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Defect-assisted nonlinear absorption (NLA) and optical limiting (OL) performance of hexagonal boron nitride
nanosheets (h-BNNS) in aqueous suspension and in polymethyl methacrylate matrix (PMMA) as nanocomposite
films were studied using open-aperture Z-scan method. To evaluate the transmission in open-aperture Z-scan
data, a theoretical model accounting one photon absorption (OPA), two photon absorption (TPA), free carrier
absorption (FCA) and saturation of each process was considered. Defect-assisted NLA coefficients and saturation

intensity thresholds were extracted from the fitting of the experimental results for 532 and 1064 nm pulse
wavelengths. Strong defect-assisted NLA response of h-BNNS was observed while NLA at 532 nm was consid-
erably stronger. This is attributed to the excitation of a greater number of defect states over a wider energy range.
Our findings showed that h-BNNS/PMMA nanocomposite films feature highly required properties in OL appli-
cations and can function in OL applications in a wide spectral range (~200-1064 nm).

1. Introduction

Two-dimensional (2D) hexagonal boron nitride (h-BN) is an impor-
tant member of the 2D material family since 2D h-BNNS (known as
white graphene in literature) provide good temperature stability, me-
chanical strength, thermal conductivity and large surface area [1-3].
Defect-free h-BNNS with boron and nitrogen (N) atoms strongly bonded
in a 2D honeycomb lattice is chemically and thermally stable. These
properties allow h-BNNS to be widely used as sensors, catalysts, bio-
imaging and drug delivery systems. In particular, the transparency
feature in visible and IR regions indicates the large band gap (~6 eV) of
h-BNNS. The wide band gap energy allows for a wider range of band
engineering compared to the zero-band gap graphene [4-7].

h-BN contains an abundance of structural defects that can be formed
during synthesis or following treatments [8-11]. Understanding and
controlling the effects of defects on electronic and optical properties in
h-BN is crucial for future technological developments. Generally, carrier
localization occurring on defect states could reduce the carrier mobility
and trapping/de-trapping of carriers at these states could enhance noise
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levels and limit the exploitation in devices. However, point defects in
h-BN layers can create energy levels within the bandgap and modify
local electronic structures to provide magnetic and photonic function-
alities [12,13]. Point defects are also significant for quantum technol-
ogies, where they serve as recombination centers for quantum emissions
and can be adapted to behave as ultra-bright emitters with narrow
linewidth [14]. h-BN possess various types of defects such as point de-
fects as vacancies, substitutional and interstitial, line defects as dislo-
cations and planar defects as grain boundaries [15]. All these defect
types tailor the electronic structure in addition to modifying the local
atomic structure [16].

Although studies on defect engineering of h-BN samples are in their
infancy, results have been obtained indicating that optical features of h-
BN can be manipulated by introducing or altering point defects. Optical
features can be adjusted potently by vacancy construction and external
electric fields [17-19]. Vacancy construction yields an exciton emission
by introducing localized defect states within the band gap, whereas an
external electric field lead to the manipulation of vacancies such as the
migration or diffusion of the vacancies yielding the construction of new
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emission behaviors. Hence, the effects of defects on the properties of
h-BN and engineering of these defects possess an immense amount of
importance nowadays. However, there are limited studies on NLA
properties of h-BN, to the best of our knowledge only Xie et al., Dong
et al. and Kumbhakar et al. reported the NLA of h-BN in aqueous dis-
persions and moreover, the effect of defects on NLA was not considered
[20-22]. The main aim of this work is to investigate the defect assisted
NLA properties with a model accounting OPA, TPA and FCA of h-BNNS
samples especially in solid thin film form which is sought for optical
applications. The photoluminescence (PL) results of h-BNNS reporting
emissions at way lower energies than its band gap energy due to defect
states residing deep inside band gap and the wide band gap energy of
h-BNNS due to its insulator nature reveals the possibility of a NLA
behavior and OL performance at high light intensity regions [23-25]. In
OL applications there is an urgent need for materials showing limiting
behavior in a wide wavelength range, as most OL materials function in a
limited region in the visible region or even in infrared and near infrared
region of the spectrum. A secondary focus of this study is to examine OL
performance due to the defect assisted NLA.

2. Experimental methods

Following the preparation of bulk BN (100.0 mg) dispersion in iso-
propyl alcohol (50.0 mL), the heating treatment was performed at 50 °C
for 24 h under stirring. Then, the dispersion was subjected to ultra-
sonication for 15 h. After the centrifugation at 20000 rpm for 5 min, the
precipitate was washed with acetone several times and dried at 50 °C
overnight to obtain 2D h-BNNS. To coat h-BNNS on fused silica sub-
strates, 150 g/L solution of PMMA in cyclohexanone was placed in sonic
bath for 72 h until PMMA is completely dissolved. h-BNNS was then
added to the solution and left on a magnetic stirrer for 4 h until a ho-
mogeneous dispersion was obtained. Solid thin films of the samples were
coated on quartz substrates by using spin coating method (SCS-Spin Coat
G3P). Obtained films were baked at 100 °C for 2 h to remove the residual
solvent and kept in vacuum for 24 h. Nanocomposite films were pre-
pared at two different concentrations in PMMA matrix, with 10 and 15
wt%.

Following the coating of h-BNNS/PMMA nanocomposite films, the
thickness measurements were carried out using spectroscopic ellips-
ometer (M2000V (J.A. Woollam Co.). The film thicknesses were deter-
mined as 1.5 pm at three incidence angles of 60°, 65°, 70° in the photon
energy range between 1.26 eV and 3.10 eV. UV-Vis absorption
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spectrophotometer (Shimadzu UV-1800) was used to record the ab-
sorption spectra of the films. PL measurements were recorded using a
Fluorescence Spectrometer (PerkinElmer LS55). SEM images and EDX
pattern of h-BNNS samples were obtained by ZEISS EVO 40 (500 V-30
kV) scanning electron microscope. TEM images of h-BNNS samples were
obtained by FEI Tecnai G2 (200 kV) transmission electron microscope.
Open aperture (OA) Z-scan method was performed to investigate the
NLA properties of the samples using Q-switched Nd:YAG laser (Quantel
Brillant) with 532 nm and 1064 nm wavelength, 4 ns pulse duration and
10 Hz repetition rate.

3. Results and discussions
3.1. Material characterization

Scanning electron microscope (SEM) and transmission electron mi-
croscope (TEM) images of h-BNNSs are shown in Fig. 1(a) and (b). Boron
nitride particles are stacked vertically due to the weak van der Waals
interactions between two-dimensional honeycomb structures composed
of strongly bound boron and nitrogen atoms as seen from Fig. 1(a) [26].
SEM image also revealed that boron and nitride atoms form particles
with a maximum diameter size of 200 nm (Fig. 1(a), inset image). TEM
image taken following the ultrasonication process of h-BNNS in ethanol
shows that particles are dispersed but still tend to aggregate in small
clusters (Fig. 1(b)). Careful investigation through TEM images also
revealed that particles are in diameter size between 50 nm and 200 nm.
The B and N atoms in h-BNNS can be substituted during the sample
preparation or subsequent treatment. Krivanek et al. have utilized an
atom-by-atom analysis and identified three types of atomic sub-
stitutions: C substituting for B, C substituting for N, and O substituting
for N [27]. The result of EDX analysis (Fig. 1(c)) revealed that in addi-
tion to the B and N atoms in h-BNNS, O and C impurity atoms are also
present in the h-BNNS structure.

Bulk h-BN has been calculated to possess a band gap between 2.9 and
4.9 eV with varying stacking structures, which is reduced by 0.2-1.5 eV
compared to single-layer h-BN [28]. Multilayer and bulk h-BN are
wide-bandgap semiconductors that exhibit insignificant linear absorp-
tion in the visible spectrum (390 ~ 700 nm). For this reason, they appear
white in color and are often called as “white graphene” [29,30]. How-
ever, pure h-BNNSs display a substantial amount of absorption in the
ultraviolet (UV) region between 200 and 220 nm [31]. A sharp lumi-
nescence peak and a few free exciton absorption bands have been

100 nm
, 100 nm

Fig. 1. (a) SEM images, (b) TEM image and (c) the EDX pattern of h-BNNS.
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observed at approximately 220 nm for pure h-BN single crystals [32].
Pure h-BNNSs also display an evident cathodoluminescence emission in
the deep UV region [33,34]. However, pure h-BNNS only emits in UV
region and possess poor optical activity due to the large band gap and
absence of defect states [35]. Recently, defect engineering has been
developed in order to regulate band gaps of h-BNNSs for the enhance-
ment of photocatalytic activity. Point defects are excessively desirable in
UV and visible light luminescence, as they function as recombination
centers [36,37]. These point defects provide a way of designing highly
efficient quantum fluorescent materials, making h-BNNS applicable in
nanophononics and optoelectronics fields.

Fig. 2(a) shows the linear absorption spectra of h-BNNSs dispersed in
de-ionized water with different concentrations. Initially a dispersion at a
concentration of 150 pg/mL kept in a cuvette of 1 mm path length with
90% linear optical transmittance was obtained to minimize the linear
absorption and study the NLA mechanisms where NLA mechanisms are
dominant. However, an absorption edge could not be observed in the
spectra owing to the insulator nature of h-BNNS sample with large band
gap energy. It is considered that the sharp increase in absorption might
be occurring at wavelengths less than 190 nm and this is verified by
increasing the suspension concentrations until the absorption edge red
shifts into the spectra due to the aggregation of nanosheets. A similar
result also obtained for h-BNNS/PMMA nanocomposite films where
absorption edge of h-BNNS could not be observed. Fig. 2(b) presents the
linear absorption spectra of h-BNNS nanocomposite films and pure
PMMA. An increase in overall absorption and due to defect states a
slowly increasing trend of absorption towards absorption edge can be
seen. Even though there might be an increase in absorbance with h-
BNNS concentration in PMMA matrix, the slope of the absorption edge
and the region where the absorption edge is occurred remain constant,
suggesting that the observed absorption edge belongs to the PMMA and
overshadows the absorption edge of h-BNNS. In order to estimate the
band gap energy of h-BNNSs, photoluminescence (PL) measurements
were performed.

Fig. 3 inset shows the emission spectra of the h-BNNS dispersion
under 6.20 eV excitation energy. A structured broadband between 300
and 450 nm is observed and in literature it is attributed to the radiative
recombination of deep donor-acceptor pairs resulting from defects of
boron-nitrogen vacancies and carbon-oxygen impurities occupying the
vacancies [23,38,39]. While it is not possible to obtain an estimation of
band gap energy from PL emission spectra because radiative
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Fig. 3. PL excitation spectra of h-BNNS suspension and (inset) PL emission
spectra of h-BNNS suspension.

recombination occurs via defect levels and yields emission energies
much lower than band gap energy, excitation spectra can be used to
estimate band gap energy by obtaining excitation wavelength where the
maxima of PL emission band (350 nm) demonstrates a sharp increase.
The excitation spectra of the h-BNNS dispersion is depicted in Fig. 3.
According to the figure the emission at 350 nm wavelength starts at
excitation wavelength of 220 nm (~5.65 eV) and reaches its peak value
at 207 nm (~6.00 eV). The strong emission peaking at excitation energy
of 6.00 eV is in good agreement with the band gap results in the liter-
ature [24,34,39].

3.2. Defect assisted nonlinear absorption and optical limiting performance

Various defects, such as vacancies, grain boundaries, interstitial and
substitution atoms can be observed in h-BNNSs due to the synthesis
process or subsequent treatments [40-42]. Moreover, dopant atoms, e.
g., hydrogen [43], carbon [27], oxygen [44], and fluorine [45] are
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Fig. 2. Linear absorption spectra of (a) suspension
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and (b) h-BNNS/PMMA nanocomposite films.
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typical types of defects in h-BNNS. These defects create an opportunity
to open up new possibilities of tuning the electronic and optical prop-
erties of h-BNNS by altering the type and concentration of defects.

It is particularly expected that an abundance of structural defects
observed in h-BNNS seriously shapes the NLA behavior through defect
states. Therefore, to study defect assisted NLA, a model that considers
OPA, TPA, FCA and saturation of each absorption mechanisms were
considered [46-48].

a_ o pr G AN()I ®
2 1+1/lg 1+P/B, 1+P/2

sat sat

In Eq. (1) first, second and third term accounts for OPA, TPA and
FCA, respectively. o, is FCA cross section, a is OPA coefficient and f is
TPA coefficient. AN(I) is photoexcited free carrier density and depends
on the intensity. I, is saturation intensity threshold.

Photoexcited free carrier density can be written in terms of @ and f§ as
[491.

al 12
an=o P, @

Where 17 is pulse duration, A is photon energy. By substituting photo
excited free carrier density equation into Eq. (1) the following equation
can be obtained.

dr al B2
= S 3)
dz 141/l 1+P/P

sat

P term in above equation is effective NLA coefficient and includes the
contribution of both FCA and TPA. TPA has the weakest contribution to
free carrier generation, therefore it was neglected in the FCA term in Eq.
(3) and By was expressed as f; = ff+ (doat0 /hw).

The Adomian decomposition method was used to solve Eq. (3) and fit
the experimental OA Z-scan curves. A detailed information about the
model can be found in the literature [47,48].

The experimental data obtained by OA Z-scan measurements and the
theoretical fits derived from Eq. (3) covering f,; and L as free pa-
rameters are given in Fig. 4(a) and (b). Pess and Iy, values that are ob-
tained from theoretical fits are given in Table 1.

In a sample with non-overlapping energy bands and defect levels
residing within band gap, TPA can occur in two ways. Interband TPA can
occur when the energy of a single photon is less than the band gap
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Table 1
The fef and Iy values obtained from the OA Z-scan experiments with 1064 nm
wavelength and 532 nm.

Samples 1064 nm Results 532 nm Results
Ber (€m/GW) L (GW/em?)  for (cm/GW)  Ine (GW/cm?)
Suspension 4.86 x 102 2.39 5.62 x 10% 4.12

7.05 x 10° 7.97
1.52 x 10° 8.18

6.42 x 10° 5.03
1.05 x 10° 8.08

Film (10 wt%)
Film (15 wt%)

energy but greater than half the band gap energy and the probability of
TPA increases as the photon energy approaches the band gap energy.
Sub-band gap TPA can occur when the combined energy of two photons
is sufficient to induce an electron transition between energy bands and
defect states.

In 1064 nm experiments, the transitions occur through TPA since PL
emission occurring in the range of 2.0-4.2 eV with a peak at 3.66 eV
corresponds to defect states residing deep inside band gap [38]. Energy
corresponding to 1064 nm wavelength (1.16 eV) is not sufficient to
induce OPA. In 532 nm wavelength experiments TPA occurs stronger
and is accompanied by OPA, since the photon energy of 2.32 eV corre-
sponds to a wider energy region in the band gap and sufficient to induce
electron transitions between energy bands and defect states. In addition,
time-and energy-resolved PL experiments have shown that there is a
slow recombination component (22-200 ns) for h-BNNS corresponding
to the broadband in PL emission (Fig. 3 inset) [23]. Slow recombination
time inferring to long defect state lifetimes also suggest that TPA occurs
via the sequential absorption of two photons rather than simultaneous
absorption of two photons since the pulse duration of 4 ns is shorter than
the lifetime of defect states. Simultaneous TPA occurs via a virtual state
and thus requires rather high excitation intensities, on the other hand
sequential TPA occurring through intermediate defect states (real states)
dominates in low excitation intensity regimes. Hence activation of OPA
with 532 nm also leads to sequential TPA in addition to simultaneous
TPA and overall NLA performance gets enhanced by the increased en-
ergy range of 532 nm laser wavelength compared to that of 1064 nm. In
532 nm experiments, a stronger TPA accompanied also by OPA reveals
an increased NLA behavior for h-BNNS which is seen as a further
decreased transmittance (see Fig. 4(b) compared to Fig. 4(a)) and as
increased f,4 values when comparing the result at 532 nm and 1064 nm
in Table 1. When the results at 532 nm and 1064 nm are evaluated

11

5 1 AR 10
=
3
8 0ad L 0.0
[ =
a
k- — )
E 0.5 4 - 0.8
=
E i L
=
T o7 L 0.7
H s ;
= O 15witi% O 15wt% 3
£ 0s] (a) A 10wk b L A 10w% ,
S 06 - . . _ L 0.6
= _ O Sruspensmn 7 O Suspension
| 2-1064 nm —— Theoretical fits | A=532 nm —— Theoretical fits |
0.5 : . . . : . . . . —— : — 0.5
0,02 -0.01 0.00 0,01 0,02 -0.02 0.01 0,00 0,01 0.02

Z{m)

Z{my)

Fig. 4. Open aperture Z-scan traces of h-BNNS samples at (a) 1064 nm and (b) 532 nm wavelengths (I = 62.1 MW/cm?).
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separately for each wavelength it is observed that between 10 wt% and
suspension samples, 10 wt% film yields a higher S since the concen-
tration of h-BNNS is significantly higher in h-BNNS/PMMA nano-
composite films than that of in suspension and 15 wt% film exhibits the
highest NLA performance. Iy, values also display the same tendency to
increase as the h-BNNS concentration, with increased h-BNNS content in
the samples defect states also increase and the saturation of the defect
states becomes increasingly difficult. 15 wt% film possesses the highest
L4 value and suspension possesses the smallest I, value. On the other
hand, Kumbhakar et al. have conducted nonlinear optical experiments
on h-BNNSs in aqueous dispersions and attributed the strong NLA
behavior of h-BNNSs to strong polar behavior of the electronegativity
difference between B and N atoms [22], herein we put forth the domi-
nant source of NLA of h-BNNS as defect states that reside within band
gap. Conducting OA Z-scan experiments at a single light intensity to
induce the same nonlinear polarization response but with two different
wavelengths revealed that by decreasing the wavelength of laser, NLA
can be enhanced and since the experiments with smaller wavelength
cover a wider energy range, more defect states can be excited.

Despite its insulating nature, h-BNNS’s strong NLA behavior over a
wide spectrum of wavelengths prompted us to examine the OL perfor-
mance of h-BNNS samples. One of the most important features searched
in OL materials is having low optical transparency in high intensity re-
gimes while having high optical transparency in low intensity regimes.
In other words, the material with low linear absorption and high NLA
properties is expected to display limiting behavior. Since h-BNNS is an
insulator with a wide band gap, it satisfies the low linear absorption
condition (see Fig. 2(b)), and OA Z-scan experiments prove that h-BNNS
displays significant NLA behavior over a wide spectrum. Therefore, the
fluence dependent optical transmission data of 15 wt% nanocomposite
film which has the best NLA response and suspension which has the
worst NLA response, were calculated from the OA Z-scan curves, and
featured in Fig. 5. The normalized transmittance remains constant at low
input fluence and at higher fluence values the horizontal transmittance
curve start to fall, that is, NLA begins to occur and material begins to
limit the transmitted light. The fluence value at which the normalized
transmittance starts to decrease, in other words OL threshold values are
found to be 0.98 mJ/cm? and 2.20 mJ/cm? for nanocomposite film at
532 nm and 1064 nm wavelengths and it is found to be 3.88 mJ/cm? and
8.57 mJ/cm? for suspension at 532 nm and 1064 nm wavelengths. Due
to the increased h-BNNS concentration in nanocomposite film form, OL
performance in solid film form is found to be superior to the suspension
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form, and the fact that the defect levels are spread over within the band
gap (as seen from the broadband emission in Fig. 3 inset) indicates that
the film samples can be used for OL not only in the 532-1064 nm
wavelength range also in the 200-1064 nm wavelength range as well.

4. Conclusions

We have investigated the defect assisted NLA and OL of h-BNNSs in
aqueous suspension and nanocomposite films. Linear absorption and PL
measurements revealed that h-BNNS had ~6 eV band gap and large
number of defect states reside deep inside band gap. To investigate the
defect assisted NLA we considered a theoretical model incorporating
OPA, TPA, FCA and their saturations. Due to the defect states within the
band gap, all of the h-BNNS samples showed significant NLA response
when interacting with intense laser light with under both 532 and 1064
wavelengths while the NLA at 532 nm were considerably stronger.
Samples showing defect assisted NLA behavior over a wide wavelength
range despite being insulators with a wide band gap, revealed that
especially h-BNNS/PMMA nanocomposite film samples can be used in
OL applications in a wide wavelength range (~200-1064 nm) due to
their high linear transmittance and low OL threshold. Our findings
showed that defect density tunability opens up the possibility of using h-
BNNS in tunable optical device applications. h-BNNS has an abundant
amount of defect states. Achieving a defect density tunability with h-
BNNS also reveals that other 2D materials with fewer defect states can be
exploited by defect density tuning more precisely to the point of either
nonlinear absorption or saturable absorption is achieved. Changing the
behavior of the material between a nonlinear absorber and a saturable
absorber offers the possibility to use 2D wide band gap materials even at
opposite ends of the application fields, such as optical limiting where a
strong nonlinear absorber is required, and q-switching where a saturable
absorber is.
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