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Giant and light modifiable third-order optical
nonlinearity in a free-standing h-BN film

Jun Ren'?, Han Lin'*#¢, Xiaorui Zheng?!, Weiwei Lei3, Dan Liu?,
Tianling Ren?, Pu Wang* and Baohua Jia®!>6*

Recently, hexagonal boron nitride (h-BN) has become a promising nanophotonic platform for on-chip information devices
due to the practicability in generating optically stable, ultra-bright quantum emitters. For an integrated information-pro-
cessing chip, high optical nonlinearity is indispensable for various fundamental functionalities, such as all-optical modula-
tion, high order harmonic generation, optical switching and so on. Here we study the third-order optical nonlinearity of
free-standing h-BN thin films, which is an ideal platform for on-chip integration and device formation without the need of
transfer. The films were synthesized by a solution-based method with abundant functional groups enabling high third-or-
der optical nonlinearity. Unlike the highly inert pristine h-BN films synthesized by conventional methods, the free-stand-
ing h-BN films could be locally oxidized upon tailored femtosecond laser irradiation, which further enhances the third-or-
der nonlinearity, especially the nonlinear refraction index, by more than 20 times. The combination of the free-standing h-
BN films with laser activation and patterning capability establishes a new promising platform for high performance on-
chip photonic devices with modifiable optical performance.
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Introduction of its wide bandgap in the UV region, h-BN has broad

Since the discovery of graphene, more and more two-di- potential applications in deep UV light emitters and

mensional (2D) materials have realized diverse applica- lasers'*""%, transparent membranes, making it advanced

tions in electrical and optical devices'*. Hexagonal among 2D materials. In particular, h-BN with hyperbol-

boron nitride (h-BN) nanosheets, due to their excellent ic phonon-polaritons, enabling infrared photonics and

mechanical strength, good thermal conductivity, and optically stable, ultra-bright quantum emitters have been

high thermal stability, have attracted significant atten-
tions for solid-state thermal neutron detectors, protect-

ive coatings and dielectric layers. Furthermore, because

demonstrated recently'®?’, which makes h-BN a prom-
ising and versatile nanophotonic platform for all-optical

integrated information-processing and communication
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chip.

Different methods have been carried out for the
exfoliation and synthesis of h-BN, such as chemical va-
por deposition (CVD), metal-organic vapor phase epi-
taxy (MOVPE), pulsed laser deposition (PLD), mechan-
ical exfoliation or liquid exfoliation method?!. In these
systems, h-BN films were measured on different sub-
strates, which render the films not readily integratable
with any functional devices without sophisticated trans-
ferring process. On the other hand, exciting quantum
emitting and nanophotonic devices have been demon-
strated on free-standing platforms'** due to the better
light confinement in such a comparatively lower refract-
ive index (~1.7) material and the unique high mechanic-
al strength of the h-BN thin film'. Thus, free-standing h-
BN films are highly preferred in functional device
integration.

Optical nonlinearity of h-BN materials has been re-
ported by researchers. Li et al. established a second har-
monic generation (SHG) system as a precise optical
probe to measure the SHG intensity in few-layer h-BN*.,
The effective volume second-order nonlinear susceptibil-
ity of h-BN was as high as d,_.pn=9.1x10"2 C/V?, which
was comparable to that of transparent nonlinear crystals
such as LiINbO3 and B-BaB,0O4. Kim et al. further repor-
ted thick h-BN flakes with 100 layers showing strong
SHG similar to few-layer h-BN, confirming that thick h-
BN flakes can serve as a nonlinear optical platform with
its advantage of easy exfoliation®’. Popkova et al. first re-
ported third-order nonlinearity of h-BN flakes with
thicknesses ranging from 5 to 170 nm, determining that
the h-BN third-order susceptibility y®=8.4x10"2! m?/V?,
which is comparable to the cubic susceptibility of SizN4*.
For all-optical communication systems, high optical
nonlinearity is essential. Studies have shown h-BN
aqueous solution and few-layer nanosheets both possess
giant third-order nonlinearity under different laser irra-
diation with different pulse widths of nanosecond, pico-
second and femtosecond.

In this paper, using a unique solution-based large-
scale synthesize method, we developed free-standing h-
BN films with high mechanical strength®. The third-or-
der optical nonlinearity of such free-standing h-BN thin
films was revealed and their complex nonlinear suscept-
ibility 4 was characterized by using the Z-scan tech-
nique. We report, for the first time, laser modified optic-
al nonlinearity in a free-standing h-BN film, which signi-
ficantly enhances the nonlinear refraction index n, by

more than 20 times. Through analyzing the material re-
sponses by infrared and Raman spectroscopy, the modi-
fication mechanism was revealed. Efficient frequency
conversion has been demonstrated with a four-wave
mixing (FWM) system, showing the giant third-order
nonlinear susceptibility of h-BN towards state-of-the-art
functional nonlinear h-BN devices. Flexible micro-pat-
terns were, for the first time, introduced by femtosecond
direct laser writing, adding tremendous devising func-
tionalities to the system. Our results demonstrate the
free-standing h-BN film can be a promising and highly
versatile platform for on-chip nonlinear photonic
devices, and the laser modification and patterning allow
further modification of the functions of the devices,
which will find broad photonics applications***’.

Preparation of h-BN films and flexible laser
patterning

The free-standing h-BN thin films were synthesized by a
solution-based method*. Commercially available h-BN
powder was applied for the following one-step ball
milling exfoliation method. After ball milling, vacuum-
assisted filtration process was used to obtain the h-BN
thin film. After filtrated, the h-BN film can be easily
peeled off unbrokenly into a freestanding state, indicat-
ing its good mechanical strength and making it flexible
for further application, as shown in Fig. 1(a). The thick-
ness, which is a key parameter of photonic devices ap-
plications, can be accurately controlled by the amount of
solution used in the filtration process. In this paper, a 3
pum-thick h-BN thin film has been used for the optical
electron  microscopy
(TEM) image of the h-BN nanosheets is shown in Fig.
1(b), suggesting that the h-BN nanosheets are flat and
thin. The high-resolution TEM (HRTEM) image has
clearly shown five stacked h-BN layers in the sample, as

measurements. Transmission

seen in Fig. 1(c).

To introduce strong laser-h-BN film interaction,
femtosecond laser pulses (20x10° pJ/cm?) at A=800 nm
with a low repetition rate (1 kHz) were focused using an
objective lens with NA=0.82*. Due to the massive local-
ized energy in the focal region, the h-BN material was
significantly modified. As a result, flexibly designed mi-
cropatterns can be readily introduced into the film
through direct laser writing. A vivid Australian map with
a size of 50 um x 50 um can be fabricated on the h-BN
thin film (Fig. 1(d)). This is the first demonstration of
laser fabrication of arbitrary micropatterns in an h-BN
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Fig. 1| (a) Photo of the freestanding vacuum-assisted filtrated h-BN film. (b) TEM image of the prepared h-BN nanosheets by drop coating the
ball-milled h-BN solution on a carbon-coated copper grid. (¢) HRTEM image of the h-BN nanosheets with five layers. (d) Laser patterned micro-

pattern of an Australian map on a free-standing h-BN film.

film, showing its great potential for direct device forma-
tion for optoelectronic and photonic applications.

Mechanism of laser patterning

The laser patterning capability of hBN provides enorm-
ous flexibility for it to directly serve as functional opto-
electronic devices by functional nanostructure fabrica-
tion. To reveal the fundamental process of laser interac-
tion with h-BN and achieve a better control of the mater-
ial and structural properties, Fourier transform infrared
(FTIR) spectroscopy is applied to measure the character-
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istic peaks of different functional groups. The FTIR spec-
tra show the evolution of the chemical bonds before and
after the laser irradiation (fluence = 20x10° pJ/cm?) in
Fig. 2(a), which indicate that laser irradiation leads to ef-
fective oxidation in the h-BN film. For pristine h-BN
film, a peak at 1362 cm stands for in-plane B-N stretch-
ing vibration mode and another peak at 818 cm™! stands
for B-N-B bending vibration mode. An additional peak
at 3303 cm™! is attributed to the N-H and O-H bonds at
the edge planes of h-BN or the surface moisture. Once ir-
radiated by the femtosecond laser, another peak
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Fig. 2 | (a) FTIR spectra of the pristine h-BN film (blue line) and laser irradiated h-BN film (red line). (b) Raman spectra with laser excitation at the
wavelength of 532 nm of the pristine h-BN film (blue line) and laser irradiated h-BN film (red line). (c) Atomic structure of pristine h-BN film and

localized oxidation area after laser irradiation (red dash area).
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appeared at 1260 cm™' due to the formation of O-B-O
bonds*®. Meanwhile, the peak around 3303 cm™ is
strongly increased and broadened as a result of the
overlap of O-H bonds and N-H bonds that are enhanced
during the oxidation process. Such h-BN oxidation beha-
vior in ambient environments upon high thermal treat-
ment is similar to the previous observations.

The oxygen-containing groups, formed due to the
laser irradiation, can also be confirmed from the Raman
spectra shown in Fig. 2(b). Before laser irradiation, the h-
BN film contains the counter-phase B-N vibrational
mode Ejg, locating at 1366 cm™. After laser treatment,
the B-N vibrational peak is shifted to a lower wavenum-
ber of 1356 cm™! and a second signal appears at 810 cm™,
which is assigned to be the B-O bond. After laser irradi-
ation, the intensity decreased due to two reasons: 1) the
thickness of the film decreased by 10% due to the abla-
tion of h-BN film by the laser beam, 2) the surface
roughness became higher, which increased scattering of
the signal. As a result, the noise level is relatively higher
after laser radiation. It has been reported when exposed
to high temperature (800-900 °C), h-BN would be oxid-
ized to boron oxide, as the following Egs. (1) and (2)*":

4BN (s) + 30, — 2B,0; (I) + 2N, (g) , (1)

2BN (s) +3H,0 (g) — B,O; (I)+3H, (g) + N2 (g) - (2)
As illustrated in Fig. 2(c), as a member of the 2D ma-

terial family, B and N atoms arranging in a sp?>-bonded
hexagonal lattice structure in-plane consist of h-BN
nanosheets, and layered sheets are stacked by van der
Waals interactions. Upon tightly focused laser beam irra-
diation, local temperature is dramatically increased heat-
ing up the lattice. As a result, oxidation process occurs
removing the nitrogen atoms and replace with oxygen-

containing functional groups attached to the basal flakes

https://doi.org/10.29026/0es.2022.210013

and form new chemical groups of B-O bonds. Once ox-
idized, the sp*-bonds are significantly enhanced as the
increase of the oxygen containing groups. It is expected
that the hybridization of the sp? and sp* atomic clusters
will increase the density of electron-hole puddles, ren-
dering different carrier transfers therefore significantly

altering the nonlinear response of the h-BN film.

Linear optical properties of laser modified
free-standing h-BN films

Like the case in laser-induced reaction in graphene ox-
ide, black phosphorus and other kinds of 2D
materials®**, such a significant molecular change could
cause substantial physical property variation of the h-BN
film, including the bandgap, linear and nonlinear optical
properties, which can enable additional modification. To
this end, the linear optical absorbance and optical con-
stants (refractive index ng and extinction coefficient x)
are firstly characterized for both the pristine and the ox-
idized area of the h-BN film, as shown in Fig. 3(a—c).

The optical absorbance of the freestanding film was
measured by ultraviolet-visible (UV-VIS) spectrometer
and is shown in Fig. 3(a). For the pristine free-standing
h-BN film, the measured absorbance peak presents at a
far UV wavelength of 209 nm, showing a large bandgap
of 3.8 eV by fitting the Tauc’s equation near its cut-off
wavelength’s. Meanwhile, its optical transmittance re-
tains high from 500 nm to infrared wavelength, render-
ing it an excellent broadband low loss optical material for
highly efficient UV shielding/protection and nonlinear
applications®. After laser irradiation, the absorbance is
increased to 0.1, and the absorbance peak is shifted to
300 nm. Meanwhile, the bandgap is changed to 3.1 eV,
indicating the different carrier transition mechanism®.
Remarkably, the bandgap could be flexibly changed in

H 80 F—— Pristine h-BN film n 211 1.0 |\ — Pristine h-BN film
70 = Laser patterned h-BN film 20 . — Laser patterned h-BN film
< L 0.8+
S 1.9}
- 50}
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Fig. 3 | (a) UV-VIS absorption characterization in the pristine h-BN film (blue line) and the laser patterned area (red line). (b) The refractive index

(no) of the pristine h-BN film (blue line) and laser patterned area (red line). (¢) The extinction coefficient (k) of the pristine h-BN film (blue line) and

laser patterned area (red line).
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the straightforward procedure enabled by laser irradi-
ation, which would open up new applications in many
areas such as gas sensors and novel electronic devices**#!.

Spectroscopic ellipsometer (SE) was used to quantify
ng and « for the film from UV to near-infrared range
both before and after the laser oxidation, as shown in Fig.
3(b) and 3(c). The refractive index of pristine film is 2.0
at the visible wavelength range, which is the typical value
of h-BN materials. After laser oxidation, it decreases ob-
viously, and the refractive index difference is as large as
0.3 in 800 nm. Meanwhile, k for the pristine h-BN film
above 800 nm is negligible, which means that there is al-
most no material absorption in the near-infrared
wavelength range. After oxidation, k increases to 0.2 in
the visible range, showing a similar trend compared to
the UV-Vis measurements. Such substantial variations in
ng and x offer the essential modulation mechanism for
highly efficient phase and amplitude modification for
designing ultrathin h-BN optical elements.

Optical properties strongly depend on the material
composition. As described in Egs. (1) and (2), upon laser
radiation, the BN material is converted to B,Os. The re-
fractive index of pristine B,O3 is 1.458%?, which is much

lower than pristine h-BN (~2.0). Since the laser did not
fully convert h-BN to B,0s3, the resulted refractive index
after laser irradiated was between the value of h-BN and
B,03, as shown in Fig. 3(b). In addition, the surface
roughness was increased upon laser oxidation as shown
in Fig. 1(d), which promoted the absorption in Fig. 3(a).
As a result, the absorption increased after laser
patterning.

Nonlinear optical properties of laser
modified free-standing h-BN films

To explicitly measure the third-order nonlinear coeftfi-
cient of the h-BN film, a microscopic Z-scan setup simil-
ar to that used in our previous experiment®>** was em-
ployed to evaluate the real part (close aperture Z-scan)
and imaginary part (open aperture Z-scan) of y©. The
experimental results are presented in Fig. 4. When in-
creasing the fluence from 4.6x10° pJ/cm? to 15.4x10°
u/cm?, the nonlinear absorption behavior maintained
and the modulation depth increased from 2% to 16%, as
shown in Fig. 4(a), indicating the superior nonlinearities
compared with various 2D materials’***. Meanwhile, a
pronounced valley-peak pattern is observed in the close
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Fig. 4 | (a) Open aperture Z-scan results before laser oxidation. (b) Close aperture Z-scan results before laser oxidation. (c) Open aperture Z-

scan results after laser irradiated optical breakdown. (d) Close aperture Z-scan result after laser oxidation.
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aperture Z-scan results, indicating a positive nonlinear
refractive index n, (self-focusing) for the pristine free-
standing h-BN film, as shown in Fig. 4(b).

When increasing the laser fluence to 18.9x10° pJ/cm?,
it is hard to maintain the reversible nonlinear behaviors
(result not shown) of the film, indicating a material
modification induced by laser radiation started to occur.
When further increasing the laser fluence higher than
24x10° pJ/cm?, the ultrahigh pulse energy led to optical
breakdown of the h-BN film. From the above-men-
tioned different processes, we further characterized the
optical nonlinearity in the irreversible domain by ex-
ploiting the Z-scan laser as a localized laser irradiation
source with a fluence of 20x10° uJ/cm?. The open and
close aperture Z-scan measurement results are shown in
Fig. 4(c) and 4(d). Surprisingly, the nonlinear responses
of the laser-oxidized area have been significantly en-
hanced and most interestingly, the sign of the nonlinear
refractive index has been completely reversed. From the
open-aperture measurement, both the nonlinear absorp-
tion for pristine h-BN and laser oxidized h-BN show a
similar optical limiting strength. However, for the close-
aperture measurement, the results were totally reversed,
which was flipped from valley-peak to peak-valley con-
figuration, indicating the nonlinear refractive index from
self-focusing to self-defocusing. Most importantly, the
calculated nonlinear refraction has been enhanced or-
ders of magnitude after laser oxidation.

Unlike the intrinsic h-BN, which has sp? hybridized n
conjugated B and N atoms, the oxidized h-BN has both
sp? and sp® atomic domains by means of attached func-
tional groups on the basal plane or at the edge. Thus, the
chemical, electrical and linear optical properties have
been changed drastically. Previous studies on
graphene/graphene oxide (GO) materials™>* suggest
that the optical nonlinearity is a strong dependent on the
presence of functional groups, no matter covalently or
non-covalently bonded. The energy bandgap of sp? mat-
rix is low and is saturated due to bleaching of the val-
ance band, while energy bandgap of sp® matrix is high
and electrons in the valance band pumped to conduc-
tion band by two-photon absorption (TPA) and become
free carriers. Meanwhile, the electron in the ground state
is pumped to the excited state by excited state absorp-
tion (ESA). The nonlinear optical enhancement in the
oxidized h-BN can be attributed to a combination of
TPA, ESA, charge transfer and the enhanced thermal
lensing effect after laser oxidation.

https://doi.org/10.29026/0es.2022.210013

To further elucidate the differences between the non-
linear responses for the pristine free-standing h-BN film
and the laser modified film, the open and close aperture
Z-scan curves are fitted, as presented in Fig. 4(a-d) (sol-
id line), and f (nonlinear absorption coefficient) and n,
are quantified as the following equation:

B is quantified with the fitting formula%:

= a0l
T= Zmzo (m + 1)1.5 ( € N) ’
#(z0) = s ®

And n; is quantified with the fitting formula?”:

. . . . . 2 71
4-k-Lg-y-Ip x ﬁ+9 . £+1 7
Z z; Z

n, = cnyy/40m . (4)

T=1+

In which Leg=(1-e*F)/a is the effective length, L is the
sample length, Ij is the power fluence at the focal point, «
is the linear absorption coefficient, ¢ is the velocity of
light in vacuum and ny is the linear refractive index. y is
the third-order nonlinear refractive index in MSK unit
system (meter, kilogram, and second), n; is the third-or-
der nonlinear refractive index in esu system.

From Fig. 5(a) and 5(b), as the increase of incident
laser fluence, both the calculated n, and  vary for the
pristine film. When the incident fluence is low, the
bound-electronic nonlinearity, the free-carrier nonlin-
earity and excited-carrier nonlinearity are the main
factors of the third-order nonlinearity. However, with
the increase fluence of the incident light, the depletion of
electrons at the conduction band weakens the contribu-
tion from the bound-electronic nonlinearity, leading to
the saturation of optical nonlinearity at higher laser flu-
ence, thus making the nonlinear refractive index an in-
tensity dependent parameter.

The “bound-electronic” effect is governed by
n(I) =ny(I) +An(I) =ny (I) + ny.I , (5)
where I is the input intensity, ng is the linear refraction
index and nyp.. is the nonlinear refraction response due

to the bound-electronic nonlinearity.*

The “free-carrier nonlinearity” follows
An (t) = nyge (t) + 0,N (t) , (6)
where gy, is the free carrier nonlinear coefficient and N(t)
is the temporal free carrier density. And ¢ is the time.

The “excited-carrier nonlinearities ” (mainly two-

photon absorption (2PA)) follows
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Fig. 5 | (a) The measured nonlinear absorption coefficient 8 and (b) nonlinear refractive index nz of the pristine h-BN film. (¢) The measured non-

linear absorption coefficient 8 and (d) nonlinear refractive index ny of the laser oxidized h-BN film.

e2)? 1 1 \ AN
Mee = =5 | — + — (7)

C8mcegmy \mr  omi ) I,
where ¢ is the vacuum permittivity, AN is the carrier
density, Iy is the peak intensity, m, and m}; are the ef-
fective masses of the electron and hole respectively®.

It is worth mentioning that the thickness of the film
only decreases slightly from 3 pum to 2.7 pm after the
laser oxidation (around 10%). Therefore, the overall
device design can be maintained. The calculated results
of 8 and n, together with the third-order susceptibility
x©® are presented in Table 1, where the absolute value of
the third-order nonlinear optical susceptibility was cal-
culated as:

X = [Re(x?) )" + (m(x@) ¥]* . (®)
The real and imaginary parts of *® in the internation-
al system (SI) units are the following equations:

4
Re |x¥| = (3) naeocn, 9)

Im [y | = (ngeoch/3m)B (10)

where nyg, &, c and A stand for the linear refraction index
of the material, the electric permittivity of free space, the
speed of light in vacuum and the light wavelength.

The h-BN film shows strong third-order nonlinear re-
fraction with a largest 1,~0.0143 cm?/GW, as summar-
ized in Table 1 below, which is ten orders of magnitude
higher than the h-BN material made by liquid exfoli-
ation (n,~1.2x10* cm?/GW), and 60 times smaller than
that of CVD made h-BN but at the benefit of transfer
free. The ultrahigh nonlinearity provides a promising
thin-film platform for practical nonlinear applications.

After laser irradiation (Fig. 5(c) and 5(d)), 8 is found
to increase slightly than that of the pristine state.

Table 1 | The compared results of different kinds of h-BN with their nonlinear absorption coefficient 8, nonlinear refractive index ny, the

imaginary part Imyx® and the real part Rex® and the effective third-order susceptibility |x*| of complex third-order susceptibility x*.

Material B (cm/GW) n2 (cm?/GW) Im(x® (x10-"2 esu) Re(x® (x10-° esu) [x@)| (x10°esu) FoM Reference
Liquid exfoliated h-BN nanosheets 74.84 1.2x10-"3 NA NA NA NA ref.28
Monolayer CVD h-BN 104 10 NA NA NA NA ref.*
Chemical-weathering h-BN 0.079 NA NA NA NA NA ref.%°
Free-standing h-BN (pristine) 411 0.0086 411 16.38 16.38 26.15  Our work
Free-standing h-BN (laser oxidized) 6.71 0.1638 4.85 11.84 11.84 305.14 Our work

210013-7



Ren J et al. Opto-Electron Sci 1, 210013 (2022)

https://doi.org/10.29026/0es.2022.210013

However, n, not only flips the sign from positive to neg-
ative but also exhibits significantly enhanced values com-
pared to those of the pristine film. It is worth mention-
ing that after laser irradiation, n, is as large as 0.1638
cm?/GW, and the third-order nonlinear susceptibility of
the oxidized h-BN film has been found to be 11.84x10~°
esu, which is 20 times larger than the value obtained for a
pristine film*. Given the fact of the almost unchanged
nonlinear absorption, the nonlinear figure of merit
(FoM) is enhanced by 17 times. More interestingly, due
to the comparatively low nonlinear absorption (3 orders
of magnitude lower than the CVD h-BN film) and high
nonlinear refraction, the derived nonlinear FoM for the
free-standing h-BN film is one order of magnitude high-
er than the CVD h-BN, making it more attractive for all
optical communication applications.

To exploit the third order nonlinearity, we developed
the FWM-based wavelength conversion system to meas-
ure the frequency conversion efficiency of h-BN film®.
Two incident pump laser beams with frequency w; and
wy were focused onto the h-BN film by a microscopic ob-
jective (100x, 0.85 NA). The powers for the two incident
lasers were both at 40 mW. They were mixed together to
generate a third beam at frequency we=2w;—w,.>! When
being pumped by wavelengths 1;=865 nm (w;, gener-
ated by a Ti: Sapphire pump laser, 80 MHz repetition
rate), and 1,=1200 nm (w5, generated by an optical para-
metric oscillator by the same pump laser) at the same
time, a clear resonant spike in emission at Ae~676 nm
was observed, corresponding to the frequency w., as
shown in Fig. 6 (red line). Compared with a well-charac-
terized, quasi-2D material of gold thin film, whose effect-
ive nonlinear susceptibility y® is about 4x10-° esu, the

amplitude of the emission peak of h-BN is seven times

— h-BN film
— Gold film

Intensity (a.u.)

6é5 6%0 6%5 6é0 685
Wavelength (nm)
Fig. 6 | FWM spectra of the h-BN film excited with pump
wavelengths (865 nm, 1200 nm), compared to that of a standard
gold film.

higher than that of the gold film under the same experi-
mental conditions (shown in Fig. 6 black line). We can
retrieve the effective nonlinear susceptibility to be ap-
proximately |x®| =2.15x10-% esu, showing the exception-
ally high third-order nonlinear response in our all solid-
state h-BN film and match very well with the Z-scan
measurement. More importantly, compared with other
well-studied 2D materials and semiconductor materials,
such as graphene, MoSe;, MoS,, WSe;, WS,, GaAs, Si,
SnS;, h-BN free-standing film shows its obvious advant-
age in optical nonlinear and integrated photonics®.

Conclusions

In summary, free-standing h-BN film is an important
and versatile optical material platform for micro- and
nano- nonlinear photonics. The measured susceptibility
is as high as ~10-8 esu, which has been both character-
ized by FWM and Z-scan methods. We demonstrate a
technique to continuously control the third-order non-
linearity of the free-standing h-BN film by localized laser
oxidation, which yields an unprecedented enhancement
(more than 20 times) in the third-order nonlinearity, es-
pecially for n,. Meanwhile, the oxidation mechanism has
been revealed by FTIR spectra and Raman spectra. These
results indicate via localized laser beam can swiftly im-
prove the versatility of free-standing h-BN film. The laser
micropatterning capability and the giant and modified
nonlinearity render the free-standing h-BN film a prom-
ising platform material towards state-of-the-art nonlin-
ear functional devices for telecommunication, such as
optical switchers, wavelength converters and signal re-
generators, also pave the way for simple modification to-
wards the all solid-state applications.
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