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nonlinear optical (NLO) properties, which pave the way
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to the development of more efficient materials in modern optics.
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This study investigates the nonlinear optical properties of SnO,-rGO nanocomposites by employing a
conventional Z-scan technique and a thermal lensing model using a CW laser with an excitation
wavelength of 532 nm. The fabrication of three batches of SNnO,-rGO nanocomposites at three composi-
tional ratios 1:1, 1.25:1, and 2.5: 1 (three different concentrations for each), was achieved via a conventional
hydrothermal method followed by chemical reduction. The fabricated samples were subjected to rigorous
investigations and analyses using UV-visible spectroscopy, XRD, FESEM, Raman spectroscopy, FTIR, and
photoluminescence (PL) methods to uncover precisely their morphological details, sizes, defects, charge
transfer characteristics, and identities. At low intensity (/o = 1.0 kW cm™2), our open aperture (OA) data suggest
that both SnO, and GO exhibit reverse saturation absorption (RSA), whereas rGO and SnO,-rGO nanocompo-
sites show tunable saturation absorption (SA) characteristics. But at a higher intensity (lo = 5.3 kW cm™2), the

Received 21st July 2025, symmetrical nature of all the close aperture (CA) data suggests that at this intensity, the nonlinear refraction

Accepted 7th August 2025 dominated, and the values of the nonlinear refractive index were found to be negative, indicating self-
defocusing phenomena. We believe that the charge transfer mechanism and the induced defect state can play
dominant roles in tuning the nonlinear optical characteristic of the nanocomposites. A DFT study also

uncovers further theoretical insight into the charge transfer characteristic in SnO,—rGO nanocomposites.
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in various materials, ranging from metals,”® semimetals,*' semi-
conductors,*® organic materials,® and topological materials.>*

1. Introduction

Nonlinear optical properties of materials have attracted signifi-
cant attention in recent years due to their potential applications
in fields such as optical fiber communication systems," optical
signal processing,” optical limiters,® ultrafast switching devices,*
mode-locking lasers,” logic gate devices,® saturable absorbers,”
two-photon imaging and microscopy,® optical modulators,” and
nanophotonics devices.'®"! Among these, the third-order non-
linear optical phenomena are the most significant and dominat-
ing nonlinear properties, which also play a major role in
understanding light-matter interactions.">'® These third-order
nonlinear phenomena encircle significant effects such as third
harmonic generation,'* the Kerr effect,’> thermal effect,'® Stark
effect,”” and self-focusing or defocusing.'®'® For this reason,
third-order optical nonlinearity has been extensively investigated
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In particular, graphene and graphene-based materials exhibit
good third-order nonlinear optical responses.>>*® Graphene has
been considered a highly promising material for broadband
optical nonlinear devices, such as saturable absorbers (SA),%”
optical limiters,*® and modulators®® due to its broad absorption
spectrum,’® ultrafast carrier dynamics,*® and band-filling
effects.” Graphene oxide (GO), a significant related material in
the graphene family, also exhibits significant nonlinear optical
characteristics.* Its electronic band structure can be varied over
a wide range by changing the amount and reduction of different
types of oxygen-containing functional groups, such as epoxides,
hydroxyls, and carboxyls, on its basal plane and edges.** The
band gap of GO ranges from 2.2 to 0.5 eV,*® indicating that
transitions from insulator to semiconductor and then to semi-
metal may also be possible.*® Moreover, GO has some character-
istics of graphene due to the presence of pristine graphitic nano-
islands, and the reduction of GO can almost restore the physical
structure of pristine graphene.’”® After reducing the oxygen
functional group of GO, sp>-hybridized carbons, largely present
in GO, are converted into sp>hybridized carbons. This turns GO
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into reduced graphene oxide (rGO) and decreases O/C ratios,
indicating the reduction of more oxygen functional groups in GO.
Due to the restoration of sp> sites in the structure, the optical
properties of rGO are significantly modified.***° The physical
properties of rGO lie between GO and pristine graphene. The
nonlinear optical properties of GO and rGO, including their two-
photon absorption (TPA) properties as well as saturable absorp-
tion (SA) phenomena, make them promising candidates as
optical limiters and saturable absorbers.*®*! On the other hand,
other semiconducting materials with relatively wide band gaps
exhibit weak nonlinear responses, even under very strong optical
fields. The narrow band gap materials produce a much larger
nonlinear response than larger band gap semiconductors such as
Sn0,.** For instance, materials with large nonlinear absorption
coefficients and refractive indices that can be activated at low
intensities are highly in demand for photonics and optoelectro-
nics applications. Two effective processes to explain large third-
order nonlinearities are the photoinduced charge transfer of a
donor-acceptor pair complex*™® and induced defect states in
nanocomposites.*”>° As rGO has a very low bandgap, it has
better nonlinearity than any other wider band gap semiconduc-
tor, for example SnO,. Thus, it is possible to tune the nonlinear
optical properties of SnO,-rGO nanocomposites (treating it as a
donor-acceptor or acceptor-donor) due to the efficient charge
transfer characteristic. Along with charge transfer, in nanocompo-
sites, defect states also play a crucial role. A decrease in the density
of the localized defect states in nanostructures causes tunable
saturable absorption (SA) or one-photon absorption (OPA) with a
low saturation intensity threshold. On the other hand, with the
increase of the localized defect density, SA can be reduced, and
reverse saturation absorption (RSA) becomes dominant.>">* These
localized defect states can significantly alter the band gap energy in
the nanocomposites, and improve the nonlinear optical proper-
ties of SnO,-rGO nanocomposites as potential candidates in
photonic devices.

There are studies on investigating the nonlinear optical
(NLO) properties involving GO, rGO, and rGO-based nanocom-
posites through both pulse and continuous wave (CW) lasers
using the Z-scan technique. For instance, Shilpa et al.>*
tigated the NLO properties of noble metal decorated rGO and
Ti;C, MXene via Z-scan measurements by utilizing a CW diode
laser irradiating at 532 nm. They harnessed the open aperture
Z-scan data to reveal the RSA behavior in rGO, Ti;C,, and their
nanocomposites with noble metals and showed that such for-
mation of nanocomposites via initial reduction of GO to rGO
notably enhances the NLO properties as well as the optical
limiting performance. Saravanan et al.”> demonstrated enhanced
third-order NLO properties and optical limiting behavior of
hydrothermally synthesized zinc ferrite decorated rGO nanohy-
brids under both CW (532 nm, 50 mW) and ultrafast (800 nm,
150 fs) laser excitation. They attributed the enhancement to a
synergistic effect and the creation of defect-induced states upon
decoration. Several other studies were also performed, showing
the importance of charge transfer phenomena and the effect of
localized defect states in improving the third-order NLO proper-
ties of GO/rGO-based nanocomposites.?”**¢:>¢58

inves-
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While CW and pulsed lasers provide complementary
insights into NLO properties, the investigation of NLO proper-
ties of nanocomposites using CW laser systems remains largely
unexplored. Given the widespread use of CW lasers across
various applications, with power levels ranging from puw to
kW, protecting the human eye and optical sensors has become
crucial. Since the human eye has its peak spectral sensitivity in
the green region, and green CW lasers are commonly used in
interactive environments, optical limiters are essential to
ensure safety. Since the thermal nonlinearity and RSA phenom-
ena predominately occur in the CW regime of laser light, it is
important to investigate both the thermal lensing effect and the
conventional Z-scan model.

In this study, SnO,-rGO nanocomposites present a fascinat-
ing platform for studying and tuning the nonlinear optical
responses, offering a potential pathway for designing materials
with optimized performance for specific applications. This
research investigates the nonlinear optical properties of
SnO,-rGO nanocomposites, focusing on the effects of varying
concentrations of GO and SnO, on their nonlinear optical
response. In this study, both conventional Z-scan and thermal
lensing models are used to analyze the nonlinear absorption
and refraction or lensing properties of the SnO,-rGO nanocom-
posites, providing insights into their potential for use in
practical optical devices and photonics technology. By exploring
the interplay between these two components and their impact
on nonlinear optical behavior, this work aims to contribute to
the design and development of advanced nano-materials with
tunable optical properties for future photonic applications.

2. Methodology

2.1 Materials and reagents

Tin chloride dihydrate (SnCl,-2H,0) and phosphoric acid (extra
pure) were purchased from Sisco Research Laboratories Pvt.
Ltd. Sulfuric acid (98% pure) and ethanol (extra pure) were
purchased from Merck KGaA, 25064293 Darmstadt. Loba
Chemie Pvt. Ltd supplied NaOH (98% pure), and Sigma-
Aldrich provided graphite powder and potassium permanga-
nate (extra pure). These reagents were used directly out of the
package without modification. For washing purposes at various
stages, we used de-ionized and nano-pure water.

2.2 Synthesis of graphene oxide (GO) and reduced graphene
oxide (rGO)

Graphene oxide was synthesized using the improved Hummers’
method.’*®® First, H,SO, and Hs;PO, acids were mixed in a
beaker at a ratio of 9: 1, into which 2 g of graphite powder was
dissolved with vigorous stirring, followed by the addition of 6 g
of KMnO,. After that, the solution was kept at 50 °C with strong
magnetic stirring for 2 hours. The solution was then poured
into a beaker filled with ice of nano pure water, and then 10 ml of
30% H,0, was added slowly to the solution with slow stirring to
mix well. The mixture was then centrifuged at 7000 rpm at 5 °C
for 15 minutes, and the precipitate was washed 5 times with DI

© 2025 The Author(s). Published by the Royal Society of Chemistry
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water and several times with HCI, respectively. The collected
precipitate was then washed with DI water several times until C1™
ions were completely discarded from the solution (confirmed by a
Cl™ ion test). The collected precipitate was further washed with
ethanol and dried in a vacuum drier.®® Finally, to obtain rGO for a
comparative study, some of the dried sample was subjected to
thermal treatment in a furnace at 200 °C for 5 hours. This step
effectively reduced GO to reduced graphene oxide (rGO) and
stabilized the composite structure.®!

2.3 Synthesis of SnO,

Tin oxide (SnO,) nanoparticles were synthesized using the
conventional hydrothermal method.®” Initially, 50 mL of a
1 M solution of tin chloride dihydrate (SnCl,-2H,0) and
10 mL of a 1 M solution of sodium hydroxide (NaOH) were
prepared. The NaOH solution was then added dropwise to the
tin chloride solution under constant stirring, producing a white
precipitate of tin hydroxide (Sn(OH),). After completely adding
NaOH, 40 mL of nano-pure water was added to the mixture,
ensuring thorough mixing. The solution was then transferred
to a hydrothermal reactor and heated at 100 °C for 12 hours to
ensure further reaction and crystallization. During the hydro-
thermal process, the precipitated Sn(OH), decomposed to form
SnO, which was further oxidized to SnO, in the presence of
dissolved oxygen. The resulting mixture was cooled to room
temperature, and the obtained precipitate was centrifuged and
washed several times (fifteen times) with nano-pure water
under a 15000-rpm centrifuge to remove any residual bypro-
ducts such as NaCl. Finally, the washed nanoparticles were
dried in an oven at 100 °C for several hours and then calcined at
400 °C for 2 hours to enhance their crystallinity and stability.

2.4 Preparation of SnO,-rGO compound solution

The synthesis of SnO,-reduced graphene oxide (rGO) nanocom-
posites was initiated by dispersing 1 g of GO in 240 mL of
ethanol. The solution was stirred thoroughly to achieve a uni-
form distribution of the GO sheets. After achieving appropriate
dispersion, specific amounts of SnO, nanoparticles—1 g,
1.25 g, and 2.5 g, respectively—were added to prepare nano-
composites with three different weight ratios of SnO,: GO (1:1,
1.25:1, and 2.5:1). The mixtures were stirred for 1 hour to
ensure homogenous blending of SnO, nanoparticles with GO.
The mixtures were then transferred into Teflon-lined autoclave
vessels, sealed tightly, and heated at 200 °C for 5 hours under
hydrothermal conditions to reduce GO to rGO (shown in Fig. 1).
This process facilitated strong interactions between the SnO,
nanoparticles and rGO. After the reaction, the vessels were
allowed to cool naturally to room temperature, and as before,
the obtained precipitate was centrifuged and washed several
times (fifteen times) with nano-pure water.®*

2.5 Characterization techniques

The UV-visible absorption spectra for all the prepared disper-
sion samples were measured using a Shimadzu UV-1800 spec-
trophotometer. The measurements were taken in a 4 ml quartz
cuvette with a 1 cm path length, covering a wavelength range

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the formation of SNO,—-rGO nanocomposites.

from 190 to 1100 nm. The morphology and size of the nano-
particles were examined using a field emission scanning elec-
tron microscope (FESEM) (ZEISS Sigma 300) operating (with a
resolution of 10 nm) at an accelerating voltage of 15 kV and an
X-ray diffractometer (Rigaku Ultima IV) with a copper target of
wavelength 1.5406 A. Fourier transform infrared (FTIR 8400S)
spectroscopy for the 400 cm ™" to 4000 cm ™' wavenumber range
was carried out to identify the functional groups. The Raman
spectra of the samples were recorded using a Horiba Macro-
RAM™ high-resolution Raman spectrometer equipped with a
785 nm diode laser. The spectrometer features a flat-field
output spectrograph with a single aberration-corrected concave
grating and a 120 mm focal length. The probe head, designed
with a headspace focal length of approximately 4 cm, enhances
signal collection and incorporates high-performance Raman
edge filters. All Raman measurements in this study were carried
out using a steady laser excitation power of around 5 mW on
the sample surface, with a fixed acquisition time of 5 seconds
and the same number of accumulations for each scan.

2.6 Z-scan measurement

The experimental Z-scan setup is shown in the schematic
diagram in Fig. 2. In the investigation, a low-power continuous
wave diode laser with the 532 nm laser line is used as the
excitation light source. The beam is focused onto a point (z = 0)
along the scan axis (z-axis) using a biconvex lens (f= 100 mm).
The spot size (2w,) at the focus of the lens is estimated to be
43.6 pm. So, the value of the Rayleigh length for our Z-scan
setup is estimated (z, = mw,’/4) to be 2.8 mm, greater than the
sample quartz cuvette (1 mm). The sample is positioned on an
x-y-z stage that moves back and forth along the z-axis, starting
from the focal point (z = 0) of the beam. As the sample moves in
steps from the lens side toward the detector side, passing
through the focus, the transmitted intensity at each position
is measured and recorded using a computer-controlled detector.

The standard Z-scan technique, originally developed by
Sheik-Bahae et al.®*® offers an effective and precise method
for determining both the sign and magnitude of the nonlinear
refractive index n,, as well as the nonlinear absorption coeffi-
cient f. This model assumes a local interaction between the
electromagnetic field and the material, where the sample’s
susceptibility depends solely on the local intensity. Consider

Mater. Adv., 2025, 6, 9407-9426 | 9409
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Fig. 2 Schematic diagram of the Z-scan setup.

a TEM,, Gaussian beam with a beam waist w, propagating in
the +z direction, the electric field E(z, r, t) can be expressed as:

2 )
wo r ikr .

E(z.r 1) = En(1) _ ip(z,t) 1

(z,r,1) 0(t/w(z) xp ( w2(z) 2R(z)) ¢ (1)

Here, w(2) = wo{l + (2/20)°}"/* is the beam radius, R(z) = z(1 + (2/
zo)?) is the radius of curvature of the wave front at z, w, is the
beam waist at z = 0, z, = kw,’/2 is the Rayleigh length, k = 2nt// is
the wave vector, / is the wavelength of the laser source in free
space, and r(x, y) is the transverse radial distance. The term
E,(t) represents the electric field at the focal point and includes
the temporal shape (or envelope) of the laser pulse. Meanwhile,
the exponential term e @9 accounts for all uniform phase
shifts that do not vary with radial position. Under the thin
sample approximation, the amplitude of the electric field and
the nonlinear phase shift, denoted as A¢, are described by the
following two coupled equations.

da¢
dz’

and ar = —oa(l)I

= kAn(I) R

(2)
where 2’ is the propagation depth in the sample, and the total
absorption coefficient, o(l) = « + B(I)I, where, « is the linear
absorption coefficient and f(I) is the nonlinear absorption coeffi-
cient of the sample. Meanwhile, the overall refractive index,
denoted as n(I), depends on the laser intensity and can be
described using the nonlinear refractive index n,. It is given by
the formula n(f) = n, + n,(I)f, where ny is the linear refractive index,
and I represents the intensity of the laser beam inside the sample.
When nonlinear absorption is negligible (i.e., f = 0), the normal-
ized transmittance in the close-aperture (CA) Z-scan setup, 7(2),
can be calculated using the following expression.

47, (i)
20
2\’ 2\’
1+ (2) ] {9+ (2) ]
20 20
The peak-to-valley difference in the close-aperture (CA)
Z-scan curve, represented as (AT,.,) is directly related to the non-
linear phase shift A¢, and follows an almost linear relationship
when the phase shift is small (|A¢,| < m). This relationship is given
by the equation: AT, = 0.406 (1 — s)***|A¢,|. Here, s is the linear
transmittance of the aperture.*® According to the Sheik-Bahae

formalism (SBF), the distance between the peak and valley posi-
tions along the z-axis is approximately: Az, , = 1.7z,. This spatial

T(z)=1+ (3)
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separation is a signature of third-order (cubic) nonlinearity in the
sample.®**® But for a high nonlinear phase-shift, AT}, , in the
normalized CA Z-scan curves follows the equation, AT, = 3.06
(1 — e 1A%l58Yy (1 _ )025 for |Ady| < 25.°° This equation
shows that a higher phase shift (A¢,) results in a larger peak-to-
valley difference in the CA curve. It is also worth noting that
when there is no significant nonlinear absorption, the CA Z-
scan curve remains symmetric as the sample moves along the z-
axis (z - +0). However, if nonlinear absorption is present, the
symmetry of the curve breaks.””””® But for the laser beam with
circular symmetry and low power intensities including the
contributions of nonlinear absorption or two-photon absorption
(TPA), the normalized transmittance 7(z) is used which is
written as,”>’%"* T(z) = 1 + Tay(z) + Tay(2), here, Tay(z) and
Tay(2) are generated by induced nonlinear refraction and non-
linear absorption or induced TPA, respectively. These two terms
can be separately used for close-aperture (pure nonlinear refrac-
tion (NLR)) and open-aperture (pure nonlinear absorption
(NLA)) experiments, and the separate equations for the pure
NLR (close aperture) and TPA (open aperture) are

TA(/,(Z) =1+ (43)

Ay,

-\ 2
v@[() +1
20
where A¢, is the nonlinear phase shift, and Ay, is the two-
photon induced absorption. The nonlinear refractive index n,

and nonlinear absorption coefficient  can be estimated from
the following relationships

Tap=1- (4b)

Ay
"= kloLegt 5a)
2Ay
= 5b
IoLegr (5b)

where, I, stands for the on-axis input intensity at the focus, Legr =
(1 — e ™)/u is the effective length, and L is the geometrical
length of the sample.®*%>%%7°

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Now, considering that both the SA and TPA contribute to the
absorption response in Z-scan measurements, we can write'’

o

7
I+ —

sat

a(l) =

+pI (6)

where I, is the saturable intensity and I is related to the optical

peak intensity at the focus I,,, the Rayleigh length z, of the beam

and the sample position z by, I(z) = Io/(1 + (2/20)*). According to

the expressions above, the normalized transmittance for an OA
g L BIL

can be given by
o\ = /(1 —al) (7)
15al+10/(1+72) 1+72
Z(y 0

The imaginary parts of the third-order susceptibility ) can
be calculated using the relationship: Im 7'¥(esu) = (107 c*n,2p)/
(96m°w)(cm W), where c is the speed of light in cm s, w is the
excitation frequency in s~ ' and 7, is the linear refractive index.”

The thermal-lens model (TLM) was investigated by Gordon
et al.,’® Sheldon et al.,”” Carter et al,”® and Cuppo et al.”* When
a Gaussian beam propagates through a weakly adsorbed med-
ium, light is immediately absorbed, which causes local heating,
produces heat diffusion along the radial direction, and gives
rise to a spatially varying temperature field, i.e., temperature
gradient. This temperature field is not proportional to the local
light intensity, and the refractive index of the medium is
assumed to be a function of temperature. For small tempera-
ture changes AT, the refractive index change is proportional
to AT and the rate of change of the total refractive index with
temperature is On/0T.”"’%7° It means this thermal nonlinear-
ity is due to the nonlocal dependence of the refractive index
on the light intensity. The time dependence for far-field
on-axis transmittance due to the thermal lensing effect is
given as

T(z)=|1-

T(z,t) =

where the thermal-diffusion time ¢, is given by 7. = w? /4D,

w = woy/1 + (z/z0)* is the beam waist, D = k/C, is the thermal
diffusivity, C, is the specific heat per volume at constant
pressure, and « is the thermal conductivity. At ¢t » t., the
steady state has been reached, and it can be expressed as

- )
0 2(%) + 62 :
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The thermal nonlinear refractive index n% can be obtained
using the on-axis thermally induced phase shift 0, via
0
n =
kelo Leg

(10)

and when thermal nonlinearity dominates, the separation
between the peak to valley position in the CA Z-scan curve
becomes, Az,., > 1.7z, which was even found to be greater
than 2z, or equal to 3.4z,.5%778:80

2.7 Computational details

The simulations in this study were performed using the Vienna
ab initio Simulation Package (VASP), which is based on the
density functional theory (DFT) approach.®'®* The calculations
used projector augmented wave (PAW) pseudopotentials, along
with the generalized gradient approximation (GGA) for the
exchange-correlation functional.®>®® To maintain reliable
accuracy in our calculations, we used a plane-wave cut-off
energy of 530 eV. Geometry optimization was performed using
the conjugate gradient method, with convergence criteria set to
0.01 eV A" for forces and 10 ® eV for energy. For Brillouin-zone
sampling, we applied a 14 x 8 x 1 k-point mesh based on the
Monkhorst-Pack scheme.®” Grimme’s DFT-D2 correction was
employed to account for the weak van der Waals interactions
present between the layers of the heterostructure.®®

3. Results and discussion
3.1 UV analysis

As shown in Fig. 3, the optical absorption spectrum of GO
reveals the three absorption peaks at 232 nm, 307 nm, and
364 nm. The most intense band at 232 nm is due to a typical n-
7* transition in aromatic C-C bonds, and the latter two corre-
spond to the n to n* transition of the carbonyl (C—=O0) group,
and are related to the hyperfine structures of the absorption
spectrum of GO.”**>% On the other hand, the peak of the n-n*

SnO,
SnO,-rGO(1:1)
Sn0,-rGO(2.5:1
—GO

rGO

Absorbance (a.u.)

400 500 600 700

Wavelength (nm)

300

Fig. 3 Exploring optical properties of SnO,, GO, rGO, and SnO,-rGO
nanocomposites through UV-vis spectroscopy.
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transitions shifts to around 268 nm for rGO, indicating that
some oxygen functional groups on the GO surface are removed
and the conjugated structure is restored.’>®* In contrast, pure
SnO, exhibits an absorption peak at 266 nm, and shows a
blueshift for SnO,-rGO (2.5:1) and redshift for SnO,-rGO
(1:1) with the addition of rGO into the SnO, matrix. In both
SnO, and SnO,-rGO nanocomposite (NC) samples, the absorp-
tion peaks in the region of 266 nm correspond to band-to-band
absorption in SnO,, but in the spectrum of the SnO,-rGO
(2.5:1) NCs, there is a small absorption peak at 253 nm related
to sp>hybridized rGO.°>** Moreover, the observed peak shift
may be due to the composition of rGO with SnO, nanoparticles
and related to the change in bandgap energy, probably due to
the addition of rGO to the SnO, lattice structures, inducing the
impurities in energy levels.

3.2 XRD analysis

The XRD patterns of SnO, were analyzed using the Rietveld
refinement technique with R, = 16.5, Ry, = 24.5 and ¥* =1.0064,
as shown in Fig. 4, revealing distinct diffraction peaks corres-
ponding to the tetragonal rutile structure of SnO,, confirming
the successful synthesis of SnO, nanoparticles compared with
JCPDS Card No. 41-1445.°* The presence of its characteristic
peaks in the XRD patterns of all samples (Fig. 4) suggests that
the basic crystalline structure remains intact even after the
incorporation of graphene oxide (later turned into rGO). These
observations confirm that the synthesis method employed was
successful in producing high-quality SnO, and SnO,-rGO
nanocomposites. Despite the retention of the tetragonal rutile
structure, the intensity of the diffraction peaks decreases, and
the peaks broaden as the rGO content increases, indicating that
the interaction between SnO, and rGO inhibits the growth of
the SnO, particles and reduces in crystallite size. The crystallite
size of the SnO, and SnO,-rGO nanocomposites was calculated
using the Debye-Scherrer equation, and the results are sum-
marized in Table 1. The presence of rGO sheets in the compo-
site prevents particle agglomeration and enhances the
dispersion of SnO, nanoparticles, leading to a more uniform
distribution of particles.

3.3 FESEM analysis

The FESEM image of pure SnO, and SnO,-rGO (Fig. 5) shows
excellent dispersion of SnO, NPs in the SnO,-rGO NCs sam-
ples. Pure SnO, NPs exhibit an agglomerated structure with
spherical or near-spherical morphology. The agglomeration
observed in pure SnO, is likely due to strong interparticle
interactions, including van der Waals forces and hydrogen
bonding, commonly present in metal oxide nanoparticles
synthesized in aqueous media.”> The average particle size of
pure SnO, is observed at nearly 60 nm, which is consistent with
the X-ray diffraction (XRD) results, confirming the small crystal-
lite size of SnO,. The agglomerated morphology of pure SnO,
can limit the availability of active sites, hence impeding the
transport of charge carriers. In contrast, the SnO,-rGO nano-
composites exhibit a significantly different morphology with a
reduced mean particle size. The FESEM images reveal that the
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Fig. 4 (a) Rietveld analysis of SnO, nanoparticles; (b) room-temperature

X-ray diffraction patterns of SnO,, GO, rGO, and SnO,-rGO all nanocom-

posites; (c) structural model of SNO.

Table 1 Structural properties of SnO, and SNnO,-rGO

Sample Mean diameter D (nm)
SnO, 11

Sn0O,-rGO (2.5:1) 9

Sn0,-rGO (1.25:1) 5

Sn0O,-rGO (1:1) 2.5

© 2025 The Author(s).
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SnO, nanoparticles are more uniformly distributed across the
rGO sheets, which act as a scaffold to reduce agglomeration.
The rGO sheets not only help to disperse the SnO, NPs but also
play an active role in preventing the formation of large aggre-
gates. This dispersion is essential for enhancing the material’s
surface area and enhancing the transport of charge carriers.’®

3.4 Raman analysis

The Raman spectrum of SnO, is presented in Fig. 6(a) (left
panel), in which a broad peak at 493 em™" is observed and
convoluted into five constituent phonon mode frequencies at
279, 408, 460, 494, and 609 cm ™. These are assigned as E,, S1,

SnQ,

Intensity (a.u)

400 500
Wavenumber (ecm™)

(2)

Fig. 6

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) FESEM of SnO,, (b) FESEM of SnO,—-rGO; (c) and (d) particle size distribution histograms of the SnO, and SnO,-rGO nanocomposites.

S,, S3, and A, where E, and A,, are Raman allowed modes for
SnO, NPs. Whereas other frequency modes Sy, S,, and S; appear
due to the abundant existence of the in-plane oxygen vacancies
in SnO, NPs.””%® Fig. 6(b) (right panel) presents the Raman
spectra of SnO,-rGO NCs, which have two prominent features
at 1337 cm™ ' and 1611 cm ™, related to the D band and G band
of graphene, respectively.”**® The disorder mode (D band)
arises from the structural defect states and impurities of
graphene, and the G band appears due to the in-phase vibra-
tion of the graphite lattice. The intensity ratio of the D and G
bands (Ip/I ratio) helps to estimate the defects of graphene-
based samples, where a higher ratio ensures more defects on

L ——Sn0,-rGO (2.5:1)
——Sn0,-rGO (1:1)
—rGO

1,/1,=1.623

I/lg=1.489

Intensity (a.u.)
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(a) Raman spectra of the synthesized SnO,, and (b) Raman spectra of the synthesized rGO, and SnO,-rGO nanocomposites.
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graphene. The intensity ratios (Ip/Ig) of peak D to peak G of rGO
and SnO,-rGO NCs are 1.20, 1.489, and 1.623, respectively. The
degree of peak intensity ratio (Ip/lg) for SnO,-rGO NCs are
higher than rGO, which suggests the reduction in the sp?
carbon domain and presence of a greater number of defects
caused by the growth of grain boundaries, oxygen-vacancies,
amorphous carbon species, and the attachment of SnO, nano-
particles on the rGO sheet.'°® However, in the NC material, the
D band and G band experience a small blueshift and appear at
1321 em ™' and 1598 cm ™. These shifts indicate strong inter-
layer coupling between SnO, and rGO. This defect plays an
important role in inducing a charge transfer mechanism.

3.5 FTIR and PL analysis

Fourier transform infrared (FTIR) spectroscopy (Fig. 7) was used
to investigate the chemical interactions and functional groups
within the SnO,-rGO NCs. The characteristic peak of SnO, at
660 cm ™" was split into peaks at 630 cm ™" and 690 cm ™" for the
Sn0O,-rGO NCs after adding GO to the SnO, matrix, confirming

View Article Online

Materials Advances

the formation of nanocomposites and the structural integrity of
the SnO, lattice within the nanocomposites.'®*°*> The presence
of this peak across all samples demonstrates that the primary
SnO, structure is retained, even with the incorporation of GO
(later turned into rGO). Notably, as the rGO content in the
composite increases, the 660 cm ™" absorption peak broadens
and decreases in intensity. This broadening and decrease in
intensity suggest that there are strong interactions between the
SnO, nanoparticles and the rGO matrix. These interac-
tions likely indicate the formation of robust chemical bonds
between SnO, and rGO, possibly involving covalent Sn-O-C
linkages. The FTIR spectra also reveal the absence or weakening
of characteristic GO peaks, such as those for C—O (around
1725 cm™ ') and C—C stretching vibrations (around 1600 cm ™).
The IR peaks corresponding to 2933 cm™ ' and 2852 cm ™' are
due to the asymmetric and symmetric CH, stretching of GO,
respectively. These changes suggest that partial reduction of GO
occurs during the composite synthesis process. The reduction
of GO, which is typically accompanied by the removal of
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Fig. 7 Study of the surface functionalization of SnO,, GO, rGO, and SnO,—-rGO nanocomposites through FTIR spectroscopy. (c) PL spectra of SnO, and

SnO,-rGO (2.5:1).
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oxygen-containing functional groups, leads to an increase in
its electronic conductivity and facilitates better charge trans-
port within the composite.'®"%3

Photoluminescence (PL) measurements were carried out on
SnO, and SnO,-rGO nanocomposites to investigate the charge
transfer mechanism, as illustrated in Fig. 3(c). The data indicate
that pristine SnO, exhibits strong photoluminescence, character-
ized by a broad emission peak centered around 380 nm. On the
other hand, no significant PL peak has been found in SnO,-rGO
and its spectrum is flatter than that of SnO,. Remarkably, the PL
intensity becomes significantly quenched and a significantly flat
spectrum in SnO,-rGO (2.5:1) is exhibited in comparison with
Sn0,, demonstrating a prominent charge transfer.”>®” The for-
mation of covalent bonds within the hybrid structure alters the
electronic characteristics of both rGO and SnO,, resulting in the
quenching and a spectral shift of the PL emission peak. Since
rGO has no bandgap and conducts electricity very well, it easily
attracts the excited electrons from SnO,’s conduction band
through its m-conjugated structure. This suggests that the addi-
tion of rGO suppresses electron-hole recombination, resulting in
the observed quenching effect. Moreover, the extent of recombi-
nation is influenced by the conjugation length of the carbon
bonds and the size of the sp*> domains.**

0]
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3.6 Nonlinear optical properties

Fig. 8(a)-(c) and 9(a)-(c) display the CA Z-scan experimental
data (shown by the circles) with theoretical fitting (shown by
the red solid lines for SBF and dashed black lines for TLM), for
three batches of pure GO samples with three different concen-
trations at two input peak intensities 1.0 kW ecm™2 and 5.3 kW
em ™ respectively. The variations of peak-valley difference
(ATp) of pure GO by changing its concentrations are also
shown in Fig. 8(d) and 9(d) and it is observed that the peak-
valley difference (AT},,) increases monotonically with the incre-
ment of the concentrations of the pure GO in both cases. But at
very low input peak intensity (1.0 kW cm™?), CA Z-scan curves of
pure GO exhibit asymmetry and this asymmetric behavior
comes due to the contribution of nonlinear absorption, high
nonlinear phase shift and the nonlocal thermal nonlinear
refraction.®®7%7>10419  The nonlinear absorption (NLA)
mechanism in samples may be invoked by various NLO pro-
cesses like two-photon absorption (TPA), excited state absorp-
tion (ESA), free carrier absorption (FCA), and reverse saturable
absorption (RSA).>* The Sheik-Bahae formalism (SBF)** and
thermal lens model (TLM)”' have been used as theoretical
models to perform the fitting processes. It is observed that in
Fig. 8(a)-(c), the thermal lens model (TLM) has a better fit than
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o
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Fig. 8 CA Z-scan experimental data with the theoretical fit of GO nano-composites (a) GO (2.0 mg ml™3), (b) GO (1.0 mg ml™3), and (c) GO (0.5 mg ml™),

respectively, at a peak intensity of /o = 1.00 kW cm™2
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. (d) Peak-valley difference in a single plot.
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peak intensity of /o = 5.3 kW cm™2

the conventional Sheik-Bahae formalism (SBF). All pure GO sam-
ples showing a peak-valley separation greater than 1.7z, (around
3zy) is a clear indication of thermal nonlinearity.®>”>'%® This
theoretical fitting confirms that at very low intensity of a CW laser
the thermal lensing effect is the major mechanism that leads to
the nonlinear absorption with a self-defocusing effect. The
normalized transmittance curve shows a maximum asymmetric
peak followed by a minimum valley at a higher concentration
of GO because these thermal effects due to CW laser excitation
may induce the ESA, TPA, and RSA or SA process in the
material.**'°*'°° For pure GO, the enhancement of nonlinear
refractive index (the peak to valley difference increases) with the
increment of the concentrations of pure GO can be attributed to
several nonlinear optical mechanisms such as the electrostrictive
effect, molecular reorientation, electronic polarization, excited
state refraction, and thermal lensing.®®”>'* Conversely, when
the input peak intensity is increased to 5.3 kW ¢cm 2, the CA
measurements for each GO batch display a symmetric peak-to-
valley curve. This symmetry suggests that the nonlinear refractive
index n, is negative, and that nonlinear absorption has a negli-
gible impact on shaping the curve. The symmetric behavior of the
curves shows that at relatively higher input peak intensity, the
nonlinear scattering, nonlinear refraction becomes dominant. It
is noted that the shape of the obtained experimental CA Z-scan
curve in Fig. 9(a)-(c), 11(a)-(c), 12(a)-(c) and 13(a)-(c) is better
described by the SBF than the TLM. The reason may be that, in
addition to the thermal lensing effect, other mechanisms that
could be responsible for the observed nonlinearity include

9416 | Mater. Adv., 2025, 6, 9407-9426

. (d) Peak-valley difference in a single plot.

electrostriction, molecule reorientation, local field enhancement,
and the Soret effect. Compared to TLM, the local SBF model
would offer a more accurate description in this situation. Further-
more, since the thermal diffusion coefficient of graphene is very
high, the contributions of cumulative thermal effects in graphene
are negligible. In liquid media (i.e., when dispersed in solution),
nonlinear refraction under CW or long-pulse laser excitation
arises from the behavior of © electrons, as well as the reorienta-
tion and alignment of graphene sheets. In the case of GO
dispersions, contributions to nonlinear refraction come not only
from 7 electrons but also from the electrons in sp” and sp’
hybridized domains, along with free carriers. Measured values of
the nonlinear phase shift and nonlinear refractive index of all
samples are given in Table 2.

It is noted that a small Z-scan signal has only been detected
for 2.0 mg of SnO,, as shown in Fig. 10. But no close-aperture Z-
scan signal has been detected for pure SnO, at the two specific
concentrations of 0.5 mg and 1.0 mg. On the other hand, it is
observed that both GO and rGO have better nonlinearity than
SnO,. We anticipated that by mixing pure SnO, with varying
ratios in GO, the nonlinearity of pure SnO, could be tuned since
pure GO had sufficient nonlinearity.

Fig. 11(a)-(c), 12(a)-(c), and 13(a)—(c) display the CA Z-scan
experimental data (shown by the circles) with theoretical fitting
(shown by the red solid lines for SBF and dashed black lines for
TLM), for three batches of samples with three different con-
centrations for three different ratios of SnO,:GO 1:1, 1.25:1
and 2.5:1 respectively.
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Table 2 Measured values of the nonlinear phase shift and nonlinear refractive index of pure SnO,, RGO, GO, and SNnO,-rGO nano-composites with
varying the amount of SnO,

Linear absorption
coefficient at an
excitation wavelength

Nonlinear phase shift

from SBF fit, |Agy|
at peak intensity

(rad)

Nonlinear phase shift
from TLM fit, |A0| (rad)

at peak intensity
I, = 5.3 kW em™?

Nonlinear
refractive index,
n, (1078 W em™?)

Nonlinear
refractive index,
ny (107° W em ™3

Samples of 532 nm, « (mm~") I, =5.3 kW cm™>

SnO, (2.0 mgml™Y)  0.177331 1.09335 + 0.05869
GO (2.0 mg ml™")  0.80467 1.61501 + 0.02401
GO (0.5 mgml™Y)  0.43757 1.60083 + 0.05763
GO (1.0mgml™Y)  0.502054 2.56998 + 0.06840
GO (2.0 mgml™Y)  0.748475 2.76865 + 0.04640

Nano-composite, NC1 [SnO,-1GO (1:1)]

NC1 (0.5 mg ml™')  0.3910 0.9408 =+ 0.012701
NC1 (1.0 mg ml™")  0.4508 1.51418 + 0.03545
NC1 (2.0 mg ml™")  1.0212 2.08303 + 0.02310

Nano-composite, NC2 [SnO,-rGO (1.25:1)]

NC2 (0.5 mg ml™")  0.4514 1.00108 =+ 0.016702
NC2 (1.0 mg ml™")  0.3984 1.53896 =+ 0.027401
NC2 (2.0 mg ml™")  1.0179 2.47284 + 0.021076

Nano-composite, NC3 [SnO,-rGO (2.5:1)]

0.17964 £ 0.00806
0.29052 £ 0.04320
0.28049 £ 0.023401
0.42061 £ 0.02307
0.47519 £ 0.01430

0.14164 £ 0.00971
0.27372 £ 0.01511
0.3689 £ 0.012870

0.16278 £ 0.01127
0.27538 £ 0.01542
0.39583 £ 0.02245

0.19035 £ 0.01021

0.32284 £ 0.01743
0.48306 £ 0.02292

(®) 20

1.90613 £ 0.102319
3.75600 & 0.055837
3.15761 + 0.113674

5.2222 + 0.138989
6.28294 £ 0.105296

1.81591 £ 0.0245152
3.00505 + 0.0703543
5.3112 £ 0.0588991

1.9873 £ 0.0331561
2.98076 + 0.053072
6.29646 £ 0.0536647

2.05969 £ 0.0266568
3.88376 + 0.0502989
8.41263 £ 0.0339138

3.13182 £ 0.140517
6.76000 £ 0.10000
5.53262 £ 0.461581
8.5468 + 0.468783
10.7836 & 0.324512

2.73391 £ 0.18742
5.43227 + 0.299874
9.40601 £ 0.328152

3.23144 £ 0.223727
5.33373 £ 0.298664
10.0788 £ 0.571632

3.54586 £ 0.190193
6.86908 £ 0.370859
13.2758 £ 0.629906

NC3 (0.5 mg ml™')  0.315511 1.10569 + 0.01431
NC3 (1.0 mg mI™Y)  0.603386 1.82533 + 0.02364
NC3 (2.0 mg mI™Y)  1.204469 3.06105 + 0.01234
(@) 20
© rGo
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Fig. 10 CA Z-scan experimental data with the theoretical fit of (a) rGO (2.0 mg ml™) and (b) SNO, (2.0 mg ml™) at a peak intensity of /o = 5.3 kW cm™2.

It is observed from the CA Z-scan curve that the peak-valley
differences (ATy.,) for each of the three nanocomposite ratios
of SnO,-rGO mixtures increase with the increment of their
concentrations. The normalized transmittance curve shows a
maximum peak followed by a minimum valley at higher con-
centrations (2 mg ml™') of all samples. For higher concentra-
tions of each of the three batches of pure GO and different
ratios of SnO,-rGO, the enhancement of the nonlinear refrac-
tive index is found to be more significant. These can be
attributed to the thermal lensing effect due to the temperature
gradient in concentrated samples and enhancement of thermal
conductivity, molecular reorientations, acoustic wave propaga-
tion due to thermal effect, or the electrostriction process in the
continuous wave regime.®®”»1% For high repetition rates, the
sample does not have enough time to release the heat from the
previous pulse out of the beam diameter because the interval
between pulses is shorter than the characteristic time ¢. which
depends on the thermal diffusivity, thermal conductivity,
material mass density and specific heat capacity at constant
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pressure."'® Furthermore, it has been noticed that for a dilute
pure SnO,, the nonlinear signatures are negligible, as we have
no CA Z-scan signals in our experiment. This may be due to the
smaller concentrations of pure SnO, for which the thermal
lensing effect is negligible.'®>'%” As GO shows much better
nonlinearity, it is possible to modulate the nonlinearity of both
pure SnO, and GO by mixing them in different mass ratios. The
reason for this better nonlinearity of GO may be attributed to
the population redistribution of m electrons and the free
carriers of the sp”> domain.>>'"" Thermal lensing due to the
local field effect also enhances the nonlinearity in GO.>* From
Fig. 14, it is observed that for certain higher concentrations
(2 mg ml™*), with the increment of GO in SnO,, the nonlinearity
of SnO,-rGO significantly increased. This means that the pure
GO enhances the nonlinearity in SnO,-rGO nanocomposite
samples, though SnO, has small nonlinear refraction rather
than a nonlinear absorption optical signature.">'* From
Fig. 14, one can see that with increasing the amount of SnO,
in 1GO sheets, the peak-valley difference (AT}-,) (i.e. nonlinear
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Fig. 11 CA Z-scan experimental data with the theoretical fit of NC1 [SnO,-rGO (1 : 1)] nanocomposites (a) NC1 (2.0 mg ml™), (b) NC1 (1.0 mg ml™) and
(c) NC1 (0.5 mg ml™Y) respectively at a peak intensity of /o = 5.3 kW cm™2. (d) Peak-valley difference in a single plot.
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. (d) Peak-valley difference in a single plot.
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Fig. 13 CA Z-scan experimental data with the theoretical fit of NC3 [SnO,—~rGO (2.5 : 1)] nanocomposites (a) NC3 (2.0 mg ml™3), (b) NC3 (1.0 mg ml™)

and (c) NC3 (0.5 mg ml™), respectively, at a peak intensity of /o = 5.3 kW cm

phase shift, A¢,) also increases. Three nanocomposite ratios
1:1, 1.25:1, and 2.5:1 of the SnO,-rGO mixture show better
nonlinearity than pure SnO,, and this means one can tune the
nonlinearity of SnO, by its amount in GO with different ratios.
Moreover, it is very interesting to see that SnO,-rGO (2.5:1) of
the same concentrations (2 mg ml~") shows better nonlinearity
than pure GO and rGO itself. Moreover, the theoretical fitting of
the symmetric Z-scan CA curve for the case of SnO,-rGO
nanocomposite samples, suggested that along the z-direction,
the peak to valley separation, Az,_,, is about 1.7z, indicating
the contribution of electronic third-order nonlinearity.®>"%°
That means the thermal lensing effect due to the local field
effect in nanocomposites can play a minor role here. We believe
that this improvement of the third-order nonlinear refractive
index for SnO,-rGO nanocomposite samples originates from
other different origins, such as exciton oscillator strength, local
field enhancement, molecular reorientations, electrostriction
effect, charge transfer mechanism, excited state refraction, free
carrier refraction, and defect states. Furthermore, the localized
surface plasmon resonance (LSPR), interband transitions, free
charge carrier density, and large metal nonlinear response may
also improve the nonlinear properties of nanocomposites.
Among all of these, the charge-transfer across the interface of
the SnO,-rGO composite and induced defect states can play the
dominant role for this drastic enhancement of nonlinear

16,111,115,116 e

refractive index n, for these nanocomposites.
synergistic effect due to charge transfer characteristics of SnO,—

rGO nanocomposite materials may play a crucial role in

© 2025 The Author(s). Published by the Royal Society of Chemistry

~2, (d) Peak-valley difference in a single plot.

enhancing the nonlinear properties. The charge-transfer mecha-
nism occurs in SnO,-rGO nanocomposites due to their work
function mismatch.’” In this mechanism, rGO was regarded as
the electron donor and SnO, as the electron acceptor. With the
increase in the amount of SnO, in SnO,-rGO nano composites,
the possibility of forming an electron donor-acceptor pair
between SnO, and rGO increased, and more charges were
transferred through the interface. This charge transfer process
and the synergistic effect of the composites are responsible for
this significant enhancement of the nonlinear optical properties
of SnO,-rGO. Our PL and Raman spectroscopic analysis con-
firmed that the charge-transfer mechanism played a more
significant role in SnO,-rGO (2.5:1) nanocomposites due to
its higher defects. We believe that in SnO,-rGO (2.5:1) nano-
composites the charge-transfer mechanism and defect states
might play major roles and for this reason it exhibits better
nonlinearity than rGO itself and other samples SnO,-rGO
(1.25:1) and SnO,-rGO (1:1). Moreover, the concentration of
exciton oscillator strength and the local electric field enhance-
ment existing at the interface between rGO and SnO, grains may
also increase the third-order nonlinearity in the SnO,-rGO nano
composite.**”"® Additionally, the value of 7, is impacted by
the photo-induced redistribution of the effective local electric
field on the interface of SnO,-rGO nano-composites, causing
the thermal lensing effect, which may be altered by an increase
in SnO, nanoparticle content.>*'"?

However, we have already mentioned that at lower intensity
(1.0 kW ¢cm?) all Z-scan curves show (Fig. 8) asymmetry due to

Mater. Adv., 2025, 6, 9407-9426 | 9419
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(@) Normalized close-aperture (CA) data with theoretical fitting in a single plot for pure SnO,, GO, rGO, NC1, NC2, and NC3 nanocomposites

~2. (b) Normalized open-aperture (OA) data with theoretical fitting

in a single plot for pure SNO,, GO, rGO, NC1, and NC3 of two different ratios at /o = 1.00 kW cm™2.

the contribution of nonlinear absorption (f) and for this
reason, it has been expected that there should be a significant
open aperture signal. It should also be noted that at the input
peak intensity (I, = 5.3 kW ¢cm™?) all Z-scan measurements
present a negligible open aperture signal due to the totally
refractive effect, as it is not affected by absorption saturation or
excited state absorption.®® But at relatively lower intensity, the
concentrations of the samples play an important role, and at
higher concentrations (2 mg ml™"), show significant open
aperture signals. It is noted that at lower concentrations, it
does not show any significant OA signal. Fig. 14(b) exhibits the
typical open-aperture (OA) Z-scan curves at lower intensity (I, =
1.0 kW cm™?) with theoretical fitting for the pure SnO,, pure
GO, pure rGO and SnO,-rGO nanocomposites with mass ratios
of (1:1) and (2.5:1) at the wavelength of 532 nm. The nonlinear
absorption coefficient and parameters of all the samples
extracted from theoretical OA fittings are given in Table 3.
The OA traces for pure GO and SnO, show a symmetric valley
shape curve (0 < f) about z = 0, which indicates that the
physical origins are reverse saturation absorption (RSA). The
wider band gap (Eiser < Eg) Of SNO, and the relatively higher
band gap of sp® domains in GO (Ejuser < Eg) suggest that the
two-photon absorption (TPA) and excited state absorption (ESA)
is a possible mechanism for RSA. At lower intensities of a
continuous-wave (CW) laser, thermal effects become more
significant. Additionally, as the energy band gap (E,) decreases,
the likelihood of TPA further reduces. When the samples are
exposed to CW laser light, localized heating occurs, which can

lead to more thermally driven excited-state absorption (ESA)
than TPA.>*'2%'21 Theoretical fit using eqn (4b) also suggests
that the underlying RSA mechanism arises due to ESA and TPA.
From Fig. 14b, it is seen that the depth of the valley of the OA
symmetric curve for pure SnO, is greater than pure GO, and it
suggests that pure SnO, has greater ESA and TPA cross-sections
than pure GO. But in the case of rGO and SnO,-rGO nanocom-
posites, there is a flip in the edges of the nonlinear absorption
OA curve (showing a peak at the focus, i.e., 0 > f3), indicating
the presence of saturation absorption (SA). The normalized OA
curve of rGO showed a large peak at focus, indicating that rGO
has a strong saturation absorption (SA) character at this inten-
sity, attributable to the strong Pauli blocking effects due to its
unique lower band-gap structure similar to graphene.?*"*>'3
In SnO,-rGO nanocomposites, the transition from RSA to SA is
a consequence of competition between the TPA of SnO, and SA
of rGO."™" The two major possible physical reasons for the
tuning behavior of the SA effect in SnO,-rGO nanocomposites
can be attributed to the efficient charge transfer from rGO to
SnO, in the SnO,-rGO nanocomposite and localized defects in
the nanocomposites. Moreover, for different mass ratios of
nanocomposites, the large number of induced defect states
also plays a crucial role."®® Raman and PL spectra confirmed
the charge transfer mechanism and existing defects in SnO,-
rGO nanocomposites. We also perform the intensity-dependent
OA Z-scan experiment for all the samples which are included in
the SI. At lower concentrations, none of the samples show any
observable OA data. At higher concentrations (2 mg ml™"), all

Table 3 Measured values of the nonlinear absorption coefficient and parameters of pure SnO,, pure GO, and SnO,-rGO nano-composites

Linear absorption

coefficient at an Nonlinear absorption Imaginary part of Saturation

excitation wavelength coefficient, f8 susce;)tibility, FOM intensity,
Samples of 532 nm, o (mm™ ") (102 emw™) Im(*)) (1077 esu) (1078 esu cm) Isae (kW cm™?)
SnoO, 0.177331 6.580 + 0.01580 24.9385 + 0.0599 140.632 1.54 £ 0.020
GO 0.748475 0.812 + 0.00340 3.0775 £ 0.0129 4.112 4.60 £+ 0.018
rGO 0.80467 —(12.821 + 0.825) 48.5922 £ 3.1268 60.388 28.64 + 0.103
NC1 1.0212 —(0.8070 =+ 0.0070) 3.0586 + 0.0265 2.995 12.97 £ 0.400
NC3 1.204469 —(5.00833 £ 0.0467) 18.9818 £ 0.177 15.759 22.80 £+ 0.309
9420 | Mater. Adv, 2025, 6, 9407-9426 © 2025 The Author(s). Published by the Royal Society of Chemistry
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samples show significant OA signals. For pure SnO, and GO, it
is noted that with the increase in the input intensities, the
values of f§ decrease. At lower intensities of 1000 W cm ™2 and
3000 W cm ™2, both SnO, and GO exhibit significant symmetric
OA Z-scan signals due to RSA effects. This dominating RSA
effect originates from ESA and TPA. At a higher intensity of
5300 W cm 2, they showed very small NA effects rather than
exhibiting asymmetric CA data due to the pre-dominating
nonlinear refraction, scattering, and lensing effects. On the
other hand, both rGO and SnO,-rGO nanocomposites show a
dominating SA effect. It is noted that ESA leads to both SA and
RSA.">®™” When the absorption cross-section of the excited
state is lower than that of the ground state, the transmittance
OA curve exhibits a symmetric peak at the focus, which is
known as SA. For rGO and rGO-based nanocomposite materials
with defect density, the filling of the localized defect states
leads to SA behavior with the increase or decrease in the input
intensity. At lower pump intensities, the SA shown by rGO and
SnO,-rGO nanocomposites is probably due to the state-filling
effect of the interband transition in the sp* domains."® It is
observed that rGO has a better SA effect than SnO,-rGO
nanocomposites. The intensity-dependent tunable SA behavior
of our SnO,-rGO can be attributed to the presence of a large

I —— C B, .

View Article Online

Paper

number of defect states. We explain it using a schematic energy
diagram for the proposed NA and SA mechanisms in
Fig. 15(a)."*®"*° When 532 nm laser light (2.32 eV photon) is
incident on the samples, the one-photon absorption (OPA)
from the valence band was sufficient to excite an electron from
this state to the defect states of both the rGO sample and SnO,-
rGO nanocomposites. Some of these electrons could lose their
energy and make transitions to the valence band. On the other
hand, some of these electrons in defect states could be excited
to the conduction band by the absorption of another photon."*°
Our Raman spectra confirm that SnO,-rGO nanocomposites
have more defects than rGO, and this is one of the major
reasons that rGO exhibits a better SA effect than all SnO,-rGO
samples. The lower density of the defect states was filled by
OPA, and the SA effect became dominant. Moreover, these
defect sites behave as a center for exciting electron trapping,
and control the photon-stimulated electron-hole pair recombi-
nation process."*

To gain further insights into the charge transfer mechanism
and formation of defect states in the SnO,-rGO nanocompo-
sites, we performed density functional theory (DFT) calculations
using VASP.®'"®* The DFT-optimized structure of the SnO,-rGO
heterostructure is displayed in Fig. 15. This structure, although

>
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=% . TPA ] CB .,
o i Eji=2:6eV-(hvi< Ey)
% = i 9 CA
I/QO_) E; =32 eV(hvi <E,) é;,(? \‘ ;
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(®)

Fig. 15
blue colored atoms represent O, C, and Sn, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) Schematic energy diagram for the NA and SA mechanisms, and (b) optimized structure of the SnO,-rGO heterostructure. Red, brown, and
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having a different size and morphology from the experimental
system, can be exploited to explain the charge transfer mecha-
nism. Furthermore, we plotted the partial density of states
(PDOS) for the Sn 4d and C 2p orbitals of SnO,, rGO, and
SnO,-rGO to account for orbital interactions and charge trans-
fer phenomena. The PDOS plots as a function of energy (E-Eg),
where the vertical dashed line represents the Fermi level energy,
Er, displayed in Fig. 16(a) and (b), provide insights into the
distribution of electronic states within the Sn 4d orbital before
and after the hybridization process, respectively. Similar repre-
sentation has been done for the C 2p orbital in Fig. 16c and d.
The Sn 4d orbital of SnO, exhibited an overall enhancement of
states in the vicinity of the Fermi level after hybridization with
rGO, as seen in Fig. 16a and b. In contrast, the C 2p orbital of
rGO showed a reduction of states above the Fermi level (~2 eV-
3 eV), as depicted in Fig. 16¢ and d. Therefore, we can conclude
that charge is being transferred from rGO to SnO,, which
supports our experimental findings.

Moreover, the greater the extent of metal oxide, the higher
the chance for electron transfer, which leads to enhanced NLO
responses of the decorated nanocomposite samples and exhi-
bits tunable saturable absorbers as well as optical limiting
devices. The combined effects of localized field enhancement
due to the surface plasmon resonance (SPR) effect, increased
free charge carriers, and the quantum confinement effect can
play important roles. Additionally, the concentrations of the
samples can also affect their nonlinear absorption behavior."*?
At lower intensities, this higher concentration enables the
SnO,-rGO nanocomposite samples to possess a greater number
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of free electrons due to the defects, which in turn contributes to
the enhanced SA. Additionally, at the corresponding wave-
length in the CW regime, the absorbance of the nonlinear
material leads to an increase in temperature and density of
the samples due to the large thermal expansion, which can also
result in limiting action.

To demonstrate the optical limiting behavior of our sample,
we estimated the normalized transmittance as a function of the
input pump intensity of the incident laser beam. Fig. 17 pre-
sents the plot of normalized transmittance versus input pump
intensity of our device observed for a CW laser of wavelength
532 nm up to a peak intensity of 1.00 kW ecm 2. To evaluate the
optical-limiting characteristics, it is essential to investigate the
strength of optical limiting using the onset threshold Foy (the
input intensity at which the normalized transmittance begins
to diverge from its initial value) and optical limiting threshold
For, (the input intensity threshold where the normalized trans-
mittance decreases to less than 50%). From Fig. 17, the
estimated optical limiting threshold Fy; values of SnO, and
GO are 0.62 kW cm > and 1.21 kW cm ™2 respectively. On the
other hand, the onset threshold Fyy values of SnO,, GO, rGO,
NC1 and NC3 are 0.13 kW cm ™2, 0.16 kW cm ™2, 0.034 kW cm 2,
0.10 kW cm™?, and 0.08 kW cm™ > respectively. The optical
limiting threshold of SnO, is approximately half that of GO.
Thus, it can be interpreted that SnO, has better optical limiting
performance than GO, as it exhibits lower Fon and Fgy, values.
Moreover, rGO and SnO,-rGO exhibit better SA effects and
tunable SA effects. This means the tunable characteristics of
our nanocomposites can be a potential candidate as a saturable
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Fig. 16 PDOS plot for the Sn 4d orbital of SNO,, (a) before and (b) after forming a heterostructure with rGO. PDOS plot for the C 2p orbital of rGO, (c)

before and (d) after forming a heterostructure with SnO,.
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Fig. 17 Normalized transmittance as functions of pump intensity for
SnO,, GO, rGO, and SnO,-rGO nanocomposites under an intensity of
1.00 kW cm™2 (532 nm).

absorber in mode-locking laser systems and optical logic gate
devices.

Thus, this remarkable enhancement in the nonlinear refrac-
tion and nonlinear absorption (SA, TPA, RSA, ESA) of the
nanomaterials and the saturable behaviour of SnO,-rGO nano-
composites from RSA to SA suggests that it has the potential to
be used as a tunable ideal optical device and other optical
sensors. Our SnO,-rGO nanocomposite can be used for devel-
oping photonics applications, optical data storage, controlling
optical signals, and optical communications due to its self-
defocusing behaviour and optical limiting switching behaviour.

4. Conclusion

In summary, we demonstrated a comparative study of the third-
order nonlinearity of SnO,-rGO nanocomposites using conven-
tional Z-scan and thermal lensing models with a CW laser. Our
results suggest that at lower intensity, the Z-scan curve shows
asymmetry due to the contributions of nonlinear absorption
and thermal effects. The thermal lensing effect due to the local
field can play a major role here. Both SnO, and GO exhibit RSA
that originates from thermal-induced ESA and TPA. On the
other hand, SnO,-rGO nanocomposites have a tuning SA
character probably due to the charge transfer mechanism and
induced defects. But at higher intensity, the symmetric Z-scan
curve suggests that the contribution of nonlinear absorption is
negligible. At this intensity, local SBF describes the Z-scan data
better than the nonlocal TLM, indicating the minor contribu-
tion of thermal effects. The values of n, increase with the
increment of the mass ratios of SnO,-rGO nanocomposites,
which exhibit self-defocusing effects. We believe that the
synergistic effect due to the charge transfer characteristic of
SnO,-rGO nanocomposite materials and induced defects may
play a crucial role in tuning the NLO properties. This study
paves the way for the optimization of SnO,-rGO nanocompo-
sites for applications in optical limiters, mode-locking laser

© 2025 The Author(s). Published by the Royal Society of Chemistry
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systems, switchers, and other nonlinear photonic devices, con-
tributing to the development of more efficient materials in
modern optics.
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