crystals
because the valences of Ce>* and Ca®" ions are different. An incre-
ment of dopant’s concentration has the consequence of enhancing
crystal lattice defect generation, as the crystal strangles to preserve
its electric neutrality. Consequently, the segregation coefficient of
Ce®" ions in Ce:LICAF crystals is quite small [13,14]. Moreover,
Ce** jons doping produces “seed centers” for color center genera-
tion. It is known that by varying the chemical structure of the com-
pound, by adding a set of crystal lattice cations in the matrix, one
can improve the optical quality of the crystals by increasing the
isomorphic capacity of the solid solution [15].

By growing mixed LiSr; _,Ca,AlFg crystals with varying x, is pos-
sible to optimize the chemical content for improving laser proper-
ties. In earlier works [16,17], a series of LiSr;_,Ca,AlFg crystals
activated with Ce®* ions exhibited a higher absorption coefficient
for Ce®* ions, which could be an advantage for activator ions con-
centration optimization with subsequent laser action [17,18]. Fur-
thermore, it should be noted that multicenter Ce3* segregation in
colquiriite crystals plays a significant role for laser action while
the distribution of Ce>* ions concentration among different types
of impurity sites in mixed crystals is unclear. Indeed, the ionic dis-
tribution depends not only on the Ca/Sr ratio but on the crystal
growth conditions also and crystals grown by the Czochralski
method have a lower segregation coefficient of Ce>* ions in com-
parison to the Bridgman growth technique.
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In earlier works different models of Ce** ion impurity sites in
LICAF host lattices were investigated via comprehensive site-
selective time-resolved fluorescence and EPR spectroscopies
[19,20].

In this work, both the spectral and kinetic characteristics of
Ce3*:LiSrogCag»AlFs colquiriite mixed crystals grown by Bridg-
man-Stockbarger method are presented. The article is organized
as follows: first, the methodology, growth of crystals and prepara-
tion is presented. Next, the optical and chemical properties of sin-
gle and mixed crystals are compared via absorbtion, X-ray,
excitation and time decay spectroscopies and potential applica-
tions for UV solid state lasers are discussed.

2. Experimental
2.1. Materials and methods

Generally, high chemical purity of starting materials is a key
factor to grow fluoride crystals for laser applications. Removing
traces of oxygen and hydroxyl groups is the most critical. Further-
more, the performance of the solid-state laser crystal media is
affected by their optical quality and the number of crystal defects,
which in turn, are influenced by the crystal growth conditions and
the final polishing. In particular, one of the main problems arising
from the operation of materials under intense UV radiation is the
degradation of their optical properties colquiriite crystals demon-
strate high stability toward UV irradiation, while Ce:LICAF has
the highest stability of laser efficiency [21].

LiCaAlFs and LiSrqsCag»AlFs crystals doped with 1 at.% of Ce®*
ions in the melt were grown by Bridgman-Stockbarger in closed
graphite crucibles. This growing technique maintains the chemical
composition of the melt and allows growing crystal samples with
different activating ions, even for low segregation coefficients of
impurities, in contrast to Czochralski technique.

The melting point of the crystals is 810 °C [13]. These systems
are multicomponent, and, as indicated above, they are character-
ized by a low segregation coefficient of the Ce>* ions. Therefore,
it is critical to arrange a sufficient temperature gradient in the crys-
tallization zone during the growing process [14]. The temperature
gradient is 120 K/cm and it is provided by the appropriate design of
geometry of the heater, the heat shields and the crucible.

Because the components contain aluminum fluoride as a start-
ing material, which has high saturated vapor pressure and does not
exist in a liquid phase, overheating of the melt will lead to a deple-
tion of this component. Also, temperature is set higher than the
melting point (20 °C) to ensure melting and homogeneous mixing
of the substances.

The initial concentration of CeF3 was 1 at.%. Oriented cylindrical
crystals 10 mm wide and 80 (Ce:LICAF) and 20 mm (Ce:LISCAF)
long were grown under the above conditions. A series of samples
for optical spectroscopy were prepared from the synthesized crys-
tals. For Ce:LICAF crystal polished plane-parallel windows were
made along the boule and for the Ce:LISCAF crystal plane-parallel
plates with polished windows were prepared. The optical c-axis
was in the plane of the polished windows.

2.2. X-ray diffractometry

The phase composition of crystallized material was investigated
by an X-ray diffractometer (Shimadzu powder diffractometer XRD-
7000S) at room temperature and fine powder samples were pre-
pared from the crystals. And the reflection distributions are shown
in Fig. 1.

The diffraction pattern for the Ce**:LISCAF samples corresponds
to a colquiriite structure and reflections are lying between the
LICAF and LISAF ones [22-24], as is expected.

The diffraction lattice constant was concentration ratio depen-
dent for both mixed and unmixed samples (Fig. 2).

The lattice constants for the Ce>*:LISCAF crystal are placed
somewhere along the straight lines between the LICAF and LISAF
ones. Therefore, the crystal is monocrystalline and it has only
one phase according to Vegard’s rule.

3. Optical spectroscopy
3.1. Absorption spectra

Spectroscopic investigations of Ce:LISCAF crystals grown by
Czochralski method with different Ca/Sr ratio concentrations, were
performed earlier [16,17] and a red shift of maximum of single
absorption band at 270 nm of Ce®* for pi-polarization with increas-
ing Ca%* concentration was detected owing to the lessening of the
lattice constant. A red shift was not observed for a sigma-
polarization component [17]. As the Ca?* concentration varies,
there is an extremum of the absorption coefficient at 266 nm for
a 0.25 ratio of the Ca/Sr content having an absorption coefficient
of 7cm™! for 0.5 at.% of Ce>" ion concentration in the melt.

In Fig. 3 the absorption bands for the lowest 4f-5d transition of
Ce** ions in LICAF and LISCAF crystals grown in this work are
shown. There is a small red shift in the absorption spectrum with
increasing Ca®* concentration, in agreement with [17]. However,
this is a superposition of a number of spectral bands corresponding
to different nonequivalent impurity Ce>* ion centers [20].

It is worth noting that the absorption coefficient of the mixed
Ce:LISCAF crystal grown in this work is five times greater than
the absorption coefficient of the Ce:LICAF crystal (Fig. 3).

3.2. Luminescence and excitation spectra

Excitation and luminescence spectra for a number of excitation
wavelengths were obtained. Excitation spectra are nonpolarized
and were recorded from bulky samples in a Perkin-Elmer Lambda
LS55 spectrofluorimeter. Both luminescence and time decay spec-
tra were recorded from the same samples with a scanning
monochromator MDR-23, with a 1200 line/mm grating, and a fast
photomultiplier tube (FEU-79) coupled to Tektronix DPO 7354
oscilloscope with 3.5 GHz bandwidth. The crystals were excited
in the spectral range from 240 to 290 nm by the third harmonic
generation of a tunable Ti:Sapphire laser, (10 ns at FWHM and
10 Hz repetition rate).

In Fig. 4 the luminescence spectra at room and liquid nitrogen
temperatures are presented. The room temperature spectra of Ce:
LICAF crystal depend strongly from the excitation wavelength,
compared to the spectrum of Ce:LISCAF. As it was shown in [20],
three types of Ce**-impurity centers contribute to the lumines-
cence spectra. First, Ca®* ionic sites with nonlocal charge compen-
sation ((a) bands at 281 and 300 nm). Second, Ca* ionic sites with
a Li* vacancy in the nearest cell ((b) bands at 287 and 307 nm) and
third AI** ionic sites ((c) center bands at 310 and 332 nm). These
luminescence are marked with color lines similar to [20].

The Ce:LISCAF luminescence spectra appear to be the simplest
ones. A small red shift from mixed Ce:LISCAF crystal to Ce:LICAF
is observed due to change of lattice constants for different Ca/Sr
concentration ratios, in agreement with [17] and absorption spec-
tra. Excitation near the longer and shorter wavelength shoulders of
the absorption bands (275, 255 and 245 nm) in Ce:LICAF register
the spectral signature of a (c)-type center at 310 nm and 330 nm.
This is not observed with an excitation wavelength at 266 nm,
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Fig. 1. X-ray diffraction patterns of the samples of Ce3*:LiSrsCag2Fs experimental data.
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Fig. 3. Unpolarized absorption spectra of Ce>*:LiCaAlFg and Ce>*:LiSrgCag,AlFs.

widely used to pump the Ce:LICAF active medium. Excitation at
266 nm provides both (a)- and (b)-impurity centers. Luminescence
spectra at liquid nitrogen temperature were recorded to exclude
the energy exchange between the different types of Ce** centers.
Compared room and low temperature spectra, it is found that exci-
tation at the shoulders of the absorption band excites a (b)-type
center directly but an intense energy transfer to (c)-type center
occurs in Ce:LICAF. The same process is taking place for an (a)-
type center, which is excited directly at 266 nm but excitation is
been transferred to (b)-type center. In a Ce:LICAF crystal, the rela-
tive intensity of a type (c)-center luminescence intensity is higher

than in a mixed LISCAF crystal. At the same time there is no any
dramatic change in the luminescence time decay spectrum.

Typical luminescence time decays at 300 and 360 nm are asso-
ciated to the interconfigurational 5d-4f transitions. The long wave-
length side perturbed by excitons at liquid nitrogen is shown in
Fig. 5. The time decays are owning to the overlapping of the lumi-
nescence bands of different Ce>* centers, and the overlapping of the
absorption bands leads to excitation of different types of Ce>" ionic
centers. For a 300 nm excitation, there is a smooth part of the
decay curve indicating only a one component exponential time
decay. However, the time resolution is limited from the pulse
width of the excitation pulse of 10 ns. Here, the Ce** luminescence
ionic decay is considered to be a single exponential one with a
decay time of 29 + 3 ns for both the LISCAF and LICAF matrices,
in agreement with earlier observations [26]. This value is higher
than [18], where the luminescence was affected by energy transfer
between different types of Ce>" centers at room temperature [19].
The decay time changes through the luminescence spectrum for
both crystals and becomes relatively long (up to 50 ns) at the
longer wavelengths (320-370 nm). Also, a nonexponential decay
200 ns after excitation was associated to a step-wise photoioniza-
tion of Ce>" ions and subsequent recombination [25,27,28].

In Fig. 6 the estimated luminescence decay times are presented
with 10% deviation from the mean value. For excitation at 245 and
275 nm, (type (c)-center) there is an increment of the decay time
due to reabsorption and energy exchange processes, which van-
ishes at liquid nitrogen temperature. There is not any differentia-
tion between the Ce:LICAF and Ce:LISCAF lifetimes too. Therefore,
any increment of absorption coefficient in mixed crystal is due to
a concentration increment of the impurity centers, which was
already observed for the mixed LiF-LuFs;-YF3 crystals of scheelite
structure [15].

So, for a mixed crystal type (c)-center, the relative concentra-
tion of Ce>* ions is too low. It means that for a mixed LISCAF crystal,
in contrast to Ce:LICAF one, only (a)- and (b)-types of Ce** ionic
impurity centers are mainly formed. This behavior, where the exci-
tation spectra coincide with the Ce3" ionic absorption bands, Fig. 7,
reflects a higher population inversion between the 5d- and 4f-
states of Ce>" ions, higher optical gain coefficients, broader tuning
ranges and higher efficiency of laser action, following a crystal
pumping with the 4-th harmonic of the Nd:YAG laser.

Overall, excitation spectra at different wavelengths do not show
significant differences and their relative intensities are associated
with the 4f-5d transitions of Ce*" jons in Ce:LICAF and Ce:LISCAF
crystals. This is obviously due to a significant energy exchange
between different types of Ce>* ionic centers at room temperature.
Both LICAF and LISCAF crystals have a broad background excitation
signature for the 350 nm fluorescence band, which corresponds to
excitonic transitions [25]. Taking into account a significant
enhancement of the 280-300 nm luminescence signal in the short
wavelength shoulder of excitation spectrum and an intensity
decrement of the (c)-type luminescence in Ce:LISCAF compared
to Ce:LICAF, a concentration increment is taking place for only
two impurity center types.
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Fig. 4. Luminescence spectra of Ce>*:LiCaAlFs (a and c) and Ce®*:LiCag,SrosFs (b and d) crystals at room temperature (a and b) and 77 K (c and d).
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Fig. 5. Luminescence decay curves at 5d-4f transitions of Ce>" ions in LiCaAlFg (a) and LiSrqgCag-AlFg (b) crystals under excitation at 275 nm at liquid nitrogen temperature.
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Fig. 6. Luminescence decay times 7 spectral distribution of Ce>* in LiCaAlFs (a, ¢ and e) and LiSrosCao.Fs (b, d and f) host lattices at different registration wavelengths.

Fig. 7. Excitation spectra of Ce**:LiCaAlFg (a) and Ce3*:LiSrygCag2Fs (b) crystals at different registration wavelengths.

4. Conclusion

Mixed LiSrq gCag-AlFs crystals doped with Ce®* ions were grown
via the Bridgman-Stockbarger method. It is shown by X-ray
diffraction that grown solid solutions of the LiSrq gCag>AlFs compo-

sition correspond to the colquiriite structure. There is a linear
change of the lattice constant during the transition from the
LiCaAlFs to the LiSrAlFs crystal and the crystals are single-phase.
The absorption coefficient in mixed Ce:LiSrggCag,AlFg crystals is
higher than in Ce:LiCaAlFs. Taking into account that there were
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no significant differentiations of the 5d-4f lifetimes of the Ce®*
ionic centers, there is a higher segregation coefficient of the Ce**
ions in mixed crystals. Only two Ce>* ionic centers increase their
concentration. By varying the chemical composition of the solid
solution, the distribution and concentration of impurity centers
can be controlled.

The results indicate a higher gain coefficient for the 5d-4f tran-
sitions of Ce®* ions, a continuous tunability between 280 and
320 nm and a higher laser efficiency for the Ce:LiSrqggCagAlFg
crystal.
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