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Abstract

Ce-doped LiCaAlF, (LiCAF) and LiSrAlF, (LiSAF) single crystals were grown by the Czochralski technique. The
formation of inclusions and cracks accompanying the crystal growth was investigated. The effective distribution
coefficients of Ce®** in LiCAF and LiSAF were determined to be 0.021 and 0.013, respectively. Ultraviolet pulse
generation with an output energy of 60 mJ was obtained from a Ce: LiCAF laser. © 2000 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Coherent optical sources in the ultraviolet (UV)
wavelength region are useful for many practical
applications, such as medical procedures, semi-
conductor processing and remote sensing [1].
Recently, Ce-doped LiCaAlF4 (Ce: LiCAF) and
LiSrAlF (Ce: LiSAF) single crystals have been
reported as leading candidates for tunable all-solid-
state-lasers in the UV wavelength region [2,3].
However, due to the limited size of the available
crystals, it was difficult to obtain high-energy out-
put directly from a Ce : LiCAF laser. The growth of
Ce : LiCAF, especially, is known to be difficult. For
the growth of this crystal, a fluorination process
using gases such as HF [4] is usually performed in
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order to purify both raw materials and growing
crystals.

We have previously reported the growth of
Ce: LiCAF crystals without either the use of HF
gases or the hydrofluorination of raw materials [5].
Instead, a growth chamber was evacuated to
~1072 Torr prior to growth, and a high-purity Ar
(99.9999%) gas was used as a growth atmosphere.
Under these conditions, a deposit of a white foreign
substance was found on the surface of the grown
crystals. The formation mechanism of the white
substance was then investigated. In order to avoid
its formation and grow high-quality crystals with
higher reproducibility, several modifications such
as high vacuum atmosphere prior to growth, the
use of CF, gas instead of Ar, and a growth with
a low-temperature gradient, were required [6,7].

In the present work, we describe the growth of
Ce: LiCAF and Ce: LiSAF single crystals by the
Czochralski (CZ) technique under modified growth
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conditions based on the investigations of Ref. [5].
Problems accompanying the crystal growth, such
as inclusions and cracks, were investigated. High
laser performance with an output energy of 60 mJ
was achieved using Ce: LiCAF crystals grown in
this way.

2. Experimental procedure

Crystal growth was performed in a CZ system
with a resistive heater made of high-purity graphite.
The starting material was prepared from commer-
cially available AlF;, CaF,, SrF,, and LiF pow-
ders of high purity (>99.99%, Rare Metallic Co.,
Ltd.). The composition was 1 mol% LiF and AlF;
enriched from a stoichiometric one, in order to
compensate for the vaporization of LiF and AlF;.
As dopants, CeF5; and NaF powders of high purity
(>99.99%, Rare Metallic Co., Ltd.) were used.
Na™ was co-doped with Ce®* in order to maintain
the charge neutrality. The concentration of Ce®*
and Na™ in the starting material was 1 mol%.
The starting material was placed in a Pt crucible.
Growth orientation was controlled by using a-axis
oriented Cr®"-doped LiCAF and LiSAF seed crys-
tals. The pulling rate was 1 mm/h and the rotation
rate was 10 rpm.

Vacuum treatment was performed prior to
growth. The system was heated from room temper-
ature to 700°C for a period of 12 h under vacuum
(=107 ° Torr). Both rotary and diffusion pumps
were used to achieve ~107° Torr and effectively
eliminate water and oxygen from the growth cham-
ber and the starting material. Subsequently, high-
purity CF, gas (99.9999%) was slowly introduced
into the furnace. Thereafter, the starting material
was melted at approximately 820°C.

The determination of lattice parameters and the
phase identification were performed by the X-ray
powder diffraction method (XRD). Chemical com-
position was determined by the induced coupled
plasma method. Absorption spectra in infrared (IR)
wavelength region were measured by FT-IR with
high resolution. To measure the transmission edge
in the vacuum-ultra-violet (VUV) wavelength re-
gion at room temperature, an experiment was per-
formed at the beam line BL1B of the Ultraviolet

Synchrotron Orbital Radiation Facility (UVSOR)
using a 1-m focal-length Seya-Namioka mono-
chromator [8]. The transmission at wavelengths
from 100 to 200 nm was detected by a photomulti-
plier (Hamamatsu R105).

3. Results and discussion

Fig. 1 shows as-grown Ce:LiCAF and
Ce: LiSAF single crystals with dimensions of
18 mm in diameter and 60 mm in length. Cracks,
bubbles and inclusions were not observed. Under
the modified growth conditions, foreign substances
on the surface of the grown crystal, as observed in
Ref. [5], were not formed. However, Ce: LiSAF
showed a tendency to crack perpendicular to the
growth axis after several days. On the contrary,
Ce : LiCAF did not show cracks at any time.

Fig. 2 shows the dependence of the lattice para-
meters a and ¢ on the solidification fraction. Along
the growth axis, both a and ¢ of Ce:LiCAF
and Ce : LiSAF were almost constant. Fig. 3 shows
the distribution of Ce®* concentration along the
growth axis. The effective distribution coefficient
(kege) of Ce®* in LiCAF and LiSAF has been deter-
mined to be 0.021 and 0.013, respectively, by the
following equation [9]:

C
sz = kege(1 — g~ 1. (1)
Solid and dotted lines in Fig. 3 were obtained using
Eq. (1). The ke of Ce** in LiCAF was larger than
in LiSAF. This is because the ionic radius of Ce’"
under six-fold coordination (1.01 A)is closer to that
of Ca?* (1.00 A) than to that of Sr** (1.18 A) [10],
the ions thought to be replaced by Ce** [5]. Al-
though the concentration of Ce** showed a tend-
ency to increase slightly with solidification fraction,
this change did not affect the lattice parameter
because of the small value of k.

Fig. 4 shows an as-grown Ce:LiCAF single
crystal of 1” diameter, free from cracks and inclu-
sions. When crystals of this diameter were grown,
the following two problems, not observed for
crystals of 18 mm diameter, appeared: formation
of inclusions, and cracks accompanied by the
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Fig. 1. As-grown Ce-doped (a) LiCaAlF¢ and (b) LiSrAlF¢ single crystals of 18 mm diameter pulled along the a-axis.
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Fig. 2. Dependence of the lattice parameters on solidification
fraction, measured for Ce-doped LiCaAlF and LiSrAlF single
crystals. (a) a- and (b) c-axis, respectively.
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Fig. 3. Concentration dependence of Ce** on solidification
fraction, measured for Ce-doped LiCaAlF and LiSrAlF, single
crystals. Cy and C; are the initial concentration and the concen-
tration at each solidification fraction, respectively.

formation of an impurity phase at the bottom of the
crystal.

Fig. 5 shows a polished wafer cut parallel to the
growth axis. Many inclusions are distributed
throughout the crystal. It should be noted that the
formation of these inclusions was related to
a change of the crystal diameter, for example at the
shoulder part of the crystal. Once they appeared at
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Fig. 4. As-grown Ce-doped LiCaAlFy single crystal 1” in
diameter.
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Fig. 5. Ce-doped LiCaAlF crystal with inclusions: (a) as-grown
crystal and (b) wafer cut parallel to the growth axis.

the shoulder part, they did not disappear during
crystal growth. In order to avoid these inclusions,
the diameter at the shoulder part had to be control-
led precisely and extended smoothly, without rapid
change of the diameter. Fig. 6 shows absorption
spectra for the wafer shown in Fig. 5b, in regions
with and without inclusions. Although the absorp-
tion spectrum for the inclusion free region did not
show any absorption peaks, that of the region with
inclusions had one small absorption peak around
3600 cm ™ !. Since this peak indicates the existence
of OH™ [1], it is thought that H, O-based impu-
rities were present in the inclusions.

Fig. 7 shows an as-grown crystal with one large
crack along the growth axis and a white substance
at the bottom of the crystal. This large, flat crack
appeared during cooling after growth, in cases
when white material was present. This white sub-
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Fig. 6. Infrared absorption spectra of the crystal shown in
Fig. 5.

Fig. 7. As-grown Ce-doped LiCaAlF single crystal with white
substance at the bottom of the crystal and a large crack parallel
to the growth axis.

stance is usually formed when the solidification
fraction exceeded 70%. The XRD analysis showed
that the white substance was composed of LICAF
and CaF, phases. This is because the melt com-
position shifted in the CaF,-enriched direction
during growth, since the vaporization pressure of
LiF and AlF; is very high [11]. CeF; and NaF
might have accumulated in the residual melt due to
the small k.. In order to avoid formation of this
white substance, crystal growth was terminated at
the solidification fraction 60%, as for the crystal
shown in Fig. 4. For further improvement, optim-
ization of melt composition should be carried out.

Fig. 8 shows the transmission edge of the LICAF
and LiSAF single crystals grown in this work. The
transmission edge of LICAF was measured to be at
112 nm and that of LiSAF 116 nm, the shortest
reported to our knowledge. This difference may
explain the solarization-free nature of Ce: LICAF
compared with Ce:LiSAF. The absorption at
around 125 nm might be due to a color center or
impurity. Therefore, after the crystal quality is im-
proved, this absorption should disappear. These
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Fig. 8. Transmission spectra of un-doped LiCaAlF and LiSrAlF¢
single crystals in the vacuum-ultra violet wavelength region.

transmission characteristics of LICAF and LiSAF
show their high potential as optical window mate-
rials in the UV and VUV wavelength region.

The problems of commonly used optical mate-
rials for the UV and VUYV region, such as LiF, are
the limitation of transmission wavelength, solari-
zation of the material under irradiation by high-
power UV light, and the difficulty of material
processing and polishing due to the cleavage or
hydroscopic nature of the material. LICAF does
not have these problems, and therefore will be
a suitable optical material for the UV and VUV
region, becoming much more important in the next
generation of lithographic technology.

We have already demonstrated an output energy
of 30 mJ from a UV solid-state Ce: LiCAF laser
that operated at 290 nm at a repetition rate of
10 Hz [5,12]. In order to obtain higher output
energy, we increased the pumping energy. The laser
resonator was formed by a flat high reflector and
a flat output coupler with 30% reflectivity, separ-
ated by 4cm as shown in Fig. 9. The large
Ce: LiCAF crystal (aperture 15 mm x 10 mm) was
located midway between the two cavity end mirrors.
The fourth harmonics of two simultaneously Q-
switched Nd: YAG lasers were used as pumping
sources. The three pump beams were focused with
a 40 cm focal length lens to produce a spot size of
6 mm at the surface of the Ce : LiCAF crystal. We
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Fig.9. Experimental setup of a high-energy Ce : LiCaAlF laser.

obtained 60 mJ at 10 Hz, to our knowledge the
highest performance so far reported for Ce : LiCAF.

4. Summary

Ce: LiCAF and Ce: LiSAF single crystals of
18 mm diameter were grown by the CZ technique
under CF, atmosphere. Ce : LiSAF showed a tend-
ency to crack after growth. The lattice parameters of
Ce: LiCAF and Ce: LiSAF were almost constant
along the growth axis. The effective distribution
coefficients of Ce** in LiCAF and LiSAF were
determined to be 0.021 and 0.013, respectively. Un-
der the same growth conditions, Ce : LiCAF single
crystals of 25 mm diameter (1”) were also grown up
to a solidification fraction of 60%. Although numer-
ous inclusions appeared during growth, precise dia-
meter control prevented their formation. Un-doped
LiCAF and LiSAF single crystals showed transmis-
sion edges at 112 and 116 nm, respectively. These
characteristics indicate the high potential of these
crystals as optical window materials. Laser output
energy of 60 mJ was obtained using the grown crys-
tals. This demonstrates that Ce : LICAF is a promis-
ing material for high-energy UV pulse generation.
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