Downloaded viaNATL TAIWAN UNIV on January 1, 2021 at 06:03:39 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Em MATERIALS

pubs.acs.org/cm

First-Principles High-Throughput Screening Pipeline for Nonlinear
Optical Materials: Application to Borates

Bingbing Zhang,* Xiaodong Zhang, Jin Yu, Ying Wang, Kui Wu, and Ming-Hsien Lee

Cite This: Chem. Mater. 2020, 32, 6772-6779

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: Discovering new nonlinear optical (NLO) materials
that require an optimization between multiple properties is a time-
consuming and high-cost process. To speed up material develop-
ment, a first-principles high-throughput screening pipeline for
nonlinear optical materials (FHSP-NLO) that combines density
functional theory (DFT) codes, linear and nonlinear optical
property calculation codes, and data transformation and extraction
codes has been developed for searching promising NLO materials
from crystals collected in the Inorganic Crystal Scientific Structure
Database (ICSD). The tests for a dozen of well-known NLO
crystals covering deep-ultraviolet (DUV), UV, vis—NIR, and
middle/far-infrared (M-F-IR) wavelength ranges verify the high-
accuracy of FHSP-NLO. Subsequently, nearly 300 noncentrosym-
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metric borates are tested with FHSP-NLO. The screened deep-ultraviolet (DUV) NLO crystals are fully consistent with previously
reported results. Besides, five crystals, whose NLO properties have not been reported, ie., B,S,0y AlLB4O;5, HP-Na,B,O,
KB(SO4CI),, and H;BO;-3T, are identified as new promising NLO materials. Two hydrated borates [Ca,B;0,]-[H(OH),] and
Ca(B;O;,(OH),), whose second-harmonic generation (SHG) responses are primarily measured, are screened out and suggested to
grow large-size crystals for further evaluation. FHSP-NLO provides a powerful and efficient tool to screen and reduce the total
number of experiments necessary for searching NLO materials from reported crystals.

1. INTRODUCTION

Nonlinear optical (NLO) materials are crucial devices
achieving frequency conversion for all-solid-state lasers that
are widely used in scientific and industrial applications
including spectroscopy, free-space communication, generation
of entangled photon pairs, and environmental monitoring."~*
According to their working wavelength ranges, NLO crystals
could be divided into four major categories, ie., deep-
ultraviolet (DUV, <200 nm), ultraviolet (UV, 200—400 nm),
visible/near-infrared (vis—NIR, 0.4—3 um), and middle/far-
infrared (M-F-IR, including 3—5 and 8—13 pm atmospheric
transparent windows). There are already dozens of commercial
NLO materials used in UV and vis—NIR regions, including
KH,PO, (KDP),’ LiNbO, (LN),° KTiOPO, (KTP),” -
BaB,0, (BBO),” LiB;Os (LBO),” CsB,O; (CBO),'’ and
CsLiB¢Oy, (CLBO)."" In DUV regions, however, KBe,BO;F,
(KBBF)® is the only practically usable DUV material to date
that can generate coherent light of wavelengths below 200 nm
by the direct second-harmonic generation (SHG). But KBBF
features strong layered growth behavior, which hinders its
applications. In M-F-IR, AgGaSe,, AgGaS,, and ZnGeP,
represent the benchmark IR NLO materials.'” Nevertheless,
low laser damage thresholds (LDTs) intrinsically hinder their
practical application. Therefore, the current frontiers of NLO
materials research are focused on DUV and M-F-IR regions.
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Searching for DUV NLO materials that meet the interrelated
multiple criteria and M-F-IR NLO materials with high LDTs,
large SHG coefficients, and wide IR transparency is urgent and
still a challenge.

Discovering and characterizing new materials is a time-
consuming and high-cost process. Synthesis of new materials
requires a large amount of trial and error to determine
optimum synthesis conditions with some chemical reactions
taking days to weeks to complete. Once a material is finally
synthesized, its properties could be measured. However, NLO
materials require an optimization between multiple properties
including band gap E, birefringence An, and SHG coefficients
2?. For example, SHG coefficients decrease obviously with an
increase in band gap. Besides, birefringence is also inversely
proportional to the band gap. Therefore, optimization of NLO
materials requires a compromise between these properties and
very few materials can reach this balance.
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Besides discovering new materials, searching NLO materials
from reported crystals with determined structures is another
approach. Compared to the tens of thousands of known crystal
structures collected in databases such as the Inorganic Crystal
Scientific Structure Database (ICSD), only a relatively small
number of materials are being actively investigated. Computa-
tional assistance can screen and reduce the total number of
experiments required rather than experimentally testing every
composition. With the development of high-performance
computing resources and the improved accuracy of the first-
principles methods, predicting and screening new functional
materials based on the first-principles approach is receiving
increasing attention as a powerful tool to speed up material
development. High-throughput screening methods based on
density functional theory (DFT) have been successfully
applied in the materials science field such as in lithium ion
batteries,"® thermoelectrics,'* superconductivity, 1916 and
others. However, a high-throughput method that could handle
large quantities of materials has not been used in searching
NLO materials.

In this work, we developed a first-principles high-throughput
screening pipeline for nonlinear optical materials (FHSP-
NLO) to search for promising NLO materials from crystals
collected in the ICSD. The FHSP-NLO combines the DFT
plane-wave codes CASTEP'” and PWmat,"®"” optical property
analysis codes OptaDOS’”*' and NewSHG,””** and a data
transformation and extraction program. The system could
handle large quantities of materials in one go and run
automatically. The feasibility and accuracy of FHSP-NLO are
tested on a dozen of famous NLO crystals. To test the
capability of the system for handling a large number of
structures, around 300 noncentrosymmetric (NCS) borate
crystals are tested.

2. METHODS

As shown in Figure 1, the only required inputs for FHSP-NLO are
crystal structures. The system could handle large quantities of
materials from hundreds to thousands or even more in one go and run
automatically. The executable number of crystals depends on the
computing capacity and time. Generally, chemical composition is one
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Figure 1. First-principles high-throughput screening pipeline for
nonlinear optical materials (FHSP-NLO).

6773

of the useful search keywords to obtain specific materials systems that
exhibit similar properties such as band gap and optical transmission
region. For example, we can obtain borate crystals by searching
structures that include B and O elements. The crystal structures with
noncentrosymmetric (NCS) structures could be downloaded as CIF
files from the ICSD. Among the downloaded structures, some of them
are position-disordered, solid solutions, or with unlocated H atoms.
The disordered and incomplete structures will be distinguished and
excluded by performing the CIF-check code. Then the CIF files of
ordered and determined structures are converted into a .cell format
using the cif2cell program as the input file of CASTEP.

The CASTEP package'” has been employed to perform self-
consistent field (SCF) and optics calculations with the norm-
conserving pseudopotentials (NCPs). The exchange—correlation
functional was the Perdew—Burke—Ernzerhof (PBE) functional
within the generalized gradient approximation (GGA).** The plane-
wave energy cutoff was set as the maximum value of included atoms at
the fine level defined in the pseudopotential file. The SCF calculations
were performed with a convergence criterion of 1 X 107¢ eV/atom on
the total energy. The Monkhorst—Pack k-point separation for each
material is set as 0.07 1/A in the Brillouin zone for SCF and 0.04 1/A
for optics calculation. The empty bands are set as 3 times the valence
bands in the optics calculation to ensure the convergence of refractive
index and SHG coefficients. The external pressure is set as 0. The
species LCAO states, species pseudopotential files, and species mass
are written into a .cell file according to the elements in the crystal.

After completion of the optics calculatlon, the energy gap E,
birefringence An, and SHG coeflicients 2 of crystals could be
predicted based on their electronic states. The energy gaps E, are
obtained by calculating the difference between eigenvalues of the
lowest unoccupied states and the highest occupied state. The
OptaDOS code’™! is used to calculate linear optical properties.
The imaginary part of the dielectric constant &,(w) can be calculated
from the electronic transitions between occupied and unoccupied
electronic states caused by the interaction with photons.” Since the
dielectric constant describes a causal response, the real and imaginary
parts are linked by a Kramers—Kronig transform. This transform is
used to obtain the real part of the dielectric function, &,(w). As for
crystals with high symmetry including trigonal, tetragonal, hexagonal,
and cubic systems, the three optical principal axes are fixed with the
crystal axis as well as the Cartesian axis. Thus, the refractive indices
along the three principal dielectric axes could be directly calculated
depending on the diagonal dielectric constant. As for crystals with low
symmetry including triclinic, monoclinic, and orthorhombic systems,
the dielectric constants need to be diagonalized and the optical
principal axis should be found before calculating the refractive indices.
Then the birefringence could be obtained by calculating the difference
between the maximum and minimum refractlve indices at specific
wavelengths. Second-order susceptlblhty 7® tensors are calculated by
the formula proposed by Sipe”® and developed by Lin and Lee et al. as
shown below.”**
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Now, we obtaln the energy gap E, birefringence An, and SHG
coefficients ¥ of all crystals using GGA functionals. The crystals that
meet the criteria of NLO materials applied in a specific wavelength
region could be picked out as pre-screened materials. It is generally
acknowledged that the band gaps calculated using GGA (Eg-GGA)
functionals are always underestimated. Accordingly, the SHG
coeflicients are overestimated because they are inversely proportional
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to the band gap. To improve the prediction of the pre-screened
crystals, the hybrid functionals based on the screened Coulomb
potential Heyd—Scuseria—Ernzerhof (HSE) functional’”*® are used
to get a more accurate band gap (E,-HSE) by performing the DFT
plane-wave code (PWmat) run on GPU machines.'®'” The scissors
operator that is set as the difference between E,-HSE and E-GGA is
used to correct their SHG coeflicients. Finally, the structures that
simultaneously meet the criteria are picked out from the pre-screened
structures as target materials.

Subsequently, the samples of target materials could be synthesized
to measure the band gap and SHG response. If experimental
measurements are consistent with the predicted results, single crystals
with large size will be grown for comprehensive testing and
application evaluation. On the other hand, the target materials are
used to study structure—property relationships using analysis tools
such as partial density of states (PDOS), real-space atom cutting,
band-resolved ¥, and SHG density methods.” It will further guide
the synthesis of new materials with excellent NLO performance.

3. RESULTS AND DISCUSSION

To test the accuracy of the method, 12 well-known NLO
crystals covering DUV, UV, vis—NIR, and M-F-IR wavelength
ranges including KBBE,? BBO, LBO,” CBO,"” CLBO,"
KTP,” LN,° BaAIBO,F,* $rB,0,,”" Li,B,0,,*** BiB;Oq
(C2),* AgGaS,, AgGaSe,, and ZnGeP,'” are tested. The
band gaps using both GGA and HSE functionals E,-GGA and
E-HSe, birefringence An, and SHG coefficients )((5 corrected
with the scissors operator of the above NLO crystals are
calculated using FHSP-NLO and compared with their
measured values using single crystals. The calculated results
compared with experimental values are shown in Table 1. We
can find that the predicted values show a good agreement with
experimental ones. As shown in Figure 2, the squares
representing the predicted and experimental values are
distributed near the diagonal line that marks the position
where the two values are exactly equal. The average absolute
error on E, An, and )((2) are 18.3,29.4, and 27.4%, respectively.
The results demonstrate that the methods we used have high
accuracy and are reliable in predicting the NLO-related
properties.

Borates are preferred systems to search for UV/DUV NLO
materials and the vast majority of borates are well studied as
NLO materials. Therefore, borate systems are chosen as
samples to further test the capability and accuracy of FHSP-
NLO. First, we download the CIF files of NCS borates from
the ICSD. The searching rule is that B and O are the elements
that must be included; the lanthanides, actinides, and
transition metals are excluded to ensure a large band gap;
and the C element is also excluded to avoid organic—inorganic
hybrid crystals. The disordered and incomplete structures are
excluded by performing the CIF-check program after down-
loading it from the ICSD. Finally, 289 crystal structures are
successfully calculated by FHSP-NLO. All of the calculations
take 3 days on a HP computer cluster with 220 cores. It takes
only 5.5 CPU core hours on average for every crystal. The
method shows a high efficiency.

The calculated results containing E-GGA, refractive indices
along the three principal axes, birefringence An, nonzero 7%
tensors of all of the 289 crystals are listed in Table S1. The An
and the maximum y® tensor of borates crystals are plotted
against their band gaps E,-GGA in Figures 3 and 4,
respectively. One can easily observe that the trends of An
and ¥ obviously decreased with the increase of their band
gap. The statistical results based on the large amounts of
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Table 1. Calculated Band Gaps Using GGA and HSE Functionals E-GGA and E,-HSE, Birefringence An, and SHG Coefficients % Corrected with the Scissors Operator of

12 Well-Known NLO Crystals Compared with Their Experimental Values”

dij(Z) (EXPt‘) (pm/V)

)(,-j(z)(+sci.) (pm/V)

An-Expt.”

E-HSE (V) E Expt. (eV) An-Cal®

E.-GGA (V)

crystals
AgGaS,

11.1 + 1.7

d36

Y36 = 24.08

0.053
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0.062
0.097
0.134
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3.1
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4.

=33

d36

= 89.49

X36

0.032

AgGaSe,

dys = 68.9 + 10.3

116.21
X3 = =741, y3, = =545, y33 = —6.73

i1 = —20.92, x5, = 14.84, y55 = —53.90

X36

0.038

ZnGeP,

10.7
—4.35 + 0.4

=265, dyy =
) d31

dy = 14, dy,

dZZ
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0.160

KTiO(PO,)
LiNbO,

4 dy = =272 + 2.7

2.10 = 0.21
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Figure 4. Statistical chart of the calculated band gap vs maximum
SHG tensor of studied borates.

borate crystals reveal that the ¥ and E,, as well as the An and
E,, are interactive and in inverse proportion with each other,
respectively. On the contrary, there is no obvious relationship
between An and y® as shown in Figure S. To evaluate the
properties of the borate system as a whole, the statistical
average values of linear and nonlinear optical properties of all
of the studied borates are calculated. The average E, An, and
maximum % are 4.93 €V, 0.05, and 3.24 pm/V, respectively.
This reveals that the borate system is suitable and
preponderant for searching NLO materials with wide band
gaps, appropriate birefringence, and large SHG coefficients.
To screen DUV NLO crystals, the structures that meet the
requirements of E, > 6.0 eV, An > 0.06, and 7> 078 pm/V
(1 X dys (KDP)) are picked out as listed in Table 2. It is worth
noting that all of the selected materials are either
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fluorooxoborates or beryllium borate fluorides, includin%
CaBsO,F,,**"7 SrB;O,F,,**** Li,F,Bc0,,” CsKBgO,,F,,"
NH,B,OF,*" RbB,OF,” KBe,BO;F,° RbBe,BO,F,," and
NaBe,BO;F,. As shown in Figure 3, fluorooxoborates and
beryllium borate fluorides break the conflicting relationship
between the band gap and birefringence of typical borates. In
fluorooxoborates, F atoms prevent the appearance of terminal
O atoms to avoid the formation of dangling bonds and
reducing the band gap. Meanwhile, F atoms break the B—O
network and provide an opportunity to construct structures in
which BOj; are coplanarly arranged to generate a large
birefringence. As for beryllium borate fluorides, the Be atoms
eliminate the dangling bonds of coplanarly arranged BO; and
keep a balance between the band gap and birefringence. It is
worth noting that all of the 10 screened materials have been
reported to be able to achieve phase-matching below 200 nm.
The results confirmed the accuracy and reliability of FHSP-
NLO again.

Although borates have been extensively studied as NLO
materials, five crystals, i.e., B25209,Ar2 A14B6015,43 HP-
Na,B,0.,** KB(SO,Cl),,"**® and H;BO;-3T,"” are identified
as new NLO materials and their NLO properties have not been
reported before. Their predicted properties are listed in Table
3.

3.1. B,S,0,. B,S,0, consists of vertex-shared BO, and SO,
tetrahedra to form double layers (Figure 6a). It exhibits a
colossal band gap of 8.96 eV, a suitable birefringence of
0.047@1064 nm comparable with that of LBO, and a large
SHG coeflicient y,3; = —2.785 pm/V.

3.2. HP-Na,B,0;. It was synthesized under high-pressure
and high-temperature conditions. As shown in Figure 6b, the
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(a)

Figure 6. Crystal structures of (a) B,S,0,, (b) HP-Na,B,0,, (c) KB(SO;Cl),, (d) ALBO,s, (e) HBO;-3T, (f) Ca(B3O,;(OH),), and (g)

[CazBsog:] [H(OH>2]

structure is built from “sechser” rings of alternating vertex-
sharing BO, and BO; groups forming layers in the ab-plane.
The layers are interconnected to a three-dimensional network
structure, forming channels along the c-axis in which sodium
ions are situated. In HP-Na,B,0,, BO; groups are coplanarly
aligned, which gives rise to a large birefringence. In addition, all
O atoms are connected with two B atoms that are beneficial to
obtain a large band gap by eliminating dangling bonds on O
atoms. To the best of our knowledge, HP-Na,B,0, is the only
borate that achieves the compromise between birefringence
and band gap for phase-matching in the DUV region that does
not contain F, Be, or (OH)™". Therefore, it exhibits a large
band gap of 725 eV and birefringence of 0.077 with a
maximum SHG coeflicient tensor y,;, = 1.128 pm/V.

3.3. KB(SO;Cl),. In potassium tetrachlorosulfatoborate, the
isolated anionic structure B(SO,Cl), consists of a B atom
tetracoordinated to four SO;Cl moieties with one O atom
(Figure 6c). SO4Cl are heteroleptic-coordinated anionic
groups that can induce polarizability anisotropy and hyper-
polarizability. As a result, KB(SO;Cl), shows a large
birefringence of 0.065 and a remarkable SHG coefhicient
tensor 333 of 1.138 pm/V. The band gap is 6.18 eV, which is
slightly smaller than those of the other four crystals.

3.4. Al,B¢O;s. In Al,B(O,;, Al atoms are connected with six
O atoms as octahedroa that shares three edges with the
neighboring octahedroa and is further connected with B,Oq
groups by sharing the vertex (Figure 6d). It achieves a balance
between the three properties with band gap, birefringence, and
the maximum SHG coefficient being 7.49 eV, 0.05, and y33; =
—2.301 pm/V, respectively.

3.5. H3BO;-3T. It crystallizes in the P3, space group, one of
the phases of orthoboric acid, and consists of sheets of
hygrogen-bonded B(OH); molecules connected by van der
Waals forces between the sheets (Figure 6e). It shows a wide
band gap of 7.77 eV with a large birefringence of 0.113 at 1064
nm. The largest SHG tensor ys;; is 0.057 pm/V, which is
slightly smaller than that of dys (KDP).

6777

Besides the above five crystals, two hydrated borates, i.e.,
[Ca,B;0,]-[H(OH),]* and Ca(BgO,,(OH),),"*" are iden-
tified as potential NLO materials (Figure 6f,g). Their NLO
effects have previously been measured using powder samples.
As shown in Table 3, [Ca,B;O,]-[H(OH),] shows a wide
band gap of 7.31 eV with a large birefringence of 0.059. The
maximum SHG coefficient y,;, is 1.638 pm/V. The measured
powder SHG response of [Ca,B;0o]-[H(OH),] is 3.5 times
that of KDP and is phase matchable. The UV cutoff edge of
[Ca,B;0)-[H(OH),] is below 190 nm. The predicted results
are consistent with the experimental results. CaBgO,;(OH),
shows a band gap of 6.75 eV and the maximum SHG
coefficient is 1.291 pm/V. It exhibits a larger birefringence of
0.081 compared with that of [Ca,B;O,]-[H(OH),] as listed in
Table 3. Hu et al. grew the crystal with millimeter size and
tested the SHG effects and transmission spectrum. It exhibited
a SHG response 1—2 times that of KDP and a UV cutoft edge
of less than 200 nm. The values are in good agreement with
our calculated results. Considering the excellent multiple
properties, large-size crystals should be grown for further
evaluation.

4. CONCLUSIONS

In summary, we developed a first-principles high-throughput
screening pipeline for nonlinear optical materials (FHSP-
NLO) that combine DFT codes, linear and nonlinear optical
property analysis codes, and data transformation and extraction
codes. The system could handle large quantities of materials
from hundreds to thousands in one go and run automatically.
The feasibility and accuracy of FHSP-NLO are tested on a
dozen of well-known NLO crystals covering DUV, UV, vis—
NIR, and M-F-IR wavelength ranges. The method shows high
accuracy with the average absolute error in E, An, and y 2)
being 18.3, 29.4, and 27.4%, respectively. The tests on almost
300 borates further confirm the capability and high efficiency
of FHSP-NLO. Besides, five crystals B,S,0,, Al,BsO,s, HP-
Na,B,0,, KB(SO,CI),, and H;BO;-3T are identified as new
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promising NLO materials. Two hydrated borates [Ca,B;0,]-
[H(OH),] and Ca(BgO,,(OH),) are suggested to grow large-
size crystals. FHSP-NLO provides a powerful and efficient tool
for searching NLO from reported crystals collected in the
database.
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