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Cs,B,Si0y: A Deep-Ultraviolet Nonlinear Optical Crystal**
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The generation of deep-ultraviolet (UV) coherent light from
nonlinear optical (NLO) materials"*! as one of the most
promising resource, has become a topic of intensive study
because of its important applications in a broad range of
fields, such as semiconductor photolithography, laser micro-
machining, photochemical synthesis, and material processing.
They are able to shorten the wavelength of light by a factor of
two (or doubling the frequency), based on the process of
second-harmonic generation (SHG), which occurs only when
a centrosymmetric symmetry operation is absent in a crystal.
However, for a noncentrosymmetric (NCS) crystal to be used
as a nonlinear optical material the essential crystal property
requirements are that the crystals possess a large NLO
response, wide transparent window, suitable birefringence for
phase-matching, good mechanical strength, and chemical
stability.™]

After continuous efforts over several decades, many NCS
compounds were obtained by incorporating functional borate
structure units, such as B;O4 and B;0,. f-BaB,O, (BBO)®
and LiB;0s (LBO)!"! are the most advanced NLO materials,
which have widely been used as optoelectronic devices.
However, to date, KBe,BO;F, (KBBF)®* is the only material
that can generate coherent light wavelengths below 200 nm by
direct SHG, which makes KBBF a research hotspot. Unfortu-
nately, the KBBF crystal is very difficult to grow in thickness
owing to the growth habit of the layer, which severely limits
the coherent light output power. Thus, finding the optimal
composition that is facile to synthesize, yields large single
crystals, and simultaneously satisfies the NLO requirements
has attracted considerable attention.!"™'!]

The presence of large NLO coefficients in a structure is
usually in contradiction with wide band gaps in one com-
pound. For instance, the structural units in the known
compounds are second-order Jahn-Teller (SOJT) polar dis-
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placements of d° metal centers (e.g., Ti*", Ta’", and
Mo®+),>¥ anionic groups with stereochemically active lone
pairs (e.g., [I0;]~ and [TeO,]""),!>'" or polar chalcogenide
units (e.g. [AsS;]*~, [SbS;]*, and [TeS;]*7),!"”! which combine
with diverse other functional building units to produce
materials with large NLO coefficients, for example, Cd,BiO-
(BO3); (6xKDP),!®  Pb,B;O,I (13.5xKDP),™” and
Ba,;GagSh,S;; (22 x AgGaS,).”") However, the structural
units produce an unwanted effect—the UV absorption edge
shifts toward the red region, making them less suitable for the
deep-UV applications. It is necessary to create the subtle
balance of above-mentioned conflicting factors so as to search
for the new deep-UV NLO crystals with excellent compre-
hensive performances.

To circumvent the wide absorption window requirement,
basic structural units having excitation energies near the UV
region are necessary. Such units are BO;, BO,, SiO,, and
PO,.®"21 A compound Rb,Be,Si,0,%? was ever expected to
be a substitution for KBBF owing to its similar structure
characteristics with KBBF and without the layer habit. But,
the weak SHG response of Rb,Be,Si,0, makes the substitu-
tion end in naught. However, the borosilicate may be
a potential candidate for a deep-UV NLO crystal since the
B—O groups are well-known NLO-active groups. Especially
in the B-rich borosilicate, the B—O basic units can condense to
form large B—O groups. The relative large B—O groups are
more flexible than a single SiO, tetrahedron. Therefore, when
the large B—O groups are connected with SiO, tetrahedra to
form a three-dimensional (3D) framework, they can easily be
pulled to generate large distortions. The large distortions of
B—O groups will favor a large SHG response when the
inversion symmetry is absent in the crystal. In addition, it is
also reported that the size and charge of the cations have
influence on the macroscopic NLO properties.l Therefore,
we choose cations with a large ion radius in alkali-metal
systems, which are susceptible to polarization and UV light
transmission.”*>! Thus, a novel borosilicate, Cs,B,Si0, was
synthesized. Cs,B,SiOy has an about 4.6 times larger powder
SHG response relative to KH,PO, (KDP), which is the
strongest among the borosilicates to date, and is phase-
matchable. In addition, it is worth noting that Cs,B,SiO,
exhibits a short UV cutoff edge (below 190 nm). These
results indicate that the Cs,B,SiO, crystal may be a promising
NLO material in the deep-UV region and B-rich borosilicate
may be a new field for the study of deep-UV NLO materials,
for which, to the best of our knowledge, there are no reports
about NLO properties.

Single crystals of Cs,B,SiO, were grown from the high-
temperature solution using Cs,CO; as the flux system. The
crystal structure was solved with SHELXS-97 by a direct
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method™! and refined using SHELXL-97. During the refine-
ment, it was found that the O1 atom has a large thermal
factor, either indicating diffuse positioned atoms or site
deficiencies. When refined with the deficiency model, the
results showed an O1 site with 50% occupancy and became
reasonable when refined together with the fractional occu-
pancy. This occupancy converges better R values, reasonable
temperature factors, and a charge-balanced formula. The
fractional occupancy of some sites in the crystal structure is
observed in other works.®?"1 Cs,B,SiO,®! crystallizes in
a NCS tetragonal space group I4 that is neither chiral nor
polar. In the asymmetric unit, each Si and B atom occupies
one crystallographically unique position and there are two
unique Cs and three unique O positions. Cs,B,SiO, exhibits
the framework structure formed from two main units (Fig-
ure 1a): First, a new FBB [B,O,] is observed in Figure 1b
(when 50 % of the O1 sites are not occupied, the FBB will be

Figure 1. a) The 3D framework of Cs,B,SiOy with Cs—O bonds omitted
for clarity viewing along the b-axis with b) [B,O,] group and c) the
coordination environment of the Cs atoms (SiO, group, rose).

changed to a [B,Og] group). The B,O,, groups are connected
with neighboring SiO, tetrahedra through their terminal
O atoms to form a 3D network with tunnels pointing along
the b axis. The second main unit is the coordination environ-
ment of two Cs atoms which fill the tunnels and are linked by
oxygen atoms (Figure 1c). The Cs1 atom was coordinated by
ten oxygen atoms with Cs—O bond lengths ranging from
3.150(2) to 3.324(5) A. The Cs2 atom is 12-coordinated by
oxygen atoms, and the Cs—O bonds vary from 3.221(3) to
3.547(2) A (see the Supporting Information).

The B/Si molar ratio of the Cs,B,SiO, structure is 4; the
large B/Si ratio makes it possible that the basic BO, units
condense to B,O,, groups. The relative large B,O,, groups are
more flexible than a single SiO, tetrahedron, when the B,O,,
groups are connected with rigid SiO, tetrahedra to form a 3D
framework. Therefore, the B,O,, groups can easily be pulled
to generate large distortions. As seen in the structure, the B—
O bond lengths in the BO, units vary from 1.396(5) to
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1.671(9) A (see the Supporting Information). Large distor-
tions in the BO, units have been observed in known
borates.””) Neumair et al. classified the BO, units with the
long B—O bond distance as an intermediate state between
a planar BO; group and a BO, tetrahedron, and regarded
them as a superposition of statically or dynamically disor-
dered moieties.” In Cs,B,SiO,, owing to the fractional
occupancy of the Ol sites, there are BO; triangles and BO,
tetrahedra in the crystal structure, which might be regarded as
the statically or dynamically disordered moieties. Therefore,
a long B—O bond distance can be accepted. The fractional
occupancy of the O1 sites can be further confirmed by IR and
Raman spectra. Since the O1 sites are partly occupied, there
will be the absorption peaks of BO, and also of BO; groups. In
the IR spectrum (see the Supporting Information),*” the
strong peaks at 1406, 1354, 1298, and 907 cm ™' are attributed
to the asymmetric and the symmetric stretching of BO;. The
peaks at 1028 and 792 cm™! are attributed to the asymmetric
and the symmetric stretching of BO,. The peaks at 728 and
651 cm™! belong to the out-of-plane bending of BO;. The
peaks at 606 and 523 cm™' are attributed to the bending of
BO, and BO,. The peak at 453 cm ™ belongs to the bending of
BO,. In the Raman spectrum (see the Supporting Informa-
tion), Raman-active modes of BO; and BO, have also been
observed.”*3!1 The bands in the range of 1200-1450 cm™
normally correspond to BO; groups. The bands at 1112, 1056,
788, 741, and 728 cm™! are attributed to the asymmetric and
the symmetric stretching of BO,. The bands in the range of
969-903 cm ! correspond to the symmetric stretching of BO;.
The bands at 616 and 566 cm™' are attributed to the bending
of BO; and BO,. The bands in the range of 486-423 cm™!
correspond to the bending of BO,. These all suggest that the
fractional occupancy at the O1 site is reasonable.

The results of bond valence calculations® (Cs, 0.89-1.21;
Si, 4.06; B, 2.96) indicate that the Cs, Si, and B atoms are in
oxidation states of + 1, +4, and + 3, respectively.[*’]

The inductively coupled plasma elemental analysis of
Cs,B,SiO, was measured using a Varian Vita-Pro CCD
simultaneous inductively coupled plasma-optical emission
spectrometer. The calculated analysis for Cs,B,SiOy is: Cs,
55.24; B, 8.99; Si, 5.84. Found: Cs, 55.71; B, 8.85; Si, 5.82. The
obtained composition agrees well with the chemical formula
determined by single-crystal X-ray diffraction (XRD).

The solid samples of Cs,B,SiO, were synthesized by solid-
state reaction techniques, and the powder XRD patterns of
the as-synthesized samples show good agreement with the
calculated one derived from single-crystal data (see the
Supporting Information). The UV/Vis—IR diffuse reflectance
spectrum indicates that the UV cutoff edge is lower than
190 nm (Figure 2a). These make Cs,B,SiO, a promising deep-
UV NLO crystal.

The thermal behavior of Cs,B,SiO, is measured ranging
from 25 to 1200°C. There is one endothermic peak at 869 °C
in the differential scanning calorimetry (DSC) curve, along
with weight loss on the thermogravimetry (TG) curve (Fig-
ure 2b). To furthermore confirm the thermal behavior of
Cs,B,SiO,, the solid samples of Cs,B,SiO, from 800 to 860°C
are confirmed by powder XRD, the results show good
agreement with the calculated results derived from single-

www.angewandte.org

3407


http://www.angewandte.org

Angewandte

3408

Communications

a
) 100}
g 80
3
g 60
S
9
% 40
& (190 nm)
20
500 1000 1500 2000 2500
Wavelength (nm)
0.8,\
'sp
£
2
0.4 z
Q
17}
(=]
0.0

300 600 900
Temperature (°C)

1200

Figure 2. a) UV/Vis—IR diffuse reflectance spectrum of Cs,B,SiO,.
b) Thermogravimetry (TG) and differential scanning calorimetry (DSC)
curves of Cs,B,SiO,.

crystal data, whereas a higher temperature (880°C; 2 h) leads
to melting. These characters suggest that Cs,B,SiO, melts at
869 °C, along with volatilization.

Cs,B,Si0, is a NCS compound, the NLO property of
which should be studied. We measure the powder SHG
intensity using a Q-switched Nd:YAG solid-state laser.
Cs,B,Si0, exhibits a 4.6 times larger SHG response relative
to commercial KDP at the same particle size of 105-150 um
(Figure 3a), which is the strongest SHG response in a bor-
osilicate system, and it is type-I phase-matchable according to
the Kurtz—Perry rule (Figure 3b).”Y And the SHG response
of Cs,B,SiOy is stronger than those of the universally used
crystals LBO (3 x KDP) and CsB;05 (CBO; 2.7 x KDP).

Where does the enhanced SHG response originate from?
It is well-known that the property of the material is governed
by its crystal structure.’>*! For the SHG response, it mainly
depends on the distortion of the structure when the com-
pound is NCS.F” In the structure of Cs,B,SiO,, there are three
kinds of building units: SiO, tetrahedra, B,O,, groups, and
CsOn (n=10, 12) polyhedra. As described above, the SiO,
tetrahedra are rigid and do not contribute to the SHG
response. They mainly play a role as nodes to connect the
B,O,, groups to form a 3D network. Four distorted BO, form
the B,O,, groups, which are in-phase aligned in the neighbor-
hood layers. The B—O framework is composed of Al
repeating units (Figure 4). The analysis indicates that the in-
phase alignment of the B—O units, A'A!, and the large
distortions in the BO, tetrahedra have large influence on the
SHG response of Cs,B,SiO,. Cs* cations are readily polarized
because of their large size. Therefore, they will also have some
contribution to the SHG response.
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Figure 3. SHG intensities of Cs,B,SiO, with commercial KDP as

a reference: a) Oscilloscope traces for the powder of KDP and
Cs,B,SiO, and b) phase-matching curve for Cs,B,SiO,. (The solid curve
drawn is to guide the eye and is not a curve fitted to the data.)

Figure 4. The alignment of B—O units (BO, group, light blue).

To further understand the contribution to the SHG
response of the building units in Cs,B,SiO,, we compute the
local dipole moments of the BO, tetrahedron and the Cs10,,
and Cs20,, polyhedra using a bond-valence approach
(Table 1).”%*1 We found that the local dipole moment of
the BO, tetrahedra in Cs,B,SiOy is 7.44 Debye, which is much
larger than that of other reported materials (0.005-
0.727 Debye).* They are also larger than those of Cs1O,,

Table 1: The direction and magnitude (in Debye) of the polyhedral dipole
moments for Cs,B,SiO,.

Species x(a) y(b) z(c) Magnitude
Cs104, 0 0 0 0
Cs,B,SiO,  Cs20,, —078 —1.88  —252 324
B10O, 1.48 6.27 3.72 7.44
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and Cs20;, polyhedra (0 and 3.24 Debye, respectively).
Therefore, we can conclude that the large SHG response of
Cs,B,SiO, mainly originates from the large distortions of the
BO, tetrahedra in the B,O,, groups and Cs20,, polyhedra.

The electronic structure was studied by first-principle
calculations. The band structure (see the Supporting Infor-
mation) reveals that Cs,B,SiO, is an indirect gap compound
with a band gap of 4.92 eV, which is comprehensibly smaller
than the experimental one of 5.21 eV—a well-known artifact
of the DFT functional.™! Figure S5 (see the Supporting
Information) shows the partial densities of states (DOS) and
the total DOS. Since the optical properties of a crystal in the
visible and UV spectrum are mainly determined by the states
close to the band gap,*’! we carefully analyze the upper region
of the valence band (VB) and the bottom of the conduction
band (CB), the VBs and CBs near the band gap are composed
of the O 2p, B 2p, and Cs 6s orbitals, respectively, which could
contribute to the greater optical transition matrix elements.

In conclusion, a new B-rich borosilicate, Cs,B,SiO, has
been synthesized and characterized. It exhibits the strongest
SHG response among borosilicates to date, which is about 4.6
times that of KDP and originates mainly from the distorted
BO, units and Cs20,, polyhedra. Cs,B,SiO, exhibits a short
UV cutoff edge below 190 nm. These properties make
Cs,B,SiO, a potential deep-UV NLO crystal. More impor-
tantly, Cs,B,SiO, represents a new kind of B-rich borosilicate,
and opens a window for the study of deep UV NLO materials.

Experimental Section

Single crystals of Cs,B,SiOy were grown from a high-temperature
solution using Cs,COj as the flux system. This solution was prepared
in a platinum crucible after melting the mixture of Cs,CO;, H;BO;,
and SiO, with molar ratio of 2:4:1. The Pt crucible, which was placed
in the center of a vertical, programmable temperature furnace, was
heated to 750°C, held at this temperature for 10 h, and then quickly
cooled to the initial crystallization temperature. The temperature was
further decreased to 600°C at a rate of 2°Ch~!, then allowed to cool
to room temperature after the furnace was turned off. Transparent
and colorless Cs,B,SiOy crystals were found.

Diffuse reflectance spectra for Cs,B,SiO, samples were measured
from 190 to 2600 nm using a Shimadzu SolidSpec-3700DUYV spec-
trophotometer equipped with an integrating sphere attachment.

The study of the thermal behavior of Cs,B,SiO, was carried out
on a NETZSCH STA 449C simultaneous analyzer under static air.
The sample and reference (Al,O;) were enclosed in Pt crucibles, and
heated from room temperature to 1200°C at a rate of 10°Cmin ' in
flowing nitrogen gas.

An infrared spectrum was recorded on a Shimadzu IR Affinity-
1 Fourier transform infrared spectrometer (FTIR) in the 400-
4000 cm™' range on the sample that was mixed thoroughly with
dried KBr. The Raman spectrum was obtained using a BRUKER
RAM II Raman microscope. The spectrum was recorded in the 400-
1500 cm™! range.

A second-harmonic generation test was performed on the
microcrystalline samples of Cs,B,SiO, by the Kurtz—Perry method.
Polycrystalline Cs,B,SiO, was ground and sieved into distinct particle
size ranges, <20, 20-38, 38-55, 55-88, 88-105, 105-150, and 150-
200 um. Light of 1064 nm was generated with a Q-switched Nd:YAG
solid-state laser. The intensity of the frequency-doubled output
emitted from the sample was measured using a photomultiplier tube.
Microcrystalline KDP served as the standard and was sieved into the
same particle size ranges.
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Our calculations employed the CASTEP module as implemented
in Material Studio 5.5. The total plane-wave pseudo-potential method
forms the basis of the CASTEP calculations. The exchange-correla-
tion effects were treated within the local density approximation
(LDA) with the Ceperley and Alder-Perdew—Zunger (CA-PZ)
functional. The plane-wave basis set energy cutoff was set at
540.0eV for Cs,B,SiO,y, norm-conserving pseudo-potentials were
used for all chemical elements. The Monkhorst-Pack scheme k-point
grid sampling was set at 4x3x2 for the Brillouin zone. The
convergence parameters were as follows: total energy tolerance 2 x
10~® eV per atom.
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