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Vacuum ultraviolet (VUV,100-200 nm) light sources are crucial for advanced
spectroscopy, quantum research and semiconductor lithography' . Compared
with conventional large-scale VUV generation technologies*”, second-harmonic
generation (SHG) through nonlinear optical (NLO) crystals

810is the simplest and most

efficient method. However, the scarcity of suitable NLO crystals has constrained

the production of VUV light through SHG: existing materials fail to meet phase-
matching requirements, suffer from low conversion efficiency or have severe growth
limitations ™. In this study, we report the development of the fluorooxoborate
crystal NH,B,O(F (abbreviated as ABF) as a promising material for VUV light
generation. VUV devices with specific phase-matching angles were constructed,
achievingarecord 158.9-nm light through phase-matching SHG and a maximum
nanosecond pulse energy of 4.8 mj at 177.3 nm with a conversion efficiency of 5.9%.
The enhanced NLO performanceis attributed to optimized arrangements of
fluorine-based units creating asymmetric sublattices. This work provides further
material in the NLO field, with potential for applications in compact, high-power VUV

lasers using ABF.

Compact, efficient VUV light sources in the 100-200-nm range (corre-
sponding tophoton energies of12.4-6.2 eV) are crucial forawide range
of applications, notably, advanced spectroscopy, quantum research
and semiconductor lithography'>. Compared with conventional
large-scale VUV systems, including synchrotrons, free-electron lasers
and large-scale gas-discharge sources*”, SHG, discovered in1961, is the
simplest and most efficient method for short-wavelength light gen-
eration through frequency-doubling in NLO crystals®°. However, no
conventional high-performance NLO crystals™ * satisfy birefringent
phase-matching (BPM) in the VUV region, making them unsuitable for
VUV SHG. Consequently, sum-frequency generation is often used as
analternative but suffers from higher complexity and lower efficiency
than SHG, primarily because of the stringent temporal and spatial
synchronization requirements between two distinct laser beams™*¢,
Alternatively, non-traditional phase-matching approaches, such as
random quasi-phase-matchingin SrB,0-, have been reported to gener-
ate coherent VUV radiation down to 121 nm, the shortest wavelength
achieved through SHG in solid-state materials”. Yet the conversion
efficiency is extremely low (approximately 4 x 107 at 160 nm) pre-
venting it from meeting the high-power and high-stability demands
of practical applications. KBe,BO;F, (KBBF), abenchmark NLO crys-
tal developed in the 1990s, remains the only practical crystal that
breaks the 200 nm wall’ for VUV coherent light generation through
BPM-SHG. Nevertheless, its layered growth habitinduces a plate-like
morphology along the z-axis, necessitating a specific prism-coupling
technique to prevent cutting along the phase-matching direction

and limiting conversion efficiency’®". The quest for a suitable VUV
NLO material with shorter output wavelengths, higher output ener-
gies and enhanced conversion efficiencies remains elusive despite
continuing efforts.

Designing VUV NLO materials faces substantial challenges, includ-
ing the combination of conflicting properties such as VUV trans-
parency, strong NLO coefficient and substantial birefringence for
phase-matching at VUV wavelengths. Critically, practical applications
require high-quality single crystals with sufficient size for device
fabrication, as well as stable physical and chemical properties, high
laser-induced damage thresholds (LIDTs) and suitable hardness for
processing’®?. Owing to these stringent requirements, no crystal
has yet met all of these criteria simultaneously. Recently, we pro-
posed a fluorination strategy by substituting fluorine for oxygen
atoms in borates to regulate the structure and achieve balanced
basic properties that are required for VUV applications in a series
of fluorooxoborates??, Owing to the limitations of the preparation
techniques for large-sized crystals, only preliminary performance
assessments have been conducted on the basis of limited millimetre-
scale crystals or polycrystalline powders**?, In this work, we dem-
onstrated the development and exceptional VUV NLO properties
of ABF (ref. 24) by growing large single crystals with high quality,
which show superior performances that hold great promise for
practical applications. The fluorination effect on asymmetry and
structure motif ordering that leads to performance enhancement is
discussed.
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Fig.1|Structure, photograph, optical quality and thermal expansion
properties of ABF. a, Structure of ABF featuring 2D [B,O(F]..layers withan
interlayer distance of 3.81 A. NH,* cations are located between the layers,
forming the final framework through hydrogen bonds (not shown for clarity).
b, As-grown ABF crystal with centimetre-scale dimensions. ¢, X-ray rocking

Crystal growth and optical quality of ABF

Thestructure of ABF features 2D [B,O4F]..layersinterconnected by NH,*
cations through hydrogen bonds with an interlayer distance of 3.81 A
(ref. 24) (Fig. 1a), which is approximately half that of KBBF (6.25 A)™®
(Extended Data Fig. 1). This key distinction endows ABF with a much
higher interlayer binding energy than KBBF, which effectively miti-
gates the inherent prominent layered growth habit of KBBF and lays
a structural foundation for growing thick ABF crystals?*. Owing to its
growth occurringinamulticomponent gas-liquid-solid three-phase
environment, which makes conventional growth methods inefficient,
the formation of large-size ABF crystals poses a considerable chal-
lenge. To address this, we devised an optimized vapour deposition
method to produce large single crystals of ABF. In contrast to the con-
ventional vapour transport deposition technique that typically requires
ultrahigh vacuum conditions and a gas delivery system, our method
operates under autogenous pressure without further transport agents
(see details in Methods). Figure 1b presents the as-grown ABF crystal,
which reaches centimetre-scale dimensions up to 25 x 18 x 10 mm?.
Forthestandard error and confidence interval (CI) for measured data
withinherent measurement variability, see Methods. The X-ray rocking
curve (Fig. 1c) exhibits anarrow full width at half maximum (FWHM) of
36 arcsec, indicating the high crystalline quality of the sample. The con-
oscopicinterference patterns (Fig. 1d,e) unambiguously confirm that
ABF isbiaxial and that the as-grown crystal is optically homogeneous.
The thermal expansion coefficients (Methods) for the X, Yand Zaxes of
ABF were measured using a-oriented, c-oriented and b-oriented crystal
samples (Fig. If). Like LBO crystals, ABF exhibits positive expansion
along the Xand Y axes and negative expansion along the Z axis. How-
ever, its average thermal expansion coefficients (a, = a,=7.98 x 10K,
ay=a,=121x10°K anda,=a, =-0.42 x10°K™) are muchsmaller than
those of LBO (a,=10.1x10°K™, a,=-7.1x10° K and a,=3.1 x 10 K?)*
(datafromref. 26, unit unified to 10° K™). The relatively small thermal
expansion anisotropy of ABF helps to prevent cracking during crystal
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curveof ABF crystal. d,e, Convergent polarized light interference patterns of
ABF crystal along the b-axis (d) and at a45° angle to the b-axis (e). The polarization
directions of theincident light (polarizer (P)) and the transmitted light (analyser (A))
arelabelled. f, Thermal expansion measurements of ABF.

growth and processing. Mechanical hardness measurement (Methods)
ona(100) plate of ABF shows a Vickers hardness of 201 HV (HV0.3,10 s
dwell time), corresponding to a moderate Mohs hardness of about 4,
which facilitates processing.

High performance as a practical VUV NLO crystal

ABF stands out as such a practical VUV NLO crystal, with key advan-
tages outlined here. First, it has excellent VUV transparency—a critical
property for VUV-related applications. Notably, ABF features a wide
transparency region spanning from VUV to near-infrared (Fig. 2a). Its
UV cut-off edge extends down to 155 nm, enabling high transmittance
across several VUV wavelengths, specifically 177.3 nm (sixth-harmonic
generation of 1,064-nm Nd:YAG laser) and 193 nm (output wavelength
of an ArF excimer laser), both critical for high-resolution photoelec-
tron spectroscopy and photolithography applications. Second, ABF
exhibits suitable birefringence and chromatic dispersion to achieve
phase-matching at VUV wavelengths. Its wavelength-dependent refrac-
tive indices were determined using the minimum deviation method and
subsequently fitted using Sellmeier equations (Fig. 2b). We confirmed
that ABF is an optically negative biaxial crystal with the relationship
n,-n,<n,- n,.Furthermore, typel phase-matching curves for SHG were
evaluated, showing that the shortest phase-matching SHG wavelength
(Ag;) of ABF inthe X-Y planeis 158 nm (Fig. 2c). Among allknown crystals
with A, below 200 nm that are confirmed through refractive index
measurements and dispersion equation fitting'®??’*!, ABF holds the
distinction of having the shortest Ag,. We noticed that other potential
candidates, for example, y-BBF (ref. 28), with theoretically predicted
VUV NLO performance superior to KBBF, urgently face challenges in
large-scale single-crystal growth and experimental verification. Third,
ABF delivers astrong SHG response, whichis essential for high conver-
sion efficiency in the VUV region. ABF crystallizes in the space group
Pna2, (point group mm?2) and exhibits three non-zero independent
second-order NLO coefficients: d;;, d;,and d,;. For type ISHG (0 + 0 > )



a b s ¢

100 204

1.70 4 —— Second harmonic
80 | 15 —— Fundamental
s ol 80.0% 5 1.65 = :
gw, < 80 78.0%! . o: 3 £
2 60 by : : £ | <
4 8 & g 1.0 5 104
£ g : s
§ 401 £ 40 5 155 - &
§ 2 o =
= g 20 0.5 |
~ 1.50 -
20 ‘ ‘
155nm 160 170 180 190 200 s
0 Wavelength (nm) 497 0158 nm
- : . . : . . . ) T T T T T T T T T T T T T
150200 400 600 800 1,000 1,200 1,400 1,600 0.2 0.4 0.6 0.8 1.0 10 20 30 40 50 60 70 80 90
Wavelength (nm) Wavelength (um) ()
e f
\ — Exp.
\ ---8im

)

Angle (°)

Fig.2|Characterizations of ABF. a, Transmission spectraof ABF in the
155-1,600-nmregion. Inset, transmission spectrumin the 155-200-nm region.
Notable transmittance valuesinclude 0.5% at UV cut-offedge of 155 nm, 78.0%
at177.3 nmand 80.2% at193.0 nm. b, Refractive index dispersion curves of ABF.
¢, Typelphase-matching curves ofthe SHG processin the X-Yplane for ABF.
d,e, SHG measurements using the Maker fringe technique. Shown are the

in the X-Y plane, the effective second-order NLO coefficient (d.) is
expressed as d. = d;,cos, in which ¢ denotes the azimuthal angle?.
Thus, we measured the ds, coefficient of ABF for SHG (1,064 - 532 nm)
using the Maker fringe technique, yielding a value of 1.09 pm V™
(Fig. 2d,e). Furthermore, the phase-matching harmonic-generation
method, conducted under conditions closer to practical applications,
shows ad, value of 0.93 pm V', Both measurements identify that ABF
has an extremely large second-order NLO coefficient. The advantage of
the SHG response of ABF is even more pronounced in the VUV region.
Assuming weak wavelength dependence of the NLO coefficients d;far
fromthe cut-offedge, we deduced d across the entire phase-matching
range. The results show that the d_of ABF is consistently much larger
than that of KBBF. Specifically, at 386 > 193 nm and 355 > 177.5 nm, the
d g values of ABF are 0.63 and 0.48 pm V7, respectively, much higher
than the corresponding values of KBBF (0.26 and 0.20 pm V™) at these
wavelengths®?* (see Extended Data Fig. 2 for details). The larger d.«
makes ABF more conducive to achieving higher laser conversion effi-
ciency, supporting the development of more efficient, high-power
laser systems. Fourth, ABF exhibits a high LIDT. Figure 2f presents LIDT
measurementresults for ABF, with LBO (ref. 34)—the established com-
mercial NLO crystal with exceptional laser-damage resistance—serving
asareference. ABF demonstrates a superior LIDT of 1.6 GW cm 2, exceed-
ing that of LBO 0of 1.2 GW cm™ (1,064 nm, 8 ns, one-on-one testing),
highlighting its strong potential for high-power laser applications.
Detailed protocols for measuring transmittance, refractive indices,
SHG coefficients and LIDTs are provided in Methods.

Tunable high-efficiency frequency doubling

Tunable frequency-doubled light outputs were achieved from 158.9 to
340.2 nm. Figure 3illustrates the experimental set-up and detection of
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measured and calculated Maker fringe data and fitted envelopes for d;
ofthebenchmark crystal KDP (d) and d5, of ABF (e). Insets, measurement
configurations for KDP (8=90°, ¢ =45°) and ABF (8=90°, ¢ = 0°).f, Comparative
LIDT measurements between ABF and reference LBO crystals. At each pulse-
energy setting, the sample wasirradiated 10 times at fresh sites and the number
of damaged siteswasrecorded.

frequency-doublinglight spanning 158.9-188.0 nm (Fig. 3a), using an
ABF device aligned at (6, @) = (90°, 70°). Further frequency-doubling
measurements for 190.4-230.5 nm (device: (6, ¢) = (90°,40°)) and
255.1-340.2 nm (device: (8, @) = (90°, 0°)) are provided in Extended
DataFigs. 3-6. The shortest experimentally achieved phase-matching
SHG output at 158.9 nmsurpasses the previous world record of 165 nm
held by KBBF crystal®. This breakthrough opens new possibilities in
fields such as the study of superconducting mechanisms (in which
higher photonenergies enable alarger observable Brillouin zone, pro-
viding critical insights into superconductors)® and photochemical
investigations (in which VUV sources can be used to examine chemical
reactions, as the energy of numerous chemical bonds falls within this
wavelength range)®*?.

Then we fabricated SHG devices for the 354.7 > 177.3 nm transition
to test the frequency-doubling ability of ABF (Fig. 4). This device cir-
cumventsthe energy lossinherentin the CaF,or SiO, prisms used inthe
prism-coupled devices of KBBF (Fig. 4a). Output energies at177.3 nm
wererecorded for various input energies at 354.7 nm, with the results
shown in Fig. 4b. An output energy of 4.8 mJ was achieved at a pump
energy of 81.0 mJ, corresponding to an SHG conversion efficiency of
5.9%, with a maximum efficiency of 7.9% at 28.0 mJ. These values greatly
exceed those of KBBF under nanosecond pulse conditions (0.375 mJ
output energy and 1.76% conversion efficiency)®. It is worth noting
that, since the invention of laser technology in 1960, many potential
NLO crystals have been reported, but no new crystals have achieved
a177.3-nm SHG output through BPM, except for KBBF prism-coupled
devices. ABF not only realizes this output but also delivers the highest
nanosecond-pulse SHG energy output and conversion efficiency so far.
Of course, itisanticipated thatboth the output energy and conversion
efficiency could be furtherimproved in future work throughimproved
crystal quality and device-fabrication precision.
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Fig.3 | Tunable frequency-doubling output of ABF. a, Schematic of the set-up
for tunable VUV generation using ABF crystal. The systemincludesa532-nm
pumplaser (10 Hz, 5 ns) driving a KTP-OPO (620-720-nm tunable signals), a
BBO crystal (for frequency-doubling to 310-360-nm fundamental light), a
convex-concave telescope system (beam collimation, focusing and spatial
optimization), an ABF crystal (VUV generation), aBrewster’s angle-cut CaF,
prism (splitting UV and VUV beams) and an argon-filled glovebox (dashed lines,

Fluorination effect on asymmetry and motif ordering

NLO performanceis determined primarily by the chemical composition
andelectronicstructure of local atomic groups. Traditional basic units
in borate NLO materials are [BO,] and [BO,]; [BO,] is rarely preferred
owing to unfavourable optical responses®, whereas non-condensed
[BO;] contains dangling bonds that hinder large bandgaps, leaving
few pure [BO;]-based borates suitable for VUV NLO applications. By
contrast, ABF contains both [BO,] and [BO,F] groups; the introduc-
tion of the [BO,F] unit is beneficial for the full breakthrough of ABF
in the NLO field. Compared with the T, symmetry of the ideal [BO,]
tetrahedron, [BO,F] exhibits lower symmetry (C,,), which inherently
induces asymmetric electron density distribution. Specifically, the
Mayer bond order of B-O and B-F bonds in [BO,F] are approximately
1.28 and 0.63, respectively, with the bond order of B-O being nearly
twice that of B-F. A comparison of the Laplacian charge density between
[BO5Fland [BO,] units confirms the inequivalent covalentinteractions
in [BO5F], which greatly favours optical performances (Extended Data
Fig. 7). Analysis of the sublattice symmetry of ABF reveals the absence
of inversion centres for the B and O/F sublattices within the unit cell,
confirming the non-centrosymmetric nature of ABF (Pna2,; Fig. 5a).
Symmetry-adapted Wannier function calculations*** show that SHG
contributions originate primarily from the associated orbitals in the
B and O/F sublattices, highlighting the role of non-centrosymmetric
sublattice band-edge orbitals. Specifically, the Band O/F orbitals con-
tribute more than 77% to SHG response (Extended Data Table 1).
Asabond terminator, fluorine ‘cut’ the B-O framework to modulate
the anionic skeleton, enabling the formation of two-dimensional ani-
onic layers. Asillustrated in Fig. 5b, ABF exhibits anionic layers with a
thickness of 0.75 A (defined as the maximum vertical distance between
B atom centres along the a-axis), in contrast to the three-dimensional
anionic framework of NH,B;0g4, which lacks such fluorine-induced regu-
lation (Extended Data Fig. 8).In ABF, the [BO,F] units regulate the motif
orderingtoachieve a high degree of polymerization. Notably, the highly
oriented arrangement of polymerized anionic groups in the layered
structure of ABF facilitates the effective superposition of the polari-
zation anisotropy of [BO,] and [BO;F] units (Fig. 5c), which enhances
birefringence and phase-matching capability of ABF. Furthermore,
the high polymerization of [BO,] and [BO,F] drives the elimination of
the dangling bonds of oxygen atoms. Therefore, the introduction of
[BOsF], the core of the fluorination effect, drives the superior perfor-
mances of ABF: it modulates asymmetry, structural motif ordering and
anionic framework structure, facilitates polymerization and oriented
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VUV generation environment). Arrowed solid lines indicate the optical path.See
Methods for detailed experimental procedures. b, Observation of frequency-
doublinglight for 158.9-188.0 nm using an ABF device with (6, ) = (90°, 70°).
Note that158.9 nmis close to the shortest phase-matching wavelength limit of
the ABF crystal, with relatively low signal-to-noise ratio at this wavelength; the
SHG intensity is normalized for clarity and raw dataare presented in Extended
DataFig. 3.

arrangement and ultimately boosts properties including VUV transmis-
sion, large birefringence and an enhanced NLO response.

Conclusion

Wereport ABF, afluorooxoborate crystal, asatransformative solutionto
thelong-standing challenge of developing practical VUV NLO materials.
ABF resolves key limitations of existing systems, most notably the lay-
eredgrowth habit ofthebenchmark crystal KBBF, while delivering excep-
tional performance across metrics critical for VUV lasing through SHG.
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Fig. 4 |High-efficiency frequency-doubling output of ABF. a, Schematic of
theset-up for177.3-nm high-energy VUV nanosecond laser generationin ABF.
Thesystemincludes a354.7-nmthird-harmonic fundamental laser (10 Hz, 5 ns),
aconvex-concave telescope system (beam optimization to about 4 mm x 6 mm
(minor x major)), an ABF crystal (mounted inan argon-filled glovebox, dashed
lines, for orientation adjustment) and a Brewster’s angle-cut CaF, prism
(splitting 354.7-nmincidentand 177.3-nm generated VUV beams). Arrowed
solid linesindicate the optical path. See Methods for detailed experimental
procedures. b, Device fabricated with phase-matching angle for SHG at

354.7 > 177.3 nm. Scale bar, 5mm. ¢, Output energy and conversion efficiency
for SHG at354.7 > 177.3 nm. Data points are means of repeated measurements;
error barsindicate 95% Cls based on 100 measurements for output energy and
10 measurements for input energy.



Fig.5| Theoretical analysis. a, Symmetry of the sublattice in ABF,in which the
sublattice of NH," (top) belongs to the centrosymmetric Pnmaspace group and
the sublattice of B-O/F (bottom) belongs to the non-centrosymmetric Pna2,
spacegroup.b, Topological view of the two-dimensional anionic layers of ABF
(thickness: 0.75 A). ¢, Arrangement of polymerized anionic groupsin the layered
structure of ABF. Thebluelines represent the high-orientation arrangement of
microscopic groups.

A comparative summary of ABF and KBBF (Extended Data Table 2)
directly highlights the advantages of ABF in both core performance and
practicality. Notably, ABF can generate high-power VUV light through
SHG without relying on a prism-coupling technique. It exhibits excel-
lent comprehensive performance, including ashort UV cut-offedge, a
broad phase-matchingrange, alargely effective SHG coefficientand an
extremely high LIDT supporting high-power operation. For practical
SHG devices, ABF achieves two pivotal milestones: the shortest VUV
wavelength (158.9 nm) ever generated through birefringent phase-
matching SHG in bulk crystal and a maximum pulse energy of 4.8 mJ
at177.3 nm, accompanied by a high SHG conversion efficiency of 5.9%.
Theintroduction of fluorine to form asymmetric [BO;F] withinequiva-
lent covalent interactions drives the motif ordering and realizes fully
upgraded NLO performances. The full breakthrough of ABF paves the
way for compact, efficient all-solid-state VUV lasers, which will accel-
erate widespread applications of VUV light in contemporary science
(for example, high-resolution superconducting spectroscopy) and
industry (for example, 193-nm semiconductor lithography), marking
atransformative step in VUV photonics.
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Methods

Synthesis and crystal growth

Polycrystalline samples of ABF were prepared by a conventional high-
temperature solid-state reactionmethodinaclosed system. Astoichio-
metric mixture of NH,F and B,0, was sealed in an autoclave equipped
withaplatinumliner. The autoclave was heated to 360 °Cin 24 h, held
at this temperature for two days and then cooled to room tempera-
turein 24 h.Single crystals of ABF were grown by an optimized vapour
deposition method. Polycrystalline samples of ABF were sealed in an
autoclave equipped with a platinum liner. The autoclave was putina
vertical-tube furnace equipped with heating element of resistance
wire. By meticulously designing the temperature gradient, nucleation
isfacilitated, thereby promoting the growth of a singular, large crystal.

X-ray rocking curve

X-ray rocking curves were acquired on a Bruker D8 Advance X-ray
diffractometer (Cu Ko, radiation, A =1.5406 A). Measurements were
conducted in w-scan mode under a generator voltage of 40 kVand a
generator currentof 40 mA and the diffractometer featured an angular
precision of 0.0001°. The (100) crystal plane of ABF was used and the
result shows a FWHM of 36.0 + 0.7 arcsec (95% Cl: 35.6-36.6 arcsec).

Transmittance spectra

Transmittance spectrawere measured on (100) plates without coatings.
Datain the wavelength range from200to 1,600 nm were detected on
a2.3-mm-thick plate by SolidSpec-3700DUV spectrophotometer in
anitrogen gas atmosphere. Data in the wavelength range from 155 to
200 nmwere detected on a 0.05-mm-thick plate by Metrolux ML6500
VUV spectrophotometer under vacuum conditions.

LIDT

The LIDT measurements were conducted in accordance with the
ISO 21254-2:2011 standard using the one-on-one test methodology*.
The laser source used was a pulsed Q-switched Nd:YAG laser, which
emits a Gaussian-shaped pulse with a duration of 8 ns (FWHM at
1,064 nm), operating atarepetitionrate of 1 Hzto avoid thermal accu-
mulation. Laser pulses were focused onto the sample surface by means
of aplano-convex lens (focal length: 150 mm) to form a circular spot
with a diameter of 0.64 mm (measured using the knife-edge method);
laser pulse energy was adjustable inthe range 20-120 mJ and real-time-
calibrated using alaser energy meter. The measurement was carried
outona (100)-oriented ABF plate and the phase-matching LBO crystal
for UVSHG (700 - 350 nm) was measured as areference. The damage
probability was plotted as a function of the fluence and the data were
linearly extrapolated to determine the fluence at which the damage
probability is zero, yielding the LIDT value. Specifically, the LIDT of
ABFwas determined tobe 1.6 + 0.2 GW cm2(95% Cl:1.2-2.0 GW cm ™),
whereas the LIDT of the reference LBO crystal was 1.2 + 0.2 GW cm 2
(95% CI: 0.8-1.6 GW cm™).

Thermal expansion coefficients

Thermal expansion coefficients for the X, Y and Z axes of ABF were
measured by aNETZSCH DIL 402 PC dilatometer. The measurements
were conducted under anair atmosphere over atemperature range of
70-260 °C and a heating rate of 5 °C min™. Before the measurements,
the instrument was calibrated using standard sapphire samples. The
ABF sample used was a rectangular prism, with faces perpendicular
to the principal crystal axes and edge lengths of 4.42 mm, 4.62 mm
and 3.47 mm, respectively. Figure 1f shows that the thermal expansion
ratio of ABF is almost linear over the entirely measured temperature
range from 70 to 260 °C and it exhibits positive expansion along the
Xand Yaxes and negative expansion along the Zaxis. The mean linear
thermal expansion coefficients in the measured temperature range
were calculated according to the thermal expansion ratio curves:

ay=a,=7.98 x105K™ (standard error (SE) =7.29 x 108K, 95% CI:
[7.97x107%,7.99 x 101 K™"), ay=a,=1.21x10° K (SE=1.40 x 108K,
95% CI: [1.21x107%,1.21 x 101 K™") and a,=a,=-0.42 x 10K
(SE=6.52x108K™,95% CI: [-0.43 x 1075, -0.41 x 10°] K™).

Mechanical hardness

The Vickers hardness measurements were performed usinga DHV-1000
microhardness meter under the conditions of HV0.3 (0.3 kgftestload)
and 10 s dwell time. Five non-overlapping measurement points were
selected, yieldingindividual hardness values 0f201,203,198,200 and
203 HV. The result was calculated as 201+ 1 HV (95% CI: 198-204 HV).
Mohs hardness (HM) was calculated from Vickers hardness (HV) using
the following equation: HM = 0.675(HV)*>.

Refractiveindices

Refractive indices were measured using the standard method of mini-
mum deviation* on a SpectroMaster UV-Vis-IR spectrophotometer
(Trioptics). Two prisms of ABF with apex angles of about 20° and dif-
ferent cutting orientations were used. The measurements were per-
formed on 12 different monochromatic sources across a broad
wavelength range from 253t01,013 nm. n,, n,and n,represent the refrac-
tiveindex alongthe a-axis, c-axis and b-axis, respectively. The accuracy
ofthe measurements is estimated tobe 1 x 107°. Subsequently, the refrac-
tive indices were fitted by Sellmeier equations n? = A + /IZB;—C - DxA%in
which Ais the wavelength (the unit of 1 is um) and A-D‘are the param-
eters*:. Also, the Sellmeier equations were further optimized on the
basis of the phase-matching angles obtained during the runnable SHG
output experimentsintherange 158.9-235 nm. This optimization pro-
vides arelatively accurate refractive index dispersion equation for ABF
overawiderange extending from the VUV to the near-infrared spectral
region.

Second-order nonlinear coefficient
The second-order nonlinear coefficient d;, of ABF was determined by
means of two distinct methods. For the Maker fringe technique**, the
fundamental optical source used is a Q-switched Nd:YAG laser oper-
ating at a wavelength of 1,064 nm, with a repetition rate of 100 Hz, a
pulse width of 10 ns, a maximum energy of 40 mJ and a TEM,, trans-
verse mode. The second-harmonic signal, varying with crystal rota-
tion angle, was detected by a photomultiplier tube, averaged using a
fast-gated integrator and boxcar averager (Stanford Research Systems)
and recorded by a computer. The system schematic and calculations
werereported elsewhere*. An ABF crystal (6=90°, ¢ = 0°) was used for
measurements, withaKDP crystal (8=90°, ¢ =45°) asareference. The
KDP crystal was rotated on the X-Yplane with Zas the axis, whereas the
ABF crystal was rotated on the X-Z plane with Y as the axis. The simu-
lated envelopes (dashed red line in Fig. 2d,e) indicate that d;, of ABF
is 2.8 times larger than that of KDP (d,, = 0.39 pm V), corresponding
to1.09pmV™

Phase-matching measurements were conducted using a high-power
pulsedlaser operatingat1,064 nm, featuring a pulse duration of approx-
imately 5 ns, arepetition rate of 40 kHz and amaximum power output
of 40 W. The laser beam was focused to a diameter of about 400 pm
at the waist using a lens with a focal length of 750 mm. A LBO crystal
(0=90°, p =11.3°) withanti-reflective coating at 1,064 nmand 532 nm
and an ABF crystal (8 =90°, ¢ = 0°) with no coating were used to meas-
ure the output power of SHG from 1,064 to 532 nm at phase-matching
orientations. These crystals were successively positioned at the waist of
the1,064-nmlaser beam. Ata pump power of 20 W, the output powers
of ABF and the referenced LBO crystals were 127 and 120 mW, respec-
tively, which reveals a value of 0.93 pm V' for d5, of ABF.

Tunable and high-efficiency frequency-doubling output of ABF
Tunable nanosecond harmonic light generation. The experimental
set-up for generating tunable 158.9-230.5-nm light is shown in



Fig. 3, which comprises a 532-nm green laser pump with a pulse
duration of 5 ns and a repetition rate of 10 Hz, capable of delivering
amaximum pulse energy of 100 mJ. The optical parametric oscilla-
tor (OPO) signalis tunable from 620 to 940 nm by means of KTP crys-
tals. The frequency-doubling of the KTP-OPO signal by a BBO crystal
serves as the fundamental laser for subsequent SHG of the ABF crystal.
Owing to the excessively broad bandwidth of the KTP-OPO signal,
the energy output of the tunable UV laser is less than 2.0 mJ. The UV
beam is collimated by lens 2, focused by lens 3 onto the ABF crystal
positioned at the focal point and spatially optimized to a diameter of
about 1 mm using a convex-concave telescope system. By adjusting
the ABF orientation and the wavelengths of the KTP-OPO signals and
BBO-SHG to satisfy phase-matching conditions, the ABF-SHG output
was detected with a CCD array spectrometer. A CaF, prism, angled
at Brewster’s angle, splits the fundamental UV beam and the VUV
signal. All operations for generating the VUV signal were conducted
in an argon-filled glovebox environment to minimize atmospheric
absorption.

Generation of high-energy 177.3-nm nanosecond laser in ABF. The
experimental configurationis depicted in Fig. 4. The fundamental laser
is a third-harmonic laser emitting at 354.7 nm with a pulse duration
of 5ns and arepetition rate of 10 Hz. Beam optimization is achieved
through a telescope system comprising a convex and concave lens,
minimizing the beam size before its incidence onto the ABF crystal.
The laser beam is approximately 4 mm x 6 mm (minor x major). In an
argon-filled glovebox, VUV laser generation is facilitated by adjust-
ing the orientation of the ABF crystal. A CaF, prism, cut at Brewster’s
angle and positioned behind the ABF crystal, splits the incident laser
at354.7 nmand the generated laser at177.3 nm.

First-principles calculations
The B3LYP (Becke, three-parameter, Lee-Yang-Parr) exchange-
correlation functional with the Lee-Yang-Parr correlation functional
atthe 6-31G basis set in Gaussian 16 software*® was used to calculate the
properties of the [BO,F] unitin ABF and the [BO,] unitin LBO. The elec-
tronic wavefunction analysis is based on Multiwfn software®. In this
paper, we performed first-principles calculations with the Vienna Ab
initio Simulation Package (VASP)***', The exchange correlation poten-
tialand ion-electroninteraction were treated in the Perdew-Burke-
Ernzerhof functional together with the projector-augmented-wave
method®***, The outermost electrons of H-1s, B-2s2p, N-2s2p, 0-2s2p
and F-2s2p are considered as valence electrons. Structural relaxations
used a quasi-Newton (BFGS) scheme until the residual forces on all
atoms were less than 0.02 eV A and, during geometry optimization,
we used a plane-wave cut-off of 400 eV and Monkhorst-Pack meshes
corresponding to a k-point spacing of 0.03 A™. Static self-consistent
calculations were then carried out with a 600-eV cut-off, an electronic
convergence threshold of 1 x 107 eV and dense Monkhorst-Pack
k-point mesh spanning less than 0.03 A™'. The Wannier functionals
were constructed through a post-processing procedure using the
output of VASP calculation and the corresponding orbitals type by
the projection of all valence states in the unit cell were generated
using Wannier90 (ref. 54). The optical properties of all compounds
and the SHG contribution of each Wannier orbital were calculated.
Here the plane-wave cut-off energy of 800 eV, threshold of 107° eV
and the dense Monkhorst-Pack k-point grid is twice the static self-
consistent-field calculation.

The length gauge formalism method was developed by Aversa and
Sipe®toavoid unphysical divergences. At a zero frequency, the formula
of second-order NLO coefficients can be derived as

X2 = X3 (VE) + X2 (VH) + X2 (TB)

inwhich
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Herei,jand k are Cartesian components, v and v’ denote valence
bands, cand ¢’ denote conduction bands and P (ijk) denotes full per-
mutation and explicitly shows the Kleinman symmetry. Also, the con-
tribution of virtual-electron (VE) and virtual-hole (VH) processes are
dominant, whereas the two-band (TB) transition process was strictly
proved to be zero®*. Using unitary transformation, a set of Wannier
functions w,x(r) = w,,(r— R) labelled by Bravais lattice vector R can
be constructed by using Bloch eigenstates ¢, of band n (ref. 57) as

__V -ikR 3
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Within the chosen Wannier subspace, in terms of the projection
coefficients Cj, the Bloch state admits the expansion

k) =Y Crlut)
a

Here|CZ|? represents the weight of |w,) in the nth valence-band-
decomposed SHG )(l.;,f)nk. Accordingly, the contribution of the total SHG
@ canbe written**:
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with aninterlayer distance of 6.25 A. K* cations are located between the
layers forming the final framework withionic K-F bonds (not shown for clarity).
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highlighted by dashed lines.
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Extended DataFig. 6 | Observation of frequency-doubling light from255.1
t0340.2nmusing the ABF device with (6, @) =(90°,0°). a, Normalized SHG
intensity for clarity. b-e, Raw data of frequency-doubling light. Both fundamental
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andSHG light are highlighted by dashed linesin the figures. The fundamental
wavelengths (510.2 nm, 531.8 nm, 599.2 nmand 680.4 nm) corresponding to
the SHG signals are generated by a355-nm-pumped BBO-OPO.
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Extended DataFig.7|Electron local function (ELF, left) and Laplacian charge density (V?p, right) of the [BO,] unitin LBO (top) and the [BO;F] unitin ABF
(bottom). Finduces explicit symmetry lowering in [BO;F] relative to [BO,], with differing Laplacian charge density as shown by the dashed red box.
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Extended DataFig. 8| Anionic framework structures withBasthe nodein
NH,B;0;. Thestructure dataare derived from the Inorganic Crystal Structure
Database (ICSD, 2025-1, version 5.4.0).



Extended Data Table 1| Calculated effective SHG coefficients
tensor (pmV™") and contribution of orbitals in the SHG
coefficient d,, of ABF

Interaction orbitals Contribution
NH,-related orbitals (including NH,O hydrogen -0.229pm V!
bond interaction orbital) (23 %)
. . —0.773 pm V-!
Boron and oxygen/fluorine related orbitals (77 %)
Sum —1.002 pm V-!

Percentages in parentheses represent the proportion of each orbital set’s contribution to the
total contribution of the SHG coefficient d;, of ABF.
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Extended Data Table 2 | Comparison of key characteristics between KBBF and ABF

Characteristic

KBe,BO,F, (KBBF)

NH,B,OF (ABF)

Single crystal growth characteristic

Layered growth habit,
difficult to grow thick
single crystal along
the z-axis

Able to grow
centimeter-scale
single crystals

Device type

Prism-coupled device

Angle phase-
matching device

Toxic BeO in growth raw material

Contains toxic BeO

Does not contain

nm (%)

toxic BeO
Cutoff edge (nm) 14718 155.0
Birefringence@ 1064 nm 0.077'% 0.117
Shortest experimentally achieved
phase-matching SHG output 165" 158.9
wavelength (nm)
Effective second-order NLO
coefficient@386 nm 28 06
Effective second-order NLO
coefficient@355 nm 0.20 048
Maximum SHG output 13
energy@177.3nm (ns, 10 Hz) (mJ) 8815 8
SHG conversion efficiency@355 1,763 59

KBBF data: cut-off edge/birefringence', shortest SHG wavelength', maximum SHG energy/conversion efficiency®. Unlabelled data are from this work.
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