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Optimization of the Thickness Dependent Third Order Optical
Nonlinearities of 2D Bi,Se; layers

Arjun Karimbana-Kandy,a Fabien Lemarchand,” Andrea Campos,b Martiane Cabié,b Carine Perrin-
Pellegrino,” Julien Lumeau,® Jean-Yves Natoli’ and Konstantinos lliopoulos®

The thickness-dependent saturable absorption behaviour of atomically thin bismuth selenide films has been optimized

using 515 nm and 1030 nm laser excitation wavelengths. The studies have been performed by the Z-scan technique

employing 400 fs laser pulses emitted by a fiber laser at a repetition rate of 100 Hz. The obtained results allowed the
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determination of the nonlinear optical parameters as a function of the film thickness. Additional studies have been carried

out in order to determine the third order optical nonlinearities as a function of the annealing temperature. The samples

DOI: 10.1039/x0xx00000x

have been also studied by spectrophotometry, electron microscopy and X-ray diffraction, which allowed a deeper

knowledge of the optical properties, as well as the crystalline structure of the Bi,Se; material.

Introduction

Currently there is a very intense research in the field of 2D
materials covering a very wide range of applications.l_4 Such
materials exhibit very interesting optical and nonlinear optical
properties,s’_8 which are related with their unique electronic
properties.”™® Our group recently published on the excellent
nonlinear optical (NLO) responses of Sb,Te; layers having
appropriate thicknesses.™ ™ In this work we investigate
another material of the family of the so-called topological
insulators, the Bi,Ses;, in the form of thin film layers. The
nonlinear optical properties of this material are currently of
high interest mainly due to the fact that it is a very promising
candidate for mode-locking of laser systems.ls’16 Many
different nonlinear optical studies have been performed on
this material in order to offer a better understanding of the

physical mechanisms that give rise to the responses. In
3,17-19

particular, Z-scan and transient absorption
spectroscopyzo‘21 studies have been performed. Several works
have been also performed investigating the optical

nonlinearities of this material, mainly aiming to employ the
saturable absorption for obtaining efficient mode-locking.zz_25
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It has to be noted that the thickness of topological insulators
plays an important role on their properties. More specifically it
is well known that the band structure of the Bi,Se; material
depends on its thickness.? In particular, when the thickness of
an ultra-thin film is about several nanometres, there is an
overlap between the surface state wavefunctions from the two
surfaces of the film. This leads to a hybridization gap at the
Dirac point with a consequent impact to the band structure
and properties of the thin Iayer.26 Studies related with the
ultrafast carrier and phonon dynamics have also revealed a
significant dependence of the performance of the layers on
the film thickness.?’ Moreover, the excellent performances of
topological insulators in terms of saturable absorption are
related to the Pauli blocking that renders the material
incapable to absorb more light, high
In this case the absorption decreases with a
consequent increase of the transmission. Based on the
aforementioned facts, one can deduce that a thickness
adjustment can play a significant role on the NLO behaviour of
ultrathin layers of topological insulators, such as the Bi,Se;
material. For this reason, it is of high importance to perform
studies that allow us to understand the impact of the thickness
adjustment on the optical nonlinearities. The aim of this work
is to shed light on this field, which is not sufficiently explored.
More specifically, high quality thin Bi,Se; films with thicknesses
ranging from 1 nm to 100 nm have been deposited. Then,
nonlinear optical studies have been performed by using visible
(515 nm) and IR (1030 nm) femtosecond laser pulses. Firstly,
the thin film deposition procedure will be briefly presented,
then the characterizations performed by Scanning Electron
Microscopy (SEM), UV-Vis spectrophotometry and X-Ray
Diffraction (XRD) will be shown. These studies have provided a
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deeper understanding of the crystalline structures of the
different layers after annealing, as well as their optical
properties. Z-scan studies have been conducted to determine
the imaginary part of the third order nonlinear optical
susceptibility, the corresponding figure of merit and the
nonlinear absorption coefficient of the investigated thin films
as a function of the thickness. These studies have been
performed by using 400 fs laser pulses. Finally, an investigation
of the optical nonlinearities as a function of the annealing
temperature has been performed to highlight the significant
impact of the annealing conditions to the third order nonlinear
susceptibilities.

Results and Discussion

Thin Film Preparation: The Bi,Se; thin films were prepared by
electron beam deposition by a Bihler SYRUSpro 710 machine.
Several Bismuth Selenide thin films of various thicknesses
ranging from 1 nm to 100 nm have been deposited on 1 mm
thick B270 substrates. The thickness of the films has been
precisely measured by utilizing a pre-calibrated quartz
microbalance that delivers a £0.2 nm precision. All the films
were prepared using a 0.5 nm.s™ deposition rate at room
temperature and 10° mbar chamber pressure. These
parameters have been identical for all the film layers in order
to render the comparison between the results feasible. An
additional 2 nm thick SiO, has been deposited on top of all the
films to prevent post-deposition oxidation.

Post-deposition treatment: An annealing of the Bi,Se; layers is
necessary in order to activate the optical nonlinearities, this
has been done by heating with an oven.”
temperature was optimised for each thickness by depositing a

The annealing

large number of thin films, annealing at different temperatures
and studying at each case the optical nonlinearities. An
example of this thorough investigation will be shown in the
nonlinear optical investigation part of this article. All optimal
temperatures were found to be within the range of 140°C to
200°C, while an 1-hour annealing has been found to be
sufficient to crystallize all the thin films efficiently. The
employed temperature range agrees with previously published
results on the Bi,Se; material.”®*° The crystalline structure of
the layers was studied by performing X-Ray Diffraction
analysis, presented in the following paragraphs.

Thin Film Characterisation

Scanning Electron Microscopy: The annealed layers were
studied by Scanning Electron Microscopy (SEM), which is
efficient in providing information on crystal orientation
contrast and signals from the subsurface layers of the
sample.31 An acceleration voltage of 10 kV was applied for
imaging the crystals present between the silica protection
layer and the substrate with a four quadrant backscattered
electron (BSE) detector. Figure 1 shows the scanning electron
microscopy images obtained for the crystallized samples, each
of them annealed at the optimal temperature for each
thickness. The top row of Figure 1 shows the images acquired
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for the 5 nm, 30 nm and 50 nm samples using a 13.54 kX
maghnification. In the bottom row of the same figure, SEM
images are shown in the case of the 5 nm and 30 nm samples
using a higher magnification (40 kX). Additionally, a 40 KX
image obtained for a thicker layer of 100 nm thickness is also
presented for the completeness of the study and for
comparison reasons, even though such thick layers are not
compatible with the photonic applications targeted by this
work.

From the SEM images, it is obvious that while crystallized, the
Bi,Se; material starts to agglomerate and form islands that are
more visible for thicknesses lower than 15 nm (see for
example Figures 1a,d corresponding to the 5 nm thick layer). In
the case of thicker films, such agglomerations are not
observed. Instead, nanosheet-like structures are clearly visible,
as it can be seen for example in Figure 1f in the case of the 100
nm thick film. Such structures have been already mentioned in
the literature.®** These structures appear for films with
thicknesses higher than 15 nm. The nanosheets and islands
coexist for films thicker than 15 nm and only nanosheets are
visible for 100 nm thick films. These observations are in
accordance with previously recorded data.?** The nanosheet-
like structures are of random orientation and they are present
all over the layer. Such nanosheets appear as nanorods from
the top view with an average length of about 100 nm.

On the contrary, in the case of the as-deposited thin films no
such crystal formation has been observed, as expected. This is
illustrated in the (ES.1) figure, where a comparison of the SEM
images of as-deposited and annealed samples having 50 nm
thickness is presented.

X-Ray Diffraction:

The crystalline structure of the films was confirmed by means
of X-Ray Diffraction (XRD) studies. XRD analyses were carried
out by using Empyrean diffractometer (PANalytical B.V.) with a
Cu source (A = 1.54A) and a Pixel rapid detector in 6-0
configuration. Representative XRD diffractograms of the layers
are given in Figure 2a. The (003), (101), (006) and (0015) peaks
are negatively correlated, whereas (015) and (110) peaks are
positively correlated with the thickness of the layers. The
peaks agree with previous data obtained for the Bi,Se;
material. PDF-200-0-33-0214 (replace ref 35 with this one
before 337 The rhombohedral
structure of crystalline Bi,Se; has been confirmed from the
aforementioned peaks that agree with previous data.>®%*
Additionally, a graph presenting the X-ray diffraction results of
30 nm annealed and as-deposited thin films is shown for
comparison reasons in Figure 2b. This graph confirms that the
layers are crystallized after the annealing, in accordance with
the SEM results shown in the previous paragraph and in the
supplementary information.

submission) crystalline

Optical properties: A Perkin Elmer lambda 1050
spectrophotometer has been used to study the optical
properties in a wavelength range from 320 nm to 2500 nm.
This instrument allowed us to measure both transmittance and

reflectance at a nearly normal angle of incidence. We plotted
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the representative curves of reflectance and transmittance for
the layers in Figures 3a and 3b, respectively. Figure 3c shows
how the linear absorption coefficients of the layers depend on
the thickness at 515 nm and 1030 nm. We observed that the
absorption was about five times higher at 515 nm compared to
1030 nm.

To determine the values of the real (n) and imaginary (k) parts
of the linear refractive index as a function of wavelength and
thickness, we analyzed spectrophotometric data for different
thicknesses ranging from 5 to 100 nm. The thicknesses were
known and provided by the optical quartz, so we didn't need
to optimize them. The main objective was to find the optimal
values of n and k.

To achieve this, we compared the measured spectra with
theoretical spectra calculated using a specific model called the
Forouhi-Bloomer model combined with the Drude model.
These calculations were performed for monolayers with
known thicknesses, using the optical indices from the model.*
It has been found that using a single oscillator was sufficient to
determine reliable values of n and k within the spectral range
investigated. It's important to note that this model, which has
eight free parameters, satisfies the Kramers-Kronig relation,
meaning that the real and imaginary parts of the refractive
index are connected.

The main challenge was to find the global minimum by
comparing the theoretical and measured spectra. To address
this, we employed the "Clustering global optimization"
algorithm, which has proven effective in similar cases [REF], for
each layer thickness. The results are presented in Figures 4a
and 4b, which show the values of n and k, respectively. These
values were obtained using the same spectral range as the
spectrophotometric study. As shown in Figure 4c, where the
refractive index values is plotted against the film thickness at
515 nm and 1030 nm, the real part of the refractive index
values varied between 2.5 and 4.5.

Nonlinear Optical (NLO) investigation: The nonlinear optical
measurements have been performed by the Z-scan
technique,41 employing a 400 fs, 1030 nm Ti: Sapphire laser
with a tunable repetition rate from 1 Hz to 2 MHz. A repetition
rate of 100 Hz has been chosen for the NLO investigation to
avoid thermal contributions to the nonlinearities. A frequency
doubling crystal has been utilized for obtaining the 515 nm
laser beam. The laser beam has been directed and focused on
the sample by using a 100 mm focusing lens which provides a
beam waist of 20 um at 1030 nm and 12 um at 515 nm, both
measured with a CCD camera at the focal plane of the lens.
The sample is exposed to an intensity gradient, while being
translated along the transmission axis of the focused laser
beam. A computer controlled translational stage has been
employed for this purpose. The transmission of the samples
has been recorded by using appropriate photodetectors at
both Z-Scan experimental arms. The “closed” and “open”
aperture Z-scans allow the determination of the nonlinear
absorption, respectively. The
nonlinear optical response of the substrates and the protective
silica layers used during this work have been separately

refraction and nonlinear
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investigated and no nonlinear optical response has been
detected under the experimental conditions used for the
current investigation.

Samples of various thicknesses ranging from 1 nm to 100 nm
have been studied. The samples were irradiated with laser
intensities ranging up to 20 GW.cm™ for 1030 nm excitation
wavelength and up to 8 GW.cm™ for 515 nm excitation
wavelength. The intensities are chosen to be well below the
non-reversible modification threshold of the layers while
performing the nonlinear investigations.

Amorphous and annealed Bi,Se; layers were studied using
the Z-Scan technique. In the case of the annealed layers a
transmission peak has been observed when the sample was at
the high intensity zone (near the focal plane of the lens), as it
can be seen in Figure 5. This confirms the saturable absorption
behaviour of the crystalline layers and is in accordance with
previously published articles on similar materials.>!7719:2223.42
In the case of amorphous layers no detectable nonlinearity has
been recorded using the same experimental conditions. It is
clear from this fact that an efficient annealing is necessary in
order to achieve a strong NLO response.

In Figure 5, “Open” aperture Z-Scan curves obtained for
different layer thicknesses using 1030 nm and 515 nm
excitation wavelengths at peak intensities of 4.0 GW.cm™ and
4.7 GW.cm’z, respectively can be seen. The “open” aperture
curves presented for each excitation wavelength correspond
to the same peak intensity in order to render a direct
comparison feasible. The experiments have been performed at
several different positions of the thin film surfaces to confirm
the excellent repeatability of the measurements. An example
is shown in Figure (ES.2), of the supplementary information, in
the case of the 40 nm layer at 8 GW/cm?” incident intensity,
using the 1030 nm exit of the laser. At 515 nm excitation
wavelength, the strongest nonlinear optical responses were
observed for thicknesses lower than 15 nm, whereas, at 1030
nm excitation wavelength, films having thicknesses of about 30
nm have been in order to enhance the
nonlinearities.

necessary

Many “open” aperture Z-scan curves have been recorded
in order to determine the nonlinear optical parameters, i.e.,
the nonlinear absorption coefficient () and the imaginary part
of the third order nonlinear optical susceptibility (Imx(s)). These
parameters have been determined by employing a procedure,
which has been previously published by our and other

scientific groups and are shown in Table 1 for the
measurements carried out at 515nm and at 1030 nm."
An example of the importance of the annealing

temperature on the optical nonlinearities is shown in Figure
6a. In this graph “Open” aperture curves obtained for thin film
layers of the same thickness (30 nm) annealed at different
temperatures are shown. It is obvious that the nonlinearity
strongly depends on the annealing temperature. In the same
under the same experimental
conditions, in the case of an amorphous layer is shown for

graph a curve obtained,
comparison reasons. In Figure 6b the nonlinear absorption

coefficients obtained by analysing many different experimental
curves can be seen. The NLO performance increases as the
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annealing temperature increases and it reaches maximum
values in the case of the thin films crystallized at around
190°C-200°C. The NLO response diminishes and is gradually
lost when the crystallization temperature increases beyond
200°C, this fact is attributed to the deterioration of the thin
film surfaces while annealing at temperatures higher than
200°C. The aforementioned illustrations concern the 30 nm
films, an identical procedure has been followed in order to
determine the best range of annealing temperatures for all the
thin film layers studied in this work. The optimal annealing
temperatures were in all cases within the range of 140°C to
190°C and are shown in Table 1. A similar, significant
dependence of the crystallization quality on the annealing
temperature, has been previously demonstrated by our group

reported in the literature.>"” The imaginary part of the third
order nonlinear optical susceptibility has been also determined
and presented in Figure 7b. A similar trend is clearly observed,
while the obtained values are presented in Table 1.

From the aforementioned analysis, it is obvious that significant
optical nonlinearity can be achieved with visible and infrared
excitation. It can also be seen that higher nonlinear optical
susceptibilities can be achieved in the case of the 515 nm. This
character is inverted (see Figure 7c), if one considers the high
linear absorption coefficient of the Bi,Se; material. The linear
absorption can be taken into account through the figure of
merit, which is determined by dividing the Imx(s) by the linear
absorption coefficient (a) of each layer. As it can be seen in
Figure 8c the Bi,Se; material has a much higher figure of merit

@515 nm @1030 nm
d (nm) T (°C) B (20" mw?) Imx®(10%esu) FOM (10 m.esu) B0’ mw?)  Imy®(10%esu) FOM (10 m.esu)
3 140 -1.90 -0.40 -0.71 NA NA NA
5 170 -5.01 -1.41 -2.16 NA NA NA
7 170 -3.37 -0.97 -1.30 NA NA NA
10 180 -3.33 -0.84 -1.30 -0.80 -0.53 -4.16
15 180 -1.38 -0.44 -0.82 -0.62 -0.38 -4.18
20 180 -1.53 -0.48 -0.98 -1.21 -0.69 -8.22
25 190 -1.85 -0.49 -1.01 -1.32 -0.67 -8.24
30 190 -1.22 -0.37 -0.73 -2.12 -1.02 -15.15
40 190 -1.02 -0.31 -0.58 -1.72 -0.58 -12.10
45 190 -1.69 -0.57 -1.11 -1.27 -0.40 -8.91

Table.1. Nonlinear Optical parameters at 515 nm and 1030 nm excitation wavelength. d is the thickness of the thin films, T is the

optimal annealing temperature.

in the case of Sb,Te; Iayers.11
Previous works published for the Bi,Se; material
demonstrated nonlinear refraction character,ls’43

have
which was of
self-focusing nature. In this work no nonlinear refraction has
been observed, this fact can be attributed to the giant
saturable absorption behaviour observed, which masks the
much weaker, if present, nonlinear refraction. This absence of
nonlinear refraction for 2D materials exhibiting significant
nonlinear absorption has been previously demonstrated by our
group.ll,lz

Figure 7a presents the nonlinear absorption coefficient (B) as a
function of the layer thickness at both 515 nm and 1030 nm
excitation wavelengths. The measured nonlinear absorption
coefficient obtains its maximum values in the case of 5 nm (B=-
5.01 x107 m/W) and 30 nm (B= -2.12 x10” m/W) thick layers in
the case of 515 nm and 1030 nm excitation wavelengths,
respectively. In the case of the 515 nm excitation no signals
were observed for layers thicker than 45 nm, while significant
loss of the optical nonlinearity occurred in the case of 1030 nm
excitation for layers thinner than 10 nm and thicker than 50
nm. The nonlinear absorption coefficient values obtained are
of the same order of magnitude with the values previously

4| J. Name., 2012, 00, 1-3

in the infrared regime, due to its lower absorption coefficient
at 1030 nm. Indeed, the linear absorption coefficients at 515
nm are about 5 times higher than those found at 1030 nm (see
Figure 3c).

The thickness dependent optical nonlinearities associated with
Bi,Se; have been precisely optimised at two different
wavelengths in this work. Such an optimization is extremely
important, as a small change of the thickness (a few
nanometers) results to a significant loss of the nonlinear
optical performances. For example, as it can be seen in Figure
7a, a decrease of the thickness from 5 nm to 3 nm results to a
decrease of the optical nonlinearity of more than 50%. This
significant dependence of the optical nonlinearity on the film
thickness is rarely taken into account during the optimization
of the nonlinearities of this material for applications and can
reduce the performances. This dependence is mainly related
with the 2D topological insulator character of this family of
materials (Bi,Ses;, Sb,Tes;, Bi,Te; etc). All these materials, if
properly prepared, exhibit an insulating behaviour in the bulk
and conducting surface states. The conducting behaviour
dominates as the material becomes two-dimensional.”’ A
similar investigation has been carried out in our previous work,

This journal is © The Royal Society of Chemistry 20xx



where the thickness dependent NLO behaviour of Sb,Te; at
NIR excitation wavelength is discussed.™

The negative signs of the nonlinear absorption parameters
shown in the current work indicate the saturable absorption
behaviour of the material. The Pauli’s blocking is the basic
principle that gives rise to the saturable absorption behaviour
of Bi,Se; layers and similar 2D materials.****”*? The band gap
of the Bi,Se; material is 0.2-0.3 eV that allows a broadband
absorption behaviour with Dirac like band gaps, similar to that
of graphene.”’“’“‘. This broadband character renders the
Bi,Se; material highly nonlinear at both the visible and infrared
wavelengths. However, an increase of the thickness, gives rise
to strong contributions from the insulating bulk states and the
material gradually loses its 2D assembly. This fact renders the
saturable absorption of these layers highly controllable and
explains the high loss of the optical nonlinearity arising for
layers thicker than 45 and 50 nm in the case of 515 nm and
1030 nm excitation wavelengths, respectively.

Although the Bi,S; material is highly nonlinear at the visible
and the IR parts of the spectrum, the excitation wavelength
plays an important role on the optical nonlinearities, as it can
be clearly seen in Table 1. This is mainly related with the
electronic structure of the Bi,Se; material. As previously
explained17 a second surface state can arise in topological
insulators. The excitation of electrons to this state significantly
depends on the employed excitation wavelength.
Consequently, the nonlinear optical efficiency will depend on
the wavelength, the pulse duration as well as the relaxation
process of the excited electrons.

Wang et.al, has studied Bi,Se; layers of average thickness of 30
nm at different excitation wavelengths (532 nm, 800 nm, 1050
nm and 1550 nm). They also found out that the figure of merit
obtained at 532 nm excitation was much lower (about 6 times)
than that measured at 1050 nm.> The highest nonlinear
absorption coefficient values have been observed by the same
group at 800 nm (-6.5x10" cm/GW) and the lowest at 532 nm (-
2.0x10* cm/GW).3 In another work by Xu et.al, a B of -8.4 x10°
cm/GW at 800 nm has been measured in the case of Bi,Se;
nanoplatelets.19

Zhang et.al, measured the nonlinear absorption coefficient of
the Bi,Se; material at 600 nm, 700 nm and 800 nm excitation
wavelength and found the B positively correlated to the
wavelength and negatively correlated to the thickness.”’

Conclusions

The nonlinear optical behaviour of Bi,Se; films has been
investigated at two different wavelengths. The NLO analysis
has been made by using a Z-Scan setup employing a
femtosecond laser. A giant saturable absorption has been
observed with a maximum nonlinear absorption coefficient of -
5.01x107 m/W and -2.12 x10”7 m/W at 515 nm excitation and
1030 respectively. These
maximum responses have been observed for 5 nm thick Bi,Se;
layers and 30 nm thick layers at 515 nm and 1030 nm
excitations. The current work demonstrates the importance of

nm excitation wavelengths,

tuning the thickness of crystallized layers in order to maximize

This journal is © The Royal Society of Chemistry 20xx

the nonlinear optical behaviour. The current work provided
insight on the thickness dependent nonlinearities of Bi,Se;
layers. The physical mechanisms arising in 2D materials during
high intensity laser-matter interactions are of high complexity
and need additional investigations. For this reason, further
pump-probe spectroscopy experiments will be carried out by
our group in the near future.

Conflicts of interest

There are no conflicts to declare

References

1 X. Jiang, A. V. Kuklin, A. Baev, Y. Ge, H. Agren, H. Zhang and P. N.
Prasad, Physics Reports, 2020, 848, 1-58.

2 X. Zhang, S. Zhang, Y. Xie, J. Huang, L. Wang, Y. Cui and J. Wang,
Nanoscale, 2018, 10, 17924-17932.

3Y.Wang, S. Liu, J. Yuan, P. Wang, J. Chen, J. Li, S. Xiao, Q. Bao, Y.
Gao and J. He, Sci Rep, 2016, 6, 33070.

4 X.-P. Zhai, B. Ma, Q. Wang and H.-L. Zhang, Phys. Chem. Chem.
Phys., 2020, 22, 22140-22156.

5 X. Miao, N. Xuan, Q. Liu, W. Wu, H. Liu, Z. Sun and M. Ji, ACS Appl.
Mater. Interfaces, 2017, 9, 34448-34455.

6 X. Liu, Q. Guo and J. Qiu, Adv. Mater., 2017, 29, 1605886.

7 S. Bikorimana, P. Lama, A. Walser, R. Dorsinville, S. Anghel, A.
Mitioglu, A. Micu and L. Kulyuk, Opt. Express, 2016, 24, 20685.

8 G. Sobon, Photon. Res., 2015, 3, A56.

9 L. Braun, G. Mussler, A. Hruban, M. Konczykowski, T. Schumann,
M. Wolf, M. Miinzenberg, L. Perfetti and T. Kampfrath, Nat
Commun, 2016, 7, 13259.

10 K. Kuroda, J. Reimann, K. A. Kokh, O. E. Tereshchenko, A.
Kimura, J. Glidde and U. Hofer, Phys. Rev. B, 2017, 95, 081103.

11 R.-N. Verrone, C. Moisset, F. Lemarchand, A. Campos, M. Cabié,
C. Perrin-Pellegrino, J. Lumeau, J.-Y. Natoli and K. lliopoulos, ACS
Appl. Nano Mater., 2020, 3, 7963-7972.

12 C. Moisset, R.-N. Verrone, A. Bourgade, G. T. Zeweldi, M.
Minissale, L. Gallais, C. Perrin-Pellegrino, H. Akhouayri, J. Lumeau,
J.-Y. Natoli and K. lliopoulos, Nanoscale Adv., 2020, 2, 1427-1430.

13 C. Moisset, A. Bourgade, J. Lumeau, F. Lemarchand, C. Perrin-
Pellegrino, H. Akhouayri, J.-Y. Natoli and K. lliopoulos, Optical
Materials, 2018, 86, 7-11.

14 D. Coiras, R.-N. Verrone, A. Campos, M. Cabié, L. Gallais, M.
Minissale, J. Lumeau, J.-Y. Natoli and K. Iliopoulos, Optics, 2022, 3,
234-242.

15 H. Haris, H. Arof, A. R. Muhammad, C. L. Anyi, S. J. Tan, N. Kasim
and S. W. Harun, Optical Fiber Technology, 2019, 48, 117-122.

16 Z.Dou, Y. Song, J. Tian, J. Liu, Z. Yu and X. Fang, Opt. Express,
2014, 22, 24055.

17 J.Zhang, T. Jiang, T. Zhou, H. Ouyang, C. Zhang, Z. Xin, Z. Wang
and X. Cheng, Photon. Res., 2018, 6, C8.

18 S. Ly, C. Zhao, Y. Zou, S. Chen, Y. Chen, Y. Li, H. Zhang, S. Wen
and D. Tang, Opt. Express, 2013, 21, 2072.

19 Y. Xu, H. Xie, G. Jiang, L. Miao, K. Wang, S. Tang, X. Yu, H. Zhang
and Q. Bao, Optics Communications, 2017, 395, 55-60.

20 P. Sharma, R. Sharma, V. P.S. Awana, T. N. Narayanan, B. K.
Gupta, N. Vashistha, L. Tyagi and M. Kumar, Journal of Alloys and
Compounds, 2021, 886, 161235.

21 Y.D.Glinka, J. Li, T. He and X. W. Sun, ACS Photonics, 2021, 8,
1191-1205.

J. Name., 2013, 00, 1-3 | 5



Please do not adjust margins

ARTICLE

22 Z.Luo, Y. Huang, J. Weng, H. Cheng, Z. Lin, B. Xu, Z. Cai and H.
Xu, Opt. Express, OF, 2013, 21, 29516—-29522.

23 Y. Meng, G. Semaan, M. Salhi, A. Niang, K. Guesmi, Z. Luo and F.

Sanchez, Opt. Express, 2015, 23, 23053.

24 H. Haris, S. W. Harun, A. R. Muhammad, C. L. Anyi, S. J. Tan, F.
Ahmad, R. M. Nor, N. R. Zulkepely and H. Arof, Optics & Laser
Technology, 2017, 88, 121-127.

25 Z.Yu, Y. Song, J. Tian, Z. Dou, H. Guoyu, K. Li, H. Li and X. Zhang,
Opt. Express, 2014, 22, 11508.

26 Y. Zhang, K. He, C.-Z. Chang, C.-L. Song, L.-L. Wang, X. Chen, J.-F.

Jia, Z. Fang, X. Dai, W.-Y. Shan, S.-Q. Shen, Q. Niu, X.-L. Qj, S.-C.
Zhang, X.-C. Ma and Q.-K. Xue, Nature Phys, 2010, 6, 584-588.
27 S.Kim, D. H. Shin, J. H. Kim, C. W. Jang, J. W. Park, H. Lee, S.-H.
Choi, S. H. Kim, K.-J. Yee, N. Bansal and S. Oh, Nanotechnology,

2016, 27, 045705.
28 V.M. Garcia, M. T. S. Nair, P. K. Nair and R. A. Zingaro,
Semicond. Sci. Technol., 1997, 12, 645.

29 K. Yamauchi, R. Mori, M. Yamaguchi and M. Takashiri, Journal of

Alloys and Compounds, 2019, 792, 222-229.

30 R. Indirajith, M. Rajalakshmi, R. Gopalakrishnan and K.
Ramamurthi, Superlattices and Microstructures, 2016, 91, 165—
172.

31 J. 1. Goldstein, D. E. Newbury, J. R. Michael, N. W. M. Ritchie, J.
H. J. Scott and D. C. Joy, Scanning Electron Microscopy and X-Ray
Microanalysis, Springer, New York, NY, 2018.

32 K. Mazumder and P. M. Shirage, Journal of Alloys and
Compounds, 2021, 888, 161492.

33 B. Das, D. Sarkar, S. Maity and K. K. Chattopadhyay, J. Mater.
Chem. C, 2015, 3, 1766-1775.

34 M. A. Tumelero, M. B. Martins, P. B. Souza, R. D. Della Pace and
A. A. Pasa, Electrochimica Acta, 2019, 300, 357-362.

35 H.-D. Lai, S.-R. Jian, L. Tuyen, P. Le, C.-W. Luo and J.-Y. Juang,
Micromachines, 2018, 9, 518.

36 Y.R. Sapkota and D. Mazumdar, Thin Solid Films, 2021, 727,
138676.

37 J. Balapanuru, J.-X. Yang, S. Xiao, Q. Bao, M. Jahan, L.
Polavarapu, J. Wei, Q.-H. Xu and K. P. Loh, Angewandte Chemie,
2010, 122, 6699-6703.

38 X. Li, K. Cai, H. Li, L. Wang and C. Zhou, Int J Miner Metall Mater,

2010, 17, 104-107.

39 H.D. Cho, P. llanchezhiyan, G. Mohan Kumar, D. J. Lee, T. W.
Kang and D. Y. Kim, Journal of Materials Research and
Technology, 2022, 20, 4624-4629.

40 L. Gao, F. Lemarchand and M. Lequime, Thin Solid Films, 2011,
520, 501-509.

41 K. lliopoulos, D. Potamianos, E. Kakkava, P. Aloukos, I. Orfanos
and S. Couris, Opt. Express, 2015, 23, 24171.

42 H. Liu, X.-W. Zheng, M. Liu, N. Zhao, A.-P. Luo, Z.-C. Luo, W.-C.
Xu, H. Zhang, C.-J. Zhao and S.-C. Wen, Opt. Express, 2014, 22,
6868.

43 X. Li, R. Liu, H. Xie, Y. Zhang, B. Lyu, P. Wang, J. Wang, Q. Fan, Y.

Ma, S. Tao, S. Xiao, X. Yu, Y. Gao and J. He, Opt. Express, 2017, 25,

18346.

44 S. K. Mishra, S. Satpathy and O. Jepsen, J. Phys.: Condens.
Matter, 1997, 9, 461.

45 Y.-F. Lin, H.-W. Chang, S.-Y. Lu and C. W. Liu, J. Phys. Chem. C,
2007, 111, 18538-18544.

6 | J. Name., 2012, 00, 1-3

Journal Name
Acknowledgements

The authors acknowledge financial support from the French
National Research Agency (ANR-19-CE09-0002-01), from the
Ministry for Armed Forces (DGA), and Aix-Marseille University.
This work received support from the French government under
the France 2030 investment plan, as part of the Initiative
d'Excellence d'Aix-Marseille Université - A*MIDEX." (AMX-20-
IET-015 .)

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




