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Abstract

Two-inch size LiCaAlF6 (LiCAF) single crystals doped with Mg2+ and Ba2+ were successfully grown by the

Czochralski technique. Optical absorption measurements in the UV/VIS spectral regions following X-ray irradiation

(radiation-induced absorption) were performed in order to investigate the radiation damage of the crystals. It is found

that the amplitude of the F-absorption band is suppressed more than a factor of 3 by Mg doping, while in the case of

Ba-doped LiCAF, no significant variation is observed. For Mg-doped crystals, the optimum doping concentration is

about 0.2mol% of Mg2+. The crystallinity was studied using X-ray rocking curve analysis. The precise measurement of

the refractive index showed that refractive index of LiCAF dose not change by the Mg2+ doping, within the doping

range of Mg2+o1.0mol%.
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1. Introduction

Fluoride single crystals have several advantages
as optical materials. Especially their high potential
as window materials in the ultra-violet (UV) and
vacuum-ultra-violet (VUV) wavelength regions
was indicated based on their short wavelength
absorption edges [1–3].

Recently, development of VUV wavelength
technologies has increased. In particular, an
interest in using 157 nm laser source in projection
semiconductor lithography as a successor to 193-
nm-based systems was announced [4–6]. One of
the most serious problems in realizing the 157-nm-
based system is the development of suitable optical
materials for lenses and other optical components.
For an all-refractive design of the 157 nm laser
source, a second material other than CaF2 is
strongly required. Primary candidates for a second
material were LiF and MgF2, however, they
have several disadvantages such as a fragile and
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hygroscopic nature and large birefringence [7].
Complex fluoride single crystals, such as Colquir-
iite- and Perovskite-type fluorides, also present
many advantages as optical materials, because of
their unique properties, such as large band gap.
Therefore, we can regard these materials as the
candidate.
Window materials in the optical lithography

systems must withstand an intense UV/VUV laser
irradiation without changing their transmission
characteristics. In fluoride crystals, irradiation by
X- or gamma-ray or UV light occasionally creates
colour centres demonstrating themselves in the
appearance of absorption bands in VUV, UV or
visible wavelength regions.
Recently, we identified that the LiCaAlF6

(LiCAF) is most resistive material compared with
KMgF3 and BaLiF3 by using X-ray [8]. But the
absorption band induced by X-ray of LiCAF
existed at a wavelength of 262 nm. In the present
work, we show how this absorption band can be
reduced by doping with aliovalent ions. Since
grown crystals have shown superior transmission
in the UV and VUV wavelength region, the
promising application of them as window materi-
als for optical lithography is also discussed, which
we propose as a new, promising material.

2. Experimental procedure

Crystal growth was performed in a vacuum-
tight Czochralski (CZ) system equipped with an
automatic diameter control system. The resistive
heater and thermal insulators were made of high-
purity graphite. The starting material was pre-
pared from commercial fluoride powders of LiF,
CaF2, AlF3 (>99.99%). As a dopant, high-purity
MgF2 and BaF2 powders (>99.99%) were used.
The melt composition was 5mol% LiF and AlF3

enriched from the stoichiometric composition, in
order to compensate for the vaporization of LiF
and AlF3 in the crystal growth process. The
concentration of MgF2 and BaF2 in the starting
material was from 0.06 to 3.0mol% (MgF2) and
from 0.2 to 3.0mol% (BaF2). The starting material
was placed in a Pt crucible. Vacuum treatment was
performed prior to the growth. The system was

heated from RT to 7001C for 12 h under vacuum
(E10�3 Pa). Both rotary and diffusion pumps
were used so as to achieve a pressure of
E10�3 Pa and to effectively eliminate water and
oxygen traces from the growth chamber and
starting materials. Subsequently, high-purity CF4

gas (99.99%) was slowly introduced into the
furnace. Thereafter, the starting material was
melted at approximately 8201C. The pulling rate
was 0.8mm/h and the rotation rate was 10 rpm.
Growth orientations were controlled using the a-
axis oriented undoped LiCAF seed crystals. After
the growth, the crystals were cooled down to RT
at a rate of 301C/h.
Radiation damage (creating colour centres) has

been characterized here by the RT measurement of
the radiation-induced optical absorption. The
transmission spectrum of the material under study
was measured by a Jasco V-530 UV/VIS spectro-
photometer in the 190–1000 nm spectral region—
before (T0) and immediately after (Tirr) an
irradiation procedure and the induced absorption

mðlÞ ¼ ln ðT0ðlÞ=TirrðlÞÞ ð1Þ

was calculated. It should be taken into account
that the samples have high absorption coefficient
against X-ray. It is typically achieved in LiCAF
below 1mm thickness using standard attenuation
calculation according to Ref. [9]. In order to
compare, all the samples were prepared with the
same thickness of about 2mm. Irradiation was
accomplished by an X-ray tube (25 kV, Rigaku
diffractometer). In the case of the induced
absorption measurements, subsequent irradiation
doses were set at 240Gy.
The crystal quality of the undoped, Mg- and Ba-

doped LiCAF single crystals, corresponding to the
width of the peak, characterized by X-ray rocking
curve (XRC) measurement using RIGAKU ATX-
E with a 4-bounce Ge (2 2 0) channel-cut mono-
chromator. In order to obtain correct FWHM
values from $ scan profile measurements, selection
appropriate X-ray optics with respect to the
sample quality is necessary. In our set-up, the
beam divergence was 0.0031. CuKa1 X-ray source
(l ¼ 1:54056 (A) was used, and $ scans were
carried out.
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The refractive indices of undoped and 1.0mol%
Mg-doped LiCAF crystals were measured accu-
rately down to five decimal places. Both LiCAF
crystals were cut in the shape of a dispersion
prism, 601 and 20mm on each side, and polished.
The measurement was performed at different 13
wavelengths from 148.2826 to 202.613 nm with the
minimum deviation method using MOLLER-
WEDEL goniometer-spectrometer (type 1 UV-
VIS-IR). The refractive indices were measured for
different polarized light to the c-axis of the crystal,
parallel and vertical, respectively (ne; n0). The
measurement was performed under N2 atmosphere
at a pressure of 1013.3 hPa and temperature was

controlled between 25.01C and 25.11C. The preci-
sion was 72� 10�5 in this measurement.

3. Results and discussion

Fig. 1 shows as-grown 3.0mol% Mg-doped-
and Ba-doped-LiCAF single crystals with 2 in
(50mm) in diameter and 150mm in length. As it
can be seen, many inclusions occurred in both
crystals. This is because the difference of the
charge and ionic radius. Fig. 2 shows as-grown
1.0mol% Mg-doped and Ba-doped-LiCAF single
crystals with 2 in (50mm) diameter. There are no

Fig. 1. As-grown 3.0mol% Mg-doped (a) and Ba-doped (b) LiCaAlF6 crystals 2 in diameter. There are visible inclusions at the

bottom.
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visible inclusions and cracks. Based on these
results, LiCAF single crystals doped with Mg2+

or Ba2+ of less than 1.0mol% was selected to
grow and characterized.
Recently, we identified that it is reasonable to

ascribe the band at 262 nm in LiCAF to an F-
centre [10]. Therefore, we considered the possibi-
lity of decreasing the F-centre concentration in
LiCAF crystal. This can be achieved by reducing
the concentration of fluorine vacancies, which is
considered as an intrinsic problem for undoped
LiCAF crystal. A simple coulombic equilibrium-
based approach consists in the increase of a
positive charge in the crystal (e.g. by doping with
substitutional ions with a higher positive valency),
which would inhibit (or at least decrease) the
formation of fluorine vacancies during the crystal
growth. An important requirement is that such
doping should not create any other trap level

within the forbidden gap of the crystal. There are
many possibilities in the LiCAF structure due to
three available cationic sites. As the most feasible,
doping with divalent ions at the Li site was
considered. In order to limit the occupation of
Ca2+ sites by divalent dopants, one must choose
an ion with a size similar to that of Li. The most
stable divalent ions are those from the alkaline-
earth metal group and among them, the Mg2+ ion
satisfactorily fits to the Li size. Moreover, Mg2+ is
known not to create any trap levels within the
CaF2 forbidden gap [11,12], so that Mg doping
was finally chosen. To test the importance of the
ionic size, Ba2+ doping was tried as well, since
Ba2+ ions are approximately twice as large as Li+

ones, so the probability of their occurrence at the
Li site in LiCAF is negligible.
Fig. 3(a) shows the induced absorption for the

undoped, 0.2mol% Mg-doped and 0.2mol%

Fig. 2. As-grown 1.0mol% Mg-doped (a) and Ba-doped (b) LiCaAlF6 crystals 2 in diameter without inclusions.
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Ba-doped-LiCAF crystals after a cumulative dose
of 240Gy. As can be seen, the amplitude of the
F-absorption band decreases compared to un-
doped one, while no significant change is obtained
for the Ba-doped LiCAF. The amplitude of
induced absorption at 262 nm for the undoped
and Mg-doped (0.06, 0.2 and 0.6mol% in melt)
LiCAF are shown in Fig. 3(b). It can be noted that
the amplitude of the F-absorption band is getting
lower by more than a factor of 3 in the Mg-doped
LiCAF (0.2mol%) compared to undoped, from
the data given in Fig. 3(b). It can be deduced
that best MgF2 doping concentration is about
0.2mol% in the melt.
It is worth noting that the present study does

not provide any detailed information about the
sites responsible for positive charge localization,
i.e. about the hole centres stable at RT. Since
radiation damage is a result of simultaneous and

separate localization of electrons and holes in the
lattice, the final level of the damage obtained is
limited by the capacity of the material to localize
both positive and negative charge carriers.
The crystal quality of the grown crystal was

characterized by XRC measurements. $ scan has
carried out for the reflection from (0 0 8) plane
corresponding to the 0 0 1h i direction. The
spectra for undoped- and 1.0mol% Mg-doped-
LiCAF crystal are shown in Fig. 4. It is shown that
the FWHM was measured to be 0.00581 and
0.01091. According to the results of measurements,
the sample studied has as high crystallinity as that
of other optical grade materials.
Fig. 5 shows prepared prisms for the measure-

ment of refractive indices. The coefficients of
Sellmeier equations as shown below for undoped-
and 1.0mol% Mg-doped-LiCAF crystals were
calculated from measured 13 refractive indices by
the least-square method, respectively. Table 1
shows calculated coefficients from the Sellmeier
equation for undoped- and 1.0mol% Mg-doped-
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Fig. 3. Induced absorption after X-ray irradiation; (a) un-

doped, 0.2mol% Mg and 0.2mol% Ba-doped LiCaAlF6

crystals, (b) undoped, 0.06, 0.2 and 0.6mol% Mg-doped

LiCaAlF6 crystals.
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Fig. 4. XRC ($ scan) of LiCaAlF6 (008) single crystal; (a)

undoped LiCaAlF6 crystal, (b) 0.2mol% Mg-doped LiCaAlF6
crystal.
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LiCAF single crystals

n2 ¼A0 þ A1l
2 þ A2l

�2 þ A3l
�4 þ A4l

�6

þ A5l
�8 þ A6l

�10: ð2Þ

Fig. 6 shows refractive indices measured de-
pending on wavelength, together with lines calcu-
lated from the Sellmeier equation for LiCAF,
Eq. (2). The results showed that the difference of

the refractive index between undoped- and
1.0mol% Mg-doped-LiCAF was less than
0.00002 at all the measured wavelengths. As this
difference was same as the measurement precision,
it can be considered that the refractive index of
LiCAF does not change by doping with Mg2+ in
the case of less than 1.0mol%.

4. Conclusion

Two-inch size LiCaAlF6 (LiCAF) single crystals
undoped and doped with MgF2 and BaF2 were
successfully grown by the Czochralski technique
under a CF4 atmosphere. Mg doping decreases the
amplitude of the F-centre absorption band and the
optimum doping concentration turns to be about
0.2mol% of MgF2 in the melt. It is proposed that
Mg2+ partly occupies Li sites. Thus, it introduces
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Fig. 6. Refractive indices of undoped and 1.0mol% Mg-doped

LiCaAlF6 single crystals depending on wavelength.

Fig. 5. Undoped (a) and 1.0mol% Mg-doped (b) LiCaAlF6

prism prepared for the precise measurements of refractive

indices.

Table 1

Calculated coefficients from the Sellmeier equation for undoped

and 1.0mol% Mg-doped LiCaAlF6 single crystals

undoped LiCaAlF6 1.0mol% Mg-doped LiCaAlF6

ne n0 ne n0

A0 1.91103 1.940094 1.925154 1.907119

A1 �0.09594 �0.09433 �0.09521 �0.09610
A2 0.006003 0.001283 0.003678 0.006769

A3 �8.4� 10�5 0.000188 �3.75� 10�5 �1.39� 10�4

A4 4.49� 10�6 �3.2� 10�6 1.49� 10�6 6.39� 10�6

A5 �7.1� 10�8 3.67� 10�8 �3.46� 10�8 �1.02� 10�7

A6 5.43� 10�10 �4.5� 10�11 3.84� 10�10 7.44� 10�10
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an excessive positive charge in the cation sub-
lattice, which can reduce the concentration of
fluorine vacancies in the process of crystal growth
and consequently the concentration of F-centres
after an X-ray irradiation. The inefficiency of
Ba2+ doping in the suppression of F centres can
consistently be explained by taking into account its
larger ionic radius, so that the probability of its
occurrence at Li sites is negligible. From the XRC
measurement, the FWHM values show that the
undoped and Mg-doped-LiCAF crystals have as
high crystallinity as other optical grade crystals.
Precise measurement of the refractive indices for
undoped and Mg-doped-LiCAF shows that Re-
fractive index of LiCAF does not change by
doping with Mg2+ in the case of less than
1.0mol%.
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