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Two Novel Deep-Ultraviolet Nonlinear Optical Crystals
with Shorter Phase-Matching Second Harmonic
Generation than KBe2BO3F2: A First-Principles Prediction
Lei Kang, Fei Liang, Pifu Gong, Zheshuai Lin,* Feng Liu,* and Bing Huang*
In this work, we propose a strategy to design new deep-ultraviolet (deep-UV)
nonlinear optical (NLO) materials through the combination of borate and
phosphate NLO material genome. Accordingly, a series of borophosphates
are predicted with very large energy bandgaps, strong second harmonic
generation (SHG) effects, and moderate birefringence in the deep-UV region.
In particular, two novel fluoride borophosphates, PBO3F2 and PB3O6F2, are
able to achieve the deep-UV SHG laser output with shorter phase-matching
wavelengths (�155 and 137 nm) than that of KBe2BO3F2 (KBBF, �161 nm).
Further calculations show that these two structures are dynamically and
thermodynamically stable, thus triggering possible synthesis, growth, and
applications of them. The results attest that the proposed strategy is
instructive and pave a comprehensive road map for us to discover new NLO
crystals, especially in the borophosphate catalog with excellent deep-UV
phase-matching capabilities beyond KBBF.
Deep-ultraviolet (deep-UV) nonlinear optical (NLO) crystals with
short second harmonic generation (SHG) output wavelength
and high frequency conversion efficiency are of great importance
for current and future basic research and technology demands.[1]

Up to date, KBe2BO3F2 (KBBF) is the sole practical NLOmaterial
that possesses excellent sixth-harmonic output capacity in deep-
UV region, although its conversion power for practical 177.3 nm
laser is still below watt-level (�200mW).[2] Therefore, in the field
of deep-UV laser technology one of the most important issues is
to design new deep-UV NLOmaterials with shorter SHG output
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wavelength and higher operating power
than those of KBBF. The achievement of
the phase-matching condition is the key to
solve this problem and guarantee a NLO
output with a sufficient efficiency and
suitable wavelength, which is a very
important requirement for the practical
NLO process.[3] In this sense, many
materials with large deep-UV bandgaps
and strong NLO effects actually cannot
achieve an effective deep-UV output, due to
their weak phase-matching abilities.[4]

BPO4 (space group I4
�
) is such a typical

material, in which both boron and phos-
phorus atoms are tetrahedral coordinated
(see Figure 1a).[5] This material possesses a
very strong SHG effect (�0.76 pmV�1), 1.5
times larger than d16 �0.45 pmV�1 of
KBBF,[2] and a very short deep-UV
absorption edge (�134 nm, or bandgap
�9.3 eV),[4] almost the shortest among all known NLO borates.[4]

However, BPO4 cannot achieve the deep-UV phase-matching
SHG output due to its relatively small optical birefringence
(<0.01).[6] According to the anionic group theory, the reason
comes from the small structural anisotropy of the NLO-active
(BO4)

5� and (PO4)
3� tetrahedral anionic units in BPO4, which

results in a small optical anisotropy of the whole system.[7]

Consequently, it cannot satisfy the phase-matching requirement
by compensating the dispersion of refractive indices along
different optical principle axis (i.e., birefringence is too small).
Similar case is LiB3O5,

[11] in which the small birefringence
(�0.04) results in its limited phase-matching wavelength to be
only 255 nm. Therefore, if a material (e.g., BPO4) with a good
deep-UV transparency is expected to be a phase-matching deep-
UV NLO material, its structural anisotropy has to be enhanced.

With the development of density functional theory (DFT) and
Materials Genome Initiative,[8] under the guidance of basic
physical and chemical principles, high-performing theoretical
simulations have become an effective and efficient method to
design and evaluate newNLOmaterials that have not been found
in experiments.[9] Basically, there are mainly four NLO-active
anionic units (or so-called NLO material genome) in borates,
i.e., (B3O6)

3� (e.g., in β-BaB2O4),
[10] (B3O7)

5� (e.g., in LiB3O5),
[11]

(BO3)
3� (e.g., in KBBF),[2] and (BO4)

5� (e.g., in BPO4),
[5]

exhibiting a desirable structural chemistry with a great variety of
connection and arrangement patterns.[12] Many studies have
been contributed to elucidate the structure–property relationship
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Figure 1. Schematic diagram of structure evolution from (a) BPO4 to (b) PBO3O and (c) PB3O6O (stage I) and then to (d) PBO3F2 and (e) PB3O6F2
(stage II).
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in borates based on the anionic group theory proposed by Chen,
thus revealing that the micro-birefringence Δn and energy
bandgaps Eg (exactly, HOMO-LUMO gap) of the four typical
borate anionic units obey the following relative orders (per unit
volume)[7]:

Δn B3O6ð Þ > Δn B3O7ð Þ > Δn BO3ð Þ � Δn BO4ð Þ
Eg BO4ð Þ > Eg BO3ð Þ � Eg B3O7ð Þ > Eg B3O6ð Þ
Note that the (BO3)

3�, (B3O6)
3�, and (B3O7)

5� units exhibit
relatively larger Δn compared to (BO4)

5� because they exhibit
much larger planar anisotropy of polarization than the
tetrahedron. Among them, however, (B3O7)

5� groups have been
proven negatively to construct in a layered framework so that the
planar components are not arranged in a largely anisotropic
form. This is the structural reason why LiB3O5 has a small
birefringence (�0.04), in which the (B3O7)

5� groups link with
each other to form the endless helices of (B3O7)n->1 chains
along the crystal c-axis.[11] Therefore, to significantly increase the
structural anisotropy, herein, we introduce the coplanar (BO3)

3�

or (B3O6)
3� units with conjugated π orbitals instead of (BO4)

5� to
coordinate with the (PO4)

3� unit in BPO4, hence forming a
perfect two-dimensional layered framework structure. This
rational design strategy not only increases the structural
anisotropy significantly but also enlarges the bandgap of
compounds since the three dangling bonds on terminal oxygen
Phys. Status Solidi RRL 2018, 1800276 1800276 (
atoms of (BO3)
3� or (B3O6)

3� are eliminated by adjacent P
atoms.[13] Then, fluorine atoms are incorporated into the lattice
to further eliminate the nonbonding states and tune the
construction of the basic units as an effective structural
terminator.[14] According to this strategy, in this work, a series
of borophosphates are designed and evaluated as the possible
deep-UV NLO crystals based on the DFT calculations.

The DFT calculations are performed using the plane-wave
pseudopotential method implemented in the CASTEP pack-
age.[15] The ion–electron interactions are modeled by the
optimized norm-conserving pseudopotentials for all constituent
elements.[16] A kinetic energy cutoff of 850 eV is chosen with
Monkhorst-Pack k-point meshes spanning less than 0.04 per Å3

in the Brillouin zone.[17] The cell parameters and atomic
positions are further optimized using the quasi-Newton
method.[18] The convergence thresholds between optimization
cycles for convergence of energy, force, stress, and displacement
are set as 5.0� 10�6 eV per atom, 0.01 eV per Å, 0.02GPa, and
5.0� 10�4 Å, respectively. Based on the optimized geometry
structure, the electronic structures are calculated and then the
refractive indices (n and the birefringence Δn) are obtained. The
shortest SHG output wavelength λPM is calculated based on the
dispersion curves of refractive indices (e.g., no and ne), satisfying
the condition of no(2λPM)¼ ne(λPM).

[19] Meanwhile, the SHG
coefficients dij are calculated using following expression (1)
developed by Lin et al.[20]
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 6)
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χαβγ ¼ χαβγ VEð Þ þ χαβγ VHð Þ þ χαβγ two bandsð Þ ð1Þ

where χαβγ(VE), χαβγ(VH), and χαβγ(two bands) denote the
contributions from virtual-electron (VE) processes, virtual-hole
(VH) processes, and two-band processes, respectively. The
formulae for calculating χαβγ(VE), χαβγ(VH), and χαβγ(two bands)
are given as follows[20]:

χαβγ VHð Þ ¼ e3

2�h2m3

�
X
vv0c

Z
d3k
4π3

P αβγð ÞIm pαvv0p
β
v0cp

γ
cv

h i 1
ω3cvω

2
v0c

þ 2
ω4vcωcv0

� �

χαβγ VEð Þ ¼ e3

2�h2m3

�
X
vv0c

Z
d3k
4π3

P αβγð ÞIm pαvcp
β
vc0p

γ
c0v

h i 1
ω3cvω

2
vc0

þ 2
ω4vcωc0v

� �

ð2Þ

χαβγ two bandsð Þ ¼ e3

2�h2m3

�
X
vc

Z
d3k
4π3

P αβγð Þ
Im pαvcp

β
cv pγvv � pγccð Þ

h i
ω5vc

Here α, β, and γ are Cartesian components, v and v0 denote
valence bands, and c and c0 denote conduction bands. P(αβγ)
denotes full permutation and explicitly shows the Kleinman
symmetry of the SHG coefficients. The band energy difference
and momentum matrix elements are denoted as �hωij and pαij,
respectively, and they are all implicitly k dependent. It is noted
that the refractive indices and SHG coefficients can be accurately
obtained by DFT in principle because these optical properties are
determined by the virtual electronic excited processes, which are
described by the first and second order perturbations on the
ground state wave functions, respectively.

It should be emphasized that generalized gradient approxi-
mation (GGA) method with PBE functional usually heavily
underestimates the energy bandgap Eg,

[21] while the hybrid PBE0
method[22] can make an accurate prediction for most of the UV
and deep-UV borates.[23] Herein, the scissors-corrected GGA-
PBE method is employed to calculate the optical properties,[24]

where the scissors operator is set as the difference between the
PBE0 and GGA-PBE bandgaps. This self-consistent ab initio
approach has been proven to be an efficient way without
introducing any experimental parameter for investigating the
structures and NLO properties in many types of NLO materials
including KBBF, BPO4, and other NLO borates and
phosphates.[9]

The structural evolution from BPO4 to PBO3O and
PB3O6O (stage I) is proposed as demonstrated in Figure 1
based on the theoretical modeling and simulations. The
optimized structures of PBO3O and PB3O6O with space group
symmetry of P31c (C3v) are shown in Figure 1b and c (for details
see Table S1, Supporting Information). In stage I, (BO4)

5�
Phys. Status Solidi RRL 2018, 1800276 1800276 (
tetrahedra are replaced by (BO3)
3� triangles, each of which is

corner-shared with three (PO4)
3� to form a 2D infinite

(PBO3O)1 layer perpendicular to the c-axis. The (PO4)
3� units

are aligned in the same orientation with three shared O2� in the
layer and one dangling O2� outside of the layer. As indicated by
anionic group theory, the 2D-layered structure of PBO3O could
exhibit a larger optical birefringence than the 3D framework
structure of BPO4 whereas the dangling bonds of the terminal
oxygen in (PO4)

3� might reduce the bandgap. The DFT results
confirm the above hypothesis very well. Table 1 lists the
calculated bandgap Eg, SHG coefficients dij, birefringence Δn,
UV absorption edge λUV and shortest SHG wavelength λPM of
PBO3O, as well as the calculated and experimental values of
BPO4 and KBBF. Compared with PBO4, the Δn of PBO3O is
indeed enlarged from 0.011 to 0.061 as the Eg reduces from 9.30
to 8.01 eV. Accordingly, it is possible to shift the SHG output
wavelength close to the deep-UV edge (λPM�205 nm) in PBO3O.
In order to further enhance the phase-matching ability, a feasible
way is the use of (B3O6)

3�with large π orbitals to replace (BO3)
3�

with small π orbitals increasing the anisotropic strength along
the a-b plane as displayed in Figure 1c. The unit cell of PB3O6O is
similar to that of PBO3O, just with a larger cell constant a (and b).
This kind of acentric-layered structure should be more favorable
to exhibit a larger optical birefringence than that of PBO3O for
the phase-matching process. The calculations (see Table 1) show
that PB3O6O exhibits close Eg (or λUV) but larger Δn, thus
promote it exhibiting a shorter phase-matching SHG output
(λPM �175 nm) into the deep-UV region.

Notably, it should be emphasized that by the combination of
NLO material genome (BO3)

3�/(B3O6)
3� and (PO4)

3�, the
structures in stage I actually improve the phase-matching ability
of BPO4. However, they still exhibit weaker NLO capabilities
than those of KBBF, either for λUV or λPM. These can be
attributed to the imperfect (PO4)

3� unit, in which a dangling
oxygen atom is harmful for the further enlargement of the deep-
UV bandgap.[25] Then, we propose the following structure
evolution of stage II as shown in Figure 1d and e, where the
trigonal bipyramidal (PO3F2)

3� units, similar to (AlO3F2)
3� units

in BaAlBO3F2, are further introduced to replace the tetrahedral
(PO4)

3� unit to more favor the layered structure and large
bandgap.[26] In this way, (BO4)

5� and (PO4)
3� tetrahedra are

simultaneously replaced by (BO3)
3� triangles (or (B3O6)

3� polar
rings) and (PO3F2)

3� trigonal bipyramids, both of which are
aligned in a close orientation within the a-b plane. Each (BO3)

3�

(or (B3O6)
3�) is corner-shared with three (PO3F2)

3� to form a 2D
infinite (PBO3F2)1 (or (PB3O6F2)1) layer perpendicular to the
c-axis with two dangling F atoms above and below the plane. It is
worth noting that these staggered layers are dense-stacking and
very favorable to have a large anisotropy for NLO effect.
Considering the eliminated nonbonding states of the anionic
units, PBO3F2 and PB3O6F2 are expected to be well transparent
in the deep-UV region. The calculated Eg, dij,Δn, λUV, and λPM are
listed in Table 1. It can be found that compared with PBO3O (or
PB3O6O), PBO3F2 (or PB3O6F2) exhibits 1) wider Eg (�9.2 and
9.1 eV) and shorter λUV (�135 and 137 nm), close to those of
BPO4 (9.3 eV and 134 nm); 2) smaller dij (�0.61 and 0.45 pm
V�1), but still larger than d11 (�0.41 pmV�1) of KBBF; and 3)
larger Δn (�0.08 and 0.10) and shorter λPM (�155 and 137 nm),
thus exhibiting better deep-UV phase-matching abilities.
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 6)
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Table 1. Calculated energy bandgap Eg, SHG coefficients dij, refractive indices no, ne, birefringence Δn at 400 nm, UV absorption edge λUV, and
shortest SHG wavelength λPM of PBO3O, PB3O6O, PBO3F2 and PB3O6F2, as well as BPO4 and KBBF.

Eg (eV) dij (pmV�1) no ne Δn λUV (nm) λPM (nm)

PBO3O Cal. 8.01 d22¼ 0.82; d33¼ 0.94 1.5031 1.4428 0.061 156 205

PB3O6O Cal. 7.94 d22¼ 0.45; d33¼ 0.36 1.4081 1.3315 0.077 157 175

PBO3F2 Cal. 9.21 d22¼ 0.61 1.4660 1.3899 0.076 135 155

PB3O6F2 Cal. 9.10 d22¼ 0.45 1.4030 1.3039 0.099 137 137

BPO4 Cal. 9.30 d36¼ 0.72 1.5905 1.5789 0.011 134 N/A

Exp. (ref. [5]) 9.28 d36¼ 0.76 1.6059 1.6117 0.006 134 N/A

KBBF Cal. 8.31 d11¼ 0.41 1.4787 1.4197 0.059 150 172

Exp. (ref. [2]) 8.45 d11¼ 0.45 1.4915 1.4035 0.088 147 161

www.advancedsciencenews.com www.pss-rapid.com
Specifically, the λPM of PBO3F2 has been blue-shifted to 155 nm,
shorter than that of KBBF (�161 nm), and the λPM of PB3O6F2
can reach to its deep-UV absorption edge (�137 nm), which is
the shortest output wavelength for deep-UV SHG so far and can
fill the gap of deep-UV all-solid-state laser ranging from 130 to
150 nm.[4,27]

For PBO3F2 and PB3O6F2, we further investigate their phase-
matching characteristics and frequency conversion efficiency
systematically, thus highlighting their practical capabilities for
the deep-UV output, such as the sixth harmonic generation of
the Nd: YAG lasers, since they are possible to go beyond KBBF.
As shown in Figure 2, the type-I SHGphase-matching angles are
determined for the fundamental wavelengths from 1100 to
274 nm. The Sellmeier equations of PBO3F2 and PB3O6F2 are
obtained by fitting the refractive indices (see Supporting
Information), which are accurate enough in the UV and deep-
UV regions from 137 to 400 nm. For the important 177.3 nm
SHG output, the phase-matching angles θ for PBO3F2 and
PB3O6F2 are about 60.8 and 48.5�, respectively, while for KBBF it
Figure 2. Type-I phase-matching angles with respect to fundamental
wavelength of PBO3F2 and PB3O6F2.

Phys. Status Solidi RRL 2018, 1800276 1800276 (
is about 69�.[5] In the practical type-I phase-matching process
(oþ o�> e), the effective SHG coefficient deff¼ d22� cosθ�
sin3ψ according to the symmetry, where sin3ψ can be tuned in
the actual situation. As a result, the deff of PBO3F2 and PB3O6F2
for 177.3 nm output are about 2.2 and 2.0 times larger than that
of KBBF, respectively. The SHG conversion efficiency η is given
approximately by

η ¼ P2ω

Pω
¼ 8π2d2ef fL

2Iω
e0n2ωn2ωcλ

2
ω

ð3Þ

where deff is the effective SHG coefficient, L is the length of a
crystal, Iω is the peak power density of the input beam, Pω (P2ω) is
the power of the fundamental (SHG) wave, e0 is the vacuum
permittivity, nω and n2ω are the refractive indices at the
fundamental λω (354.7 nm) and the SHG λ2ω (177.3 nm) along
the phase-matching direction, c represents the speed of light in
vacuum. It can be deduced that under the same laser input
conditions (e.g., Iω, λω) and crystal quality (e.g., L), the SHG
conversion efficiency η of PBO3F2 and PB3O6F2 crystals are
about four times larger than that of KBBF. Considering that
KBBF-based device (i.e., the optically contacted KBBF-CaF2
prism-coupling device) has achieved the applicable deep-UV
6HG output (177.3 nm) of practical Nd: YAG 1064 nm laser with
200mW power,[2b] in principle the similar devices based on
PBO3F2 and PB3O6F2 crystals are capable of generating the same
output with higher power (�1W), which would satisfy the
urgent requirement for some industrial applications (e.g.,
lithography).

It should be noted that there are no interlayer cations in
PBO3F2 and PB3O6F2, thus making the layered structures more
dense-stacked (e.g., the interlayer distance of PB3O6F2 is only
about 4.2 Å), and improving the capability for the deep-UV NLO
harmonic generation. Since we have systemically evaluated the
deep-UVNLO capabilities of PBO3F2 and PB3O6F2, it is essential
to show their structural stabilities as the practical materials that
can be obtained in experiments. Firstly, the phonon spectra of
PBO3F2 and PB3O6F2 bulks along all the high symmetry lines in
the Brillouin zone are calculated by the first-principles linear
response methods.[28] As shown in Figure 3, the dynamical
stabilities are approved because no imaginary phonon mode
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 6)
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Figure 3. Phonon spectra, evolution of total energies and structures after the long-time MD
simulations of PBO3F2 (a) and PB3O6F2 (b).
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emerges. Secondly, the full elastic tensors cij of PBO3F2 and
PB3O6F2 are determined using the finite strain technique based
on first-principles calculations to further confirm the Born
criterion for the two lattices to be stable.[29] From the results (for
PBO3F2, c11¼ 105.9, c33¼ 14.3, c44¼ 6.2, c12¼ 20.1, c13¼�2.1;
for PB3O6F2, c11¼ 73.7, c33¼ 12.6, c44¼ 1.6, c12¼ 1.8, c13¼�2.7,
unit: GPa), it is easy to verify that the general conditions for
stability (c11þ c12)� c33� 2� c13

2> 0 and (c11-c12)� c44> 0 are
satisfied.[30] In the meantime, the first-principles molecular
dynamics (MD) simulations are performed to verify the lattice
structures of PBO3F2 and PB3O6F2 are stable at room
temperature (see Figure 3). The results show that the total
energies with respect to time oscillate around the average value
(red line), and their structures are maintained after long-time
MD simulations (�2 ps). Since PBO3F2 and PB3O6F2 are stable
in ambient condition, we suggest possible experimental
program is to synthesize by new flux systems or synthesis
methods to reduce the viscosity of the melt during the process of
synthesis. Low temperature flux method maybe suitable for the
synthesis of the fluorine borophosphates based on the reported
study of NH4BPO4F.

[31] In the synthesis, one could also reduce
the proportion of A-site cations and maximize the weight of
boron, phosphorus, and fluorine suitably so that the fluorine
borophosphate frameworks are prone to be constructed.

In fact, there are also some other structures with different
symmetries according to the proposed design strategy. For
Phys. Status Solidi RRL 2018, 1800276 1800276 (5 of 6)
example, we can design the so-called β-phase
with ABC stacking of R3 space group instead
of the α-phase with AB stacking of P6

�
2c

mentioned above. As a comparison with
α-phases, the β-phases of PBO3F2 and
PB3O6F2 exhibit higher total energies but
close deep-UV NLO capabilities including
energy bandgaps, SHG effects, birefringence,
and the phase-matching outputs (for details
see Figure S1 and Table S2, Supporting
Information). Besides, another γ-phase of
PB3O6F2 with lower symmetry (Cc), which is
similar to the NH4B4O6F (ABF) layered
framework but without A-site NH4

þ cations
(see Figure S2 and Table S3, Supporting
Information),[14b] can still exhibit excellent
deep-UV NLO capability with wide Eg
(�8.2 eV), strong d11 (�0.70 pmV�1), large
Δn (�0.09), and promising λPM (�152 nm). No
matter what phases can be obtained from the
experiments, we provide a rational strategy to
design a NLO structure with better deep-UV
phase-matching SHG capability by combining
the NLO material genome, which would
promote the search for new deep-UV NLO
materials with enhanced phase-matching
abilities especially in the borophosphate
system.

Finally, we discuss possible applications
using PBO3F2 and PB3O6F2, including those
cannot be realized by KBBF. Above all, both of
them can be used as the devices for deep-UV
output of 193.7 and 177.3 nm, which have
important applications in photolithography, photoemission
electron microscopy, and super-high-resolution photoemission
spectrograph. In particular, for the PB3O6F2 crystal, it is able to
realize the fourth harmonic generation output (158.2 nm) of He-
Ne laser, fifth harmonic generation output (138.9 nm) of ruby
laser, and tunable deep-UVgeneration from 137 to 200 nm using
Ti-sapphire laser. This means that it is superior to KBBF and
could fill the gap of deep-UVall-solid-state laser between 100 and
150 nm, which will provide more powerful laser resources for
future basic research and technology needs of materials
science.[2] In addition, since PBO3F2 and PB3O6F2 are both
van der Waals layered structures, they are possible to be further
cleaved as 2D materials. The computational analysis shows that
their monolayers can keep the deep-UV NLO capabilities of their
bulk crystals very well with close SHG effects and wide
transparent window from 0.14 to 3mm. Thus, they might be
applied in some optical film devices with available NLO or
photoelastic effect.[32]

In conclusion, based on the chemical combination and
structural evolution from a unique 3D BPO4 framework to the
dense-stacking layered structures, a series of borophosphates
with excellent deep-UV NLO capabilities beyond KBBF are
theoretically predicted using DFT modeling and simulations.
The results demonstrate that they exhibit very large energy
bandgaps, strong SHG effects, and moderate birefringence in
the deep-UV region. Among them, PBO3F2 and PB3O6F2 are
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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able to achieve the deep-UV SHG output with shorter phase-
matching wavelengths (�155 and 137 nm) than that of KBBF
(�161 nm) and higher frequency conversion efficiency for
practical 177.3 nm output. In particular, the novel layered
structure of PB3O6F2 could produce the very short phase-
matching deep-UV SHG coherent light of 137 nm, which would
provide more powerful laser resources for scientists to reveal
unprecedented details in novel solid-state materials.
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