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High-quality crystals of BaGasSe;, a newly developed IR nonlinear optical (NLO) material, were obtained via
the Bridgman-Stockbarger technique. The FWHM of the (002) peak rocking curve is about 0.008° and the
transmittance through a polished 2 mm thick (001) plate is around 65% over the wide range of 1-14 pm.
Various thermophysical properties were measured on crystals. The thermal expansion behavior in BaGa,Se;
does not exhibit strong anisotropy with 0,=9.24x 10"5K~", 2,=10.76 x 10K, and oc=11.70 x
10-6K~"! along the three crystallographic axes. The thermal diffusivity/thermal conductivity coefficients
measured at 298K are 0.50(2)mm?s~1/0.743)Wm~'K~!, 042(3)mm?s~1/0.64(4)Wm 1K1,
0.38(2) mm? s~ 1/0.56(4) Wm~' K, along the a, b, c crystallographic axis respectively. In addition, the
surface laser damage threshold was measured to be 557 MW/cm? using a Nd:YAG (1.064 pm) laser under

A2. Bridgman technique

A2. Single crystal growth

B1. Selenides

B2. Nonlinear optic materials

conditions of 5 ns pulse width, 1 Hz frequency, and D=0.4 mm spot size.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, the demand for good IR nonlinear (NLO) crystals
has been increasingly urgent as mid-far IR lasers have many
important civil and military applications including atmospheric
monitoring and laser guidance. At present, the ABC, chalcopyrite
type AgGaQ, (Q=S, Se) [1,2] and ZnGeP, [3] crystals are the
commercially available materials for mid-IR nonlinear optics
owing to their large NLO coefficients and wide transparent
regions in the IR region. However, AgGaQ, have low laser damage
thresholds, whereas ZnGeP, exhibits strong two-photon absorp-
tion of conventional 1 pm laser (Nd:YAG), which severely limits
their applications [4]. Extensive efforts have been made to find
new IR NLO materials that could overcome the shortcomings of
currently used materials [5-16].

Recently, BaGa,Se; was reported by our group as a new
NLO crystal promising for practical application in the mid-IR
spectral range [11]. The crystal belongs to the monoclinic system,
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space group Pc, with a=7.6252(15)A, b=6.5114(13)A, c=
14.702(4) A, f=121.24(2)°, and Z=2. According to our prelimin-
ary study, BaGa,Se; exhibits a powder second harmonic genera-
tion (SHG) response that is approximately 2-3 times that of
AgGas,. It has a relatively wide band gap of about 2.64 eV
(absorption edge 470 nm), which will be beneficial for improving
the laser-induced damage threshold and avoiding the two-photon
absorption of conventional 1 um pumping laser. Besides, it is
phase matchable in the entire transparent range (0.47-18 pm)
based on theoretical calculations. Shortly after our initial report,
Petrov et al. [17] obtained bulk crystals of BaGa,Se; by Bridgman-
Stockbarger technique and measured the refractive index. The
experimental refractive index values proved that BaGasSe;
is phase matchable in the IR range. For a thorough evaluation
of a NLO material, many physical properties in addition to the
refractive index need to be investigated. In this paper, we report
our efforts in growth and characterization of BaGasSe; crystals.
High-quality BaGasSe; crystals in sizes up to @20 mm x 30 mm
were obtained via the Bridgman-Stockbarger technique and their
physical properties including the transmittance spectrum, ther-
mal expansion coefficients, thermal diffusivity and thermal
conductivity coefficients, and the laser damage threshold were
measured.
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2. Experimental section
2.1. Synthesis of polycrystalline material

All staring reagents were commercially available and were used
without further purification. Pure polycrystalline BaGasSe; was
synthesized from the stoichiometric reaction of the constitute
elements with a heating profile that was slightly modified based
on the report by Petrov et al. [17]. In a typical reaction, 6.866 g Ba
(0.05 mol, 99%), 13.945 g Ga (0.2 mol, 99.9999%), and 27.636 g Se
(0.35 mol, 99.9999%) were loaded in a fused-silica tube, under an
Ar atmosphere in a glove box. The tube was sealed under a 10~ 4 Pa
atmosphere and then placed in a computer-controlled furnace. The
sample was heated to 1100 °C in 10 h and kept at that temperature
for 24 h, and then the furnace was turned off.

The X-ray powder diffraction pattern of the resultant powder
sample was recorded at room temperature in the angular range of
20=10-70° with a scan step width of 0.02° and a fixed counting
time of 1s/step using an automated Bruker D8 X-ray diffract-
ometer equipped with a diffracted monochromator set for Cu K,
(A=1.5418 A) radiation. It was in excellent agreement with the
calculated pattern on the basis of the single crystal crystallographic
data of BaGasSe; (Fig. 1) without any detectable impurity.

2.2. Crystal growth

Single crystals of BaGasSe; were grown using Bridgman-
Stockbarger method with no seed. The as-prepared powder was
loaded into a silica ampoule with appropriate shape and size
(previously cleaned with 10 wt% NaOH, distilled water, 10 wt%
HF, distilled water and acetone, successively) under an Ar atmo-
sphere in a glove box. The conic bottom of the ampoule was used
to encourage spontaneous nucleation and propagation of a single
grain. The quartz ampoule was sealed under a 10~ > Pa atmosphere
and then placed in a vertical six-zone furnace. The ampoule was
heated to a temperature exceeding the melting point (1020 °C) by
40-50 °C over 12 h, kept at that temperature for 5 h to force mixing
and homogenization of the material. Next, different zones were
controlled to certain temperatures to get a property temperature
gradient, and kept at those temperatures for 10h. Then the
ampoule was slowly moved from the hot zone to the cold zone
to initiate crystallization. After complete solidification, the am-
poule was slowly cooled to room temperature.
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Fig. 1. Experimental (top) and simulated (bottom) X-ray powder diffraction data
of BaGa,Se;.

2.3. Rocking curve measurement

The w scans around the BaGasSe; (002) diffraction peak with
the detector fixed at the 260 Bragg angle (rocking curve) were
performed on a (001) plate.

2.4. Transmission spectrum

A thin (001) plate (8 x 5 x 2 mm?) was cut from the as-grown
BaGa,Se; crystal and polished to optical grades for the optical
transmittance measurements without antireflective coating. The
transmittance spectrum in the visible and near IR range (0.4-3 pum)
was recorded on a Lambda 900UV-vis-NIR (PerkinElmer) and that
in the middle IR (2-25 pm) range was measured with the use of a
VERTEX 80V FTIR spectrometer.

2.5. Thermophysical property measurements

The thermal expansion was measured on two rectangular
pieces, one with dimensions of 6.32 x 7.98 x 5.27 (a x b x ¢*) mm?
and the other with dimensions of 5.25 x 6.01 x 6.32 (a* x b x ¢),
in the temperature range of 293-573 K under an Ar atmosphere
at the heating rate of 5Kmin~! with the use of a thermal
dilatometer TMA (Perkin-Elmer). The thermal diffusivity and
thermal conductivity coefficient along the three crystallographic
directions were measured by the laser flash method using a laser
flash apparatus (NETZSCHLFA447 Nanoflash) on three plates with
the dimensions of about 8 x 8 x 2 mm?>. All plates were coated
with gold to enhance the absorption of flash energy and the emis-
sion of IR radiation.

2.6. Laser damage threshold

A 8 x8x2mm?> BaGa,Se; plate with the two surfaces for
incidence beam traveling polished was used in the laser damage
threshold measurement. The laser source used in this experiment
is a commercial pulsed system with a pulse duration of 5 ns and a
test repetition rate of 1 Hz at 1064 nm. The beam is focused onto
the surface of the sample providing a beam diameter of 0.4 mm.
The laser damage test used in this study was the 1-on-1
procedure [18]. Forty sites that were divided into eight fluences
by the same energy gap were tested. Each fluence contains five
sites. Each site is irradiated by one shot. It can be reckoned, during
the test procedure, the irreversible change appeared in surface of
the specimen is damage. The pulse fluence which manages to
make the corresponding damage probability values of 20% is
defined as the laser-induced damage threshold of the specimen
herein. As a comparison, we also made measurements of the
damage threshold of a high-quality AgGaS, crystal under the
same conditions.

3. Results and discussion
3.1. Crystal growth

Bulk crystals of BaGasSe; were grown by spontaneous crystal-
lization using the Bridgman-Stockbarger technique. After several
trials, the temperature gradient in the crystallization zone was
chosen to be in the range of 15-23 °C/cm and the growth rate was
set in 0.3-0.4 mm/h range. Integral and crack-free BaGa,Se;
single crystals could be obtained readily. Fig. 2 shows the pic-
tures of an as-grown BaGasSe; crystal with dimensions up to
@20 mm x 30 mm, a polished (001) plate and two polished
prisms. It can be seen that the crystals are of high quality, which
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Fig. 2. Photographs of BaGa,Se; crystals: (a) BaGasSe; crystal with dimensions of @20 mm x 30 mm, (b) transparent (001) pate cut from crystal and (c) two prisms cut

from the crystal.
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Fig. 3. Rocking curve of the (002) diffraction peak.

are also confirmed by the following measurements of the (002)
peak rocking curve and the transmittance spectrum.

3.2. Rocking curve

Fig. 3 shows the rocking curve for the (002) diffraction peak
measured on the (001) plate shown in Fig. 2(b). It exhibits a very
small full width at half-maximum (FWHM) of 0.008°, which
indicates high crystalline quality of the BaGa,Se; crystal.

3.3. Transmission spectrum

As shown in Fig. 4, the BaGa,Se; crystal exhibit high transmit-
tance of nearly 65% in the range of 1-14 pm. Considering the
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Fig. 4. Transmittance spectrum of BaGasSe; measured on a 2mm thick
(001) plate.

refractive loss estimated with Fresnel equation R=(n—1)?/(n+1)?
(n=refractive index) and the reported refractive index of
BaGasSe; [17], this high transmittance is close to the theoretical
limit of (1—R)? which further demonstrate the good quality
of the obtained crystal. The absorption edge in the visible range
measured on the single crystal is 0.47 um, which agrees well
with our former study using powder diffuse reflectance method.
The IR absorption edge is about 18 um, but there is a strong
absorption peak around 15 pm. Although the absorption peak
may be related to the two-phonon absorption phenomenon as
mentioned in the AgGaSe, compound, it mechanism may need
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Fig. 5. Thermal expansion along the three crystallographic axes. Dilatation is
defined as AL/L, where AL is the elongation or shrinkage of the sample and L is the
length at room temperature.

further investigation. Luckily, the transparent range up to 14 um
is sufficient to cover band II (3-5 um) and band III (8-14 pm) of
atmospheric transparent windows.

3.4. Thermophysical property

The temperature variation of the thermal expansion along the
three crystallographic directions is illustrated in Fig. 5. It can be
seen that the thermal expansion curves are essentially linear
for the three directions in the measured temperature range.
The average linear thermal expansion coefficients are all positive
with values of 9.24 x 1075K~', 10.76 x 10~®K~', and 11.70 x
10-%K~! along the a, b, and c directions, respectively, which
indicate that the anisotropy in thermal expansion is low for
BaGa,Se; crystal. Large anisotropic thermal expansion will cause
large thermal stress in the crystal during growth and application
and thus may lead to crystal cracking. Therefore good optical-
quality BaGa,Se; is relatively easier to obtain from the point of
view of thermal expansion anisotropy. In contrast, the practically
used chalcopyrite type IR NLO crystals, AgGaS, (12.5|/c, —13.8_Lc)
and AgGaSe; (16.8|c, —7.8_Lc) show strong anisotropic thermal
expansion, which causes great difficulty in growth of large
crystals.

Moreover, the thermal diffusivity coefficients were measured
to be 0.50(2) mm? s~ !, 0.42(3) mm?- s~ !, and 0.38(2) mm?s~! at
298 K along the a, b, and c crystallographic axes respectively and
the thermal conductivity coefficients were determined as 0.74(3)
Wm~'K™', 0644)Wm~'K™!, 056(4)Wm~'K~! along the
a, b, and c directions respectively. The thermal conductivity of
BaGa,Se; is similar to those of 1.5Wm~'K~! for AgGaS, and
1.1Wm~ 1K~ for AgGaSe,.

3.5. Laser damage threshold

The experimental results demonstrate that the surface laser
damage threshold of BaGasSe; crystal is 557 MW/cm? at
1.064 pm, 5 ns pulse width, and 1 Hz frequency. In contrast, the

referential damage threshold of a high quality AgGas, crystal was
determined to be about 150 MW/cm?. Our result indicates the
BaGa,Se; may possess significantly larger laser damage threshold
than practically used IR NLO crystal AgGas,.

4. Conclusion

High-quality crystals of BaGasSe; have been successfully
grown via the Bridgman-Stockbarger technique. Based on the
transmission spectrum, the crystal exhibits high transmittance
over the wide range of 0.47-18 pm, except for an absorption peak
at around 15 pm. The thermal expansion coefficients of BaGasSe;
were measured to be ¢q=9.24 x 107K~ !, 2,=10.76 x 10" K1,
and a.=11.70 x 10"® K~! along the three crystallographic axes,
respectively, which exhibit only weak anisotropy. The thermal
diffusivity/thermal conductivity coefficients do not show strong
anisotropy along the a, b, ¢ crystallographic axis either. In
addition, the surface laser damage threshold was measured to
be 557 MW/cm? (at 1.064 pm, 5 ns pulse width, 1 Hz frequency,
and 0.4 mm spot size), which is about 3.7 times that of AgGaS,
crystal measured under identical conditions. Our result indicate
the BaGasSe; possess advantages for application in IR NLO optics.
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