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Abstract: The cubic nonlinearity of a graphene-oxide monolayer was characterized through open
and closed z—scan experiments, using a nano-second laser operating at a 10 Hz repetition rate and
featuring a Gaussian spatial beam profile. The open z—scan revealed a reverse saturable absorption,
indicating a positive nonlinear absorption coefficient, while the closed z—scan displayed valley-peak
traces, indicative of positive nonlinear refraction. This observation suggests that, under the given
excitation wavelength, a two-photon or two-step excitation process occurs due to the increased
absorption in both the lower visible and upper UV wavelength regions. This finding implies that
graphene oxide exhibits a higher excited-state absorption cross-section compared to its ground
state. The resulting nonlinear absorption and nonlinear refraction coefficients were estimated to be
approximately ~2.62 x 1078 m/W and 3.9 x 10~!> m?/W, respectively. Additionally, this study
sheds light on the interplay between nonlinear absorption and nonlinear refraction traces, providing
valuable insights into the material’s optical properties.

Keywords: one-photon transition; two-photon transition; 2D materials; nonlinear absorption; nonlinear

refraction

1. Introduction

The successful extraction of a graphene single layer through mechanical cleavage in
2004 has ignited a wave of research interest in the fascinating world of two-dimensional
(2D) materials [1]. Graphene’s exceptional Kerr effect and high nonlinear absorption
coefficient make it a highly promising material for various applications in the field of
optoelectronics [2,3]. However, the high nonlinear absorption coefficient was accompanied
by a zero bandgap through the strong two-photon absorption (TPA) process, which might
not only be from the two-step excitation but also due to an undesired free-carrier absorption
(FCA) and free-carrier dispersion (FCD) [4]. On the other hand, graphene oxide (GO) has
been recognized as one of the growing two-dimensional materials due to its broadband
optical effect through the tunable bandgap [5,6]. The content and location of oxygen-
containing groups obviously influence the optical and electronic properties [7,8]. These
reduction processes transform GO from an insulator to a semiconductor and to a metal-like
state, in the form of graphene. In addition, GO is a hydrophilic and water-soluble material
due to the existence of the oxygen-containing group which makes the fabrication easier.

The third-order (cubic) nonlinear optical properties of GO are stable under high-power
illumination [9], which makes GO a strong candidate for the optoelectronic applications
such as pulse compression, mode-locking to Q-switching, optical limiting (OL), and all-
optical switching [5,10-23]. The study of third-order optical nonlinearity, which includes
the coefficient of nonlinear absorption (NLA), nonlinear refraction (NLR), and their polar-
ity as well, reveals its prospective technical applications in optoelectronics. For instance,
materials exhibiting negative nonlinear absorption (NLA) coefficients, characterized by

Materials 2023, 16, 6664. https:/ /doi.org/10.3390/mal6206664

https:/ /www.mdpi.com/journal /materials


https://doi.org/10.3390/ma16206664
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0001-7967-2579
https://doi.org/10.3390/ma16206664
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma16206664?type=check_update&version=1

Materials 2023, 16, 6664

2 0f 10

saturable absorption (SA), find application as crucial Q-switching elements in lasers [24].
Conversely, materials featuring positive NLA coefficients, demonstrating reverse saturable
absorption (RSA), are well suited for applications such as two-photon microscopy and
optical limiters [25]. To study such an enthralling phenomenon, the “z—scan technique”
has been used to investigate both the polarity and magnitude of NLA and NLR coeffi-
cient [16,26]. Kang et al., revealed that GO exhibits strong and broadband nonlinear optical
(NLO) properties for the optical power limiting in a wide spectral range of wavelengths [27].
It obviously meets the demands for emerging photonic applications to overcome the OL
behavior at certain wavelengths via metallic nanomaterials (zinc ferrite nanoparticles [28],
gold clusters [29]). In addition, the NLO response in a wide spectral range exhibits SA at
the short wavelength and RSA at the longer wavelength, which may result in a varying
magnitude of third-order susceptibility based on the wavelength-dependent nonlinear
optical transition [27]. The magnitude and polarity of third-order nonlinearity are modified
using excitation processes such as resonant and non-resonant nonlinear processes. As an
example, resonant excitation yields a relatively greater magnitude of nonlinearity compared
to non-resonant excitation. However, it is worth noting that resonant excitation demands a
longer duration within the nonlinear process compared to its non-resonant counterpart [30].
The literature review divulges that the few layers of GO dispersion and reduced GO
(rGO) are good candidates for the optical power limiting at the 532 nm wavelength [31-34].
Also, GO nanosheets dispersed in DI water demonstrated the broadband NLO and its
prospective application in optical power limiting at the 1064 nm wavelength [35]. The
tunable OL properties of GO in ethanol solution were studied at 1550 nm as well [36]. In
moving towards the application of GO as an optical power limiter, the characterization of
third-order optical susceptibility (x®) is a pivotal parameter that is directly related to the
coefficients of NLA and NLR. Additionally, the imaginary x> articulates the information
about the SA and RSA to identify the possible application as an optical power limiter.

Ebrahimi et al. reported the imaginary (Im) x° value of GO in ethanol at 532 nm, which
was 2.17 x 10~ m?/V? [37]. The values of (Im) x> change with GO dispersion in different
solvents at 532 nm that varied from 1.0 x 1071% to 5.1 x 10~1? m?/V? [31]. In addition,
Khanzadeh revealed that the 7(3 of GO was 5.12 x 10716 m2/V2, At the same wavelength,
Kang et al. demonstrated that the x° value of GO is 8.97 x 10718 m?/V? [27]. It implies
that the different magnitude of x> arises from the oxygen content in the sample, the types
of solvent used, and the applied wavelength [38]. Our estimation of x* at 532 nm is one
order higher than the one investigated using a continuous wavelength from 450 to 750 nm
as per the literature review [27]. Furthermore, this study exhibits a positive nonlinear
absorption coefficient, indicating that the excited state absorption cross-section surpasses
that of the ground state. This characteristic makes it a promising candidate for utilization
as an optical power limiter. It is worth noting that the highly intense laser beam employed
in the nonlinear experiments may introduce a thermal effect into the results obtained from
the z—scan [39]. Therefore, this article has provided a comprehensive analysis of both the
polarity and magnitude of the nonlinear absorption and nonlinear refraction coefficients of
graphene oxide (GO) in DI water. These measurements were conducted using a nanosecond
laser emitting at a visible wavelength of 532 nm in a z—scan setup.

2. Materials and Methods

The GO nanoflakes in an aqueous solution were purchased from a graphene super-
market, Ronkonkoma, NY [40]. According to the vendor’s specifications, the GO product
consists of more than 80% monolayers with nanoflakes ranging in size from 0.5 to 5 microns
(https:/ /www.graphene-supermarket.com/, accessed on 10 February 2023). The exper-
iment utilized diluted GO, which was prepared using a standard 10 mm cuvette with a
capacity of approximately 3.5 mL for dilution. The process involved mixing approximately
1.75 mL of the GO sample, which had a concentration of 6 g/L, with an equal volume of DI
water. The third-order nonlinear optical properties of GO nanoflakes were characterized
using the z—scan method in a 1 mm quartz cuvette. The excitation source for the z—scan
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was a pulsed laser at 532 nm, 10-Hz repetition rate, and ~6—ns temporal pulse width with
the Gaussian beam [41]. The effective focal length of the focusing lens for the z—scan was
~125 mm. The radius of the beam waist (wg) at the focal point was ~15.1 pm. The Rayleigh
length (zg = kw% /2) was ~2.02 mm, which was larger than the sample thickness (1 mm).
The Gaussian beam at the focusing lens was ~2.8 mm at FWHM and was prepared using
the two-irises method [41]. To ensure the integrity of our experimental setup, we metic-
ulously eliminated all potential optical nonlinearities originating from electronic devices
and other optical components by conducting experiments within the system’s linear range.
Additionally, we performed z—scan experiments using only the base solvent to eliminate
any undesired supplementary nonlinear effects from the sample. For validation purposes,
we employed the nonlinear refraction of CS;, to verify the experimental setup through the
closed z—scan technique [41]. The schematic diagrams of open and closed z—scan setups
are depicted in Figure 1a and 1b, respectively [26], and have been adapted with permission
from the previous publication [41].

(a) Lens Sample |
Gaussian /7 [ | D D
bealﬁ... ikt E ..... . "~..... o - .
DL Detector Detector
Detector Detector

Figure 1. Schematic diagram of open (a) and closed (b) z—scan setups for characterizing the magni-
tude and polarity of nonlinear absorption and nonlinear refraction, respectively [41].

3. Results and Discussion

In the linear absorption spectrum of GO nanoflakes in DI water, the absorption peaks
are evident at around 230 nm and 300 nm, with their spectral tails extending into the visible
region, as illustrated in Figure 2. The p orbitals of carbon can be combined in two ways:
in-phase, resulting in bonding combinations, and out of phase, leading to anti-bonding
combinations. This results in the formation of 7t and 7t* orbitals, with the 7t orbital having
lower energy compared to the 77* orbital. Consequently, this energy difference facilitates
photon-induced transitions between the 7t and 7t* orbitals. The initial peak corresponds to
the 7t—7t* transition of the C=C bond, while the subsequent peak corresponds to the n—7*
transition involving the carbonyl (C=0) bonds of GO [42].

Graphene Oxide
Excitation source

Absorbance

0.0

300 400 500 600 700
Wavelength (nm)

Figure 2. The absorption spectrum of GO nanoflakes in DI water. The green spectrum indicates the
laser excitation used for nonlinear optical characterization.

The nonlinear absorption behavior of GO nanoflakes in DI water was characterized
through an open z—scan technique, revealing normalized nonlinear transmittance as a func-
tion of sample position (z) across various peak excitation intensities, namely ~6.4 GW/cm?,
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35 GW/cm?, 1.9 GW/cm?, 1.1 GW/cm?, and 0.1 GW/cm? at the focal plane (refer to
Figure 3). These nonlinear transmittance traces distinctly exhibit a reverse saturable ab-
sorption (RSA) pattern, indicative of a positive nonlinear absorption coefficient [14]. This
suggests that the absorption cross-section in the excited state surpasses that of the ground
state. At lower wavelength regions, there is a notable increase in absorption, indicating
the potential occurrence of two-photon excitation or two-photon absorption within the
framework of optical nonlinearity. The normalized nonlinear transmittance via an open
z—scan for a Gaussian beam is governed by [16].
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Figure 3. Normalized nonlinear transmittance as a function of the sample position (z) through the
open z—scan technique, encompassing various applied peak intensities.
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where z is the sample position, S = 1 — exp(—2r2/w3) = 1 is the unit linear transmittance
indicating no aperture in front of the detector in the open z—scan, 7, is the radius of a finite
aperture, q(r,z,t) = Bl, Loy < 1 is the requirement for the open z—scan, which results in the neg-
ligible nonlinear phase distortion of AY,(t) = Blo(f)Lesf/2, Leps = (1 —exp(—aoL))/aoL
is the effective sample length, L is the sample thickness, I, is the applied peak intensity, «,
is the linear absorption coefficient, and f is the nonlinear absorption coefficient. By fitting
it to the model Equation (1), we estimate the nonlinear absorption coefficient of GO to be
approximately ~2.62 x 108 m/W.

Furthermore, the normalized nonlinear refraction traces are characterized by closed
z—scan techniques as shown in Figure 4a. It satisfied the far-field condition of an aperture
(d~2.0 >> z,). The radius (r;) of a finite aperture is selected at ~0.75 mm to satisfy the
linear transmittance of the finite aperture (S)~0.01 < 1 condition [41]. The normalized
transmittance, depicted as a function of the sample position, showcases the presence of
valley-peak traces, as exemplified in Figure 4. It suggests the self-focusing characteristics
or positive nonlinear refraction observed in GO nanoflakes. The theoretical model of
normalized nonlinear transmittance using a closed z—scan with a Gaussian beam is [26,43].
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Figure 4. (a) Experimental normalized transmittance as a function of sample position (z) obtained
through the closed z—scan technique, along with their corresponding fitting traces. (b) A comparative
analysis of traces with and without the nonlinear absorption (NLA) coefficient at an applied intensity
of 4.87 GW/cm?.
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where w, is the radius of beam waist at the focal plane, q(r,z,t) = BI, Leff <1, Ap, =
kyloLesr < 1is the phase distortion for the symmetric peak-valley nonlinear transmittance
trace, 7 is the nonlinear refraction coefficient, and x = —(1/z,)(z + (22 +2%)/d — z) ~
z/z, for the far-field condition of an aperture (d >> z,), where d is the distance between
the focal plane and the aperture. The nonlinear refraction coefficient (y) is found to be
~3.9 x 10715 m?2/W from fitting with model Equation (2). Looking into the valley-peak
transmittance, the valley is much deeper (~0.028 T.) than the valley-peak symmetry. This
implies that absorption plays a considerable role in nonlinear refraction [44].

The NLR curve governed by Equation (2) results in transmittance variation between the
normalized peak and valley T, = 0.4 A¢, | and a peak-valley separation of z,, = 1.79 zy.
Also, ATy, depends on the magnitude of the nonlinear phase shift (A¢,) and the linear
transmittance of the finite aperture (S). For a smaller phase shift (A¢, < 77), which resembles
this experiment, the AT}, follows the equation within £2% variation [16].

AT, o ~ 0.406(1 — S)O'ZS’A% ®)

For an applied intensity, the phase shift is constant. Therefore, this article is focused
on investigating the effect of S on AT}, using the estimated nonlinear refraction coefficient
for three different applied peak intensities.

As depicted in Figure 5, it is evident that the magnitude of the peak-valley difference
(ATp-») decreases as the applied intensity decreases, which aligns with our expectations.
Additionally, ATy, diminishes in magnitude as the linear transmittance of the finite aper-
ture increases, eventually reaching a point where AT}, equals zero at S = 1. It is important
to note that S = 1 represents the condition without an aperture, a setup typically used for
investigating nonlinear absorption via the open z—scan technique. This suggests that select-
ing a smaller S value is the optimal condition for studying the phenomenon of nonlinear
refraction. In our experiments, we conducted tests under three distinct applied intensities,
each resulting in corresponding phase differences for a fixed S = 0.01. Figure 6 presents the
magnitude of the peak-valley difference as a function of applied intensity (a), along with
its fitting, and illustrates the nonlinear phase shift (b).
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Figure 5. Difference between the normalized peak and valley transmittance as a function of linear
transmittance of finite aperture (S) for different applied intensities.
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Figure 6. Percentage difference between the normalized peak and valley transmittance as a func-
tion of (a) applied intensity and (b) nonlinear phase shift (A¢,) for linear transmittance of finite
aperture (0.01).

Figure 6b displays the slope of AT, as a function of the phase shift at the focus point.
The estimation yields a linear coefficient of ~0.46 which aligns with z—scan model [16]. In
addition, for a higher S, the linear coefficients (slopes) become smaller, which is expected
in the z—scan as shown in Figure 7 [16].

o S=0.01 ///z
o S=0.7 P
o S=0.99 -
S 8 N /’/// -
o - )
< o
7 P B
- -7 e
I e -
< 4?/// ////’,,
!//// o
,,,__,e,,,,,l,,,
-
0

2 2.5 3 3.5 4 4.5 5
Applied Intensity (GW/cmz)

Figure 7. Percentage difference between the normalized peak and valley transmittance as a function
of applied intensity for various linear transmittance of finite aperture (S).
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The absolute value of third-order nonlinear susceptibility is calculated using

x| = \/ |Rex®| + [y @

where Rex®) = (4/3)n2¢,cy and Imx(®) = (1/37)n2¢,cAp are real and imaginary compo-
nents of third-order nonlinearity, 7, is the linear refractive index [42], ¢, is the dielectric
constant of the vacuum, and c is the velocity of light. The third-order nonlinear suscepti-
bility of the GO monolayer in DI water was estimated to be | x® [ ~9.55 x 10717 m?/V?,
which is close to those in the literature review (~8.97 x 1018 m2?/V? GO in DI water [27]
and ~5.12 x 1071® m?/V? GO in ethanol [31]).

The rise time of a thermal lens in an aqueous liquid is determined using the acoustic
transit time, denoted as T = w, /vs [16] where vs ~ 1437 m/s [45], is the velocity of sound
in the water at room temperature. Consequently, we calculate T to be approximately
10.1 ns, nearly double the pulse width of around 6 ns. Furthermore, it is worth noting
that the thermal diffusion time in water exceeds the pulse width [46]. It implies that there
is non-uniform heating induced by the 6 nm pulsed laser, leading to a nonlinear index
change at the focus axis. Consequently, it suggests that the third-order nonlinear optical
response encompasses both electronic effects (Kerr effect) and thermal effects contributing
to . The validity of the nonlinear refraction coefficient’s polarity is additionally confirmed
through the measurement of transmittance as a function of applied intensity, employing
the I—-scan technique, as illustrated in Figure 8. The transmittance observed in the I—-scan
is contingent on multiple factors, including the applied intensity, nonlinear absorption,
nonlinear refraction, sample position, Rayleigh range, effective sample length, and the
distance between the sample and the aperture [16]. In the I—scan, the GO dispersion
was positioned at the valley of the closed z—scan traces, which revealed a reduction in
transmittance with increasing applied intensity. This phenomenon occurs because the
transmittance beam experiences increased diffraction as the peak intensity rises. At the
valley position, the intensity-dependent total absorption («(I) = &, + I) and total refraction
(n(I) = no + I) collectively contribute to the laser power attenuation capacity, signifying the
potential of GO nanoflakes as valuable materials for optical power limiting. Such materials
can play a critical role in safeguarding the eyes and sensors from high-power radiation.

g 1.0+ ——Theory
g O Exp.
g 0.95
§ .
g
S
= 0.90r
<
g
-
o
Z
085 L L L
0

2 4 6
Input Intensity (GW/cm?)

Figure 8. Normalized transmittance as a function of applied peak intensity at the valley position of
valley-peak of closed z—scan traces.

4. Conclusions

The third-order optical nonlinear properties of GO were studied through the z—scan
technique using a single wavelength at a 532 nm laser source. The positive nonlinear
(reverse saturable) absorption and nonlinear (valley-peak) refraction properties were ob-
served through the open z—scan and closed z—scan techniques, respectively. Given the
linear absorption spectra below the 500 nm region, the 532 nm excitation source likely facil-
itated nonlinear excitation through either two-photon excitation or a two-step excitation
process, leading to reverse saturable absorption. This finding indicates that graphene oxide
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possesses a larger excited-state absorption cross-section than its ground state, making it a
promising candidate for optical limiters. The estimated coefficients for nonlinear absorption
and nonlinear refraction were approximately ~2.62 x 1078 m/W and 3.9 x 107> m?/W,
respectively. Moreover, we observed a reduction in laser transmittance through graphene
oxide at higher intensities using an I—scan, suggesting its potential application in optical
power-limiting devices in future technological advancements.

Author Contributions: Conceptualization, F].S., W.-J.K. and T.N.; methodology, T.N. and U.P,; formal
analysis, T.N. and U.P,; resources, F].S.; writing—original draft preparation, T.N. and U.P,; writing—
review and editing, FJ.S., B.T., T.N., U.P. and W.-].K; visualization, T.N.; supervision, FJ.S. and B.T,;
funding acquisition, EJ.S. and W.-].K. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported at Hampton by NASA NNX15AQ03A and ARO W911NF-15-1-
0535; at UNC-Pembroke by 170040/368; and at K1 Solution R&D Center by the Korean NRF2020M3H4
A3081799.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Geim, AK.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183-191. [CrossRef] [PubMed]

2. Zhang, H,; Virally, S.; Bao, Q.; Ping, L.K.; Massar, S.; Godbout, N.; Kockaert, P. Z—scan measurement of the nonlinear refractive
index of graphene. Opt. Lett. 2012, 37, 1856-1858. [CrossRef]

3. Bao, Q.; Zhang, H.; Wang, Y.; Ni, Z.; Yan, Y.; Shen, Z.; Loh, K.P; Tang, D.Y. Atomic-Layer Graphene as a Saturable Absorber for
Ultrafast Pulsed Lasers. Adv. Funct. Mater. 2009, 19, 3077-3083. [CrossRef]

4. Mizrahi, V.; Delong, K.W.; Stegeman, G.I.; Saifi, M.A.; Andrejco, M.]. Two-photon absorption as a limitation to all-optical
Switching. Opt. Lett. 1982, 14, 1140-1142. [CrossRef] [PubMed]

5. Chantharasupawong, P; Philip, R.; Narayanan, N.T.; Sudeep, PM.; Mathkar, A.; Ajayan, PM.; Thomas, J. Optical Power Limiting
in Fluorinated Graphene Oxide: An Insight into the Nonlinear Optical Properties. |. Phys. Chem. C 2012, 116, 25955-25961.
[CrossRef]

6.  Siyar, M.; Magsood, A.; Khan, S. Synthesis of mono layer graphene oxide from sonicated graphite flakes and their Hall effect
measurements. Mater. Sci. Pol. 2014, 32, 292-296. [CrossRef]

7. Zhu, Y,; Murali, S.; Cai, W,; Li, X.; Sul, ]JW,; Potts, ].R.; Ruoff, R.S. Graphene and Graphene Oxide: Synthesis, Properties, and
Applications. Adv. Mater. 2010, 22, 3906-3924. [CrossRef]

8. Gupta, V,; Sharma, N.; Singh, U.; Arif, M.; Singh, A. Higher oxidation level in graphene oxide. Optik 2017, 143, 115-124. [CrossRef]

9. Ren,].; Zheng, X; Tian, Z.; Li, D.; Wang, P; Jia, B. Giant third-order nonlinearity from low-loss electrochemical graphene oxide
film with a high-power stability. Appl. Phys. Lett. 2016, 109, 221105. [CrossRef]

10. Loh, K.P; Bao, Q.; Eda, G.; Chhowalla, M. Graphene oxide as a chemically tunable platform for optical applications. Nat. Chem.
2010, 2, 1015-1024. [CrossRef] [PubMed]

11. Jiang, X.F; Polavarapu, L.; Neo, S.T.; Venkatesan, T.; Xu, Q.H. Graphene Oxides as Tunable Broadband Nonlinear Optical
Materials for Femtosecond Laser Pulses. J. Phys. Chem. Lett. 2012, 3, 785-790. [CrossRef] [PubMed]

12. Xu, X;; Zheng, X.; He, F.; Wang, Z.; Subbaraman, H.; Wang, Y.; Jia, B.; Chen, R.T. Observation of Third-order Nonlinearities in
Graphene Oxide Film at Telecommunication Wavelengths. Sci. Rep. 2017, 7, 9646. [CrossRef]

13. Burkins, P; Kuis, R.; Basaldua, L.; Johnson, A.M.; Swaminathan, S.R.; Zhang, D.; Trivedi, S. Thermally managed Z—scan methods
investigation of the size-dependent nonlinearity of graphene oxide in various solvents. JOSAB 2016, 33, 2395-2401. [CrossRef]

14. Krishna, M.B.M.; Venkatramaiah, N.; Venkatesan, R.; Rao, D.N. Synthesis and structural, spectroscopic and nonlinear optical
measurements of graphene oxide and its composites with metal and metal free porphyrins. |. Mater. Chem. 2010, 22, 3059.
[CrossRef]

15. Shan, Y,; Tang, J.; Wu, L.; Lu, S.; Dai, X.; Xiang, Y. Spatial self-phase modulation and all-optical switching of graphene oxide
dispersions. J. Alloys Compd. 2019, 771, 900-904. [CrossRef]

16. Bahae, M.S,; Said, A.A.; Wei, T.H.; Hagan, D.].; Stryland, E.W. Sensitive measurement of optical nonlinearities using a single
beam. IEEE |. Quantum Electron. 1990, 26, 760-769. [CrossRef]

17.  Durbin, S.D.; Arakelian, S.M.; Shen, Y.R. Laser-induced diffraction rings from a nematic-liquid-crystal film. Opt. Lett. 1981, 6,

411-413. [CrossRef] [PubMed]


https://doi.org/10.1038/nmat1849
https://www.ncbi.nlm.nih.gov/pubmed/17330084
https://doi.org/10.1364/OL.37.001856
https://doi.org/10.1002/adfm.200901007
https://doi.org/10.1364/OL.14.001140
https://www.ncbi.nlm.nih.gov/pubmed/19753081
https://doi.org/10.1021/jp3096693
https://doi.org/10.2478/s13536-013-0189-2
https://doi.org/10.1002/adma.201001068
https://doi.org/10.1016/j.ijleo.2017.05.100
https://doi.org/10.1063/1.4969068
https://doi.org/10.1038/nchem.907
https://www.ncbi.nlm.nih.gov/pubmed/21107364
https://doi.org/10.1021/jz300119t
https://www.ncbi.nlm.nih.gov/pubmed/26286291
https://doi.org/10.1038/s41598-017-09583-6
https://doi.org/10.1364/JOSAB.33.002395
https://doi.org/10.1039/c1jm14822b
https://doi.org/10.1016/j.jallcom.2018.08.330
https://doi.org/10.1109/3.53394
https://doi.org/10.1364/OL.6.000411
https://www.ncbi.nlm.nih.gov/pubmed/19710720

Materials 2023, 16, 6664 90of 10

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Callen, W.R.; Huth, B.G.; Pantell, R.H. Optical Patterns of Thermally Self-Defocused Light. Appl. Phys. Lett. 1967, 11, 103-105.
[CrossRef]

Kean, P.N.; Smith, K.; Sibbett, W. Spectral and temporal investigation of self-phase modulation and stimulated Raman scattering
in a single-mode optical fibre. IEE Proceeding 1987, 134, 163-167. [CrossRef]

Neupane, T.; Wang, H.; Yu, W.W.,; Tabibi, B.; Seo, EJ. Second order hyperpolarizability and all-optical-switching of intensity-
modulated spatial self-phase modulation in CsPbBrj 51; 5 perovskite quantum dot. Opt. Laser Technol. 2021, 140, 107090.
[CrossRef]

Neupane, T.; Tabibi, B.; Kim, W.J.; Seo, EJ. Spatial Self-Phase Modulation in Graphene-Oxide Monolayer. Crystals 2023, 13, 271.
[CrossRef]

Neupane, T.; Tabibi, B.; Seo, FJ. Spatial Self-Phase Modulation in Ws; and MoS, atomic layer. Opt. Mater. Express 2020, 8, 831-842.
[CrossRef]

Parra, I.; Valbuena, S.; Racedo, S. Measurement of non-linear optical properties in graphene oxide using the Z—scan technique.
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2021, 244, 118833. [CrossRef]

Woodward, R.I; Kelleher, E.J.R.; Howe, R.C.T.; Hu, G.; Torrisi, F.; Hasan, T.; Popov, S.V.; Taylor, ].R. Tunable Q-switched fiber
laser based on saturable edge-state absorption in few-layer molybdenum disulfide (MoS,). Opt. Express 2014, 22, 31113-31122.
[CrossRef] [PubMed]

Wang, J.; Gu, B.; Wang, H.T.; Ni, X.W. Z—scan analytical theory for material with saturable absorption and two photon absorption.
Opt. Commun. 2010, 283, 3525-3528. [CrossRef]

Bahae, M.S,; Said, A.A,; Stryland, E.W. High-sensitivity, single-beam n, measurements. Opt. Lett. 1989, 14, 955-957. [CrossRef]
[PubMed]

Kang, L.; Sato, R.; Zhang, B.; Takeda, Y.; Tang, J. Experimental dispersion of the third-order optical susceptibility of graphene
oxide. Opt. Mater. Express 2020, 10, 3041-3050. [CrossRef]

Chantharasupawong, P,; Philip, R.; Endo, T.; Thomas, J. Enhanced optical limiting in nanosized mixed zinc ferrites. Appl. Phys.
Lett. 2012, 100, 221108. [CrossRef]

Philip, R.; Chantharasupawong, P.; Qian, H.; Jin, R.; Thomas, J. Evolution of nonlinear optical properties: From gold atomic
clusters to plasmonic nanocrystals. Nano Lett. 2012, 12, 4661-4667. [CrossRef]

Seo, ].T.; Ma, S.M.; Yang, Q.; Creekmore, L.; Battle, R.; Brown, H.; Jackson, A.; Skyles, T.; Tabibi, B.; Yu, W.; et al. Large resonant
third-order optical nonlinearity of CdSe nanocrystal quantum dots. J. Phys. Conf. Ser. 2006, 38, 91-95. [CrossRef]

Liaros, N.; Iliopoulos, K.; Stylianakis, M.M.; Koudoumas, E.; Couris, S. Optical limiting action of few layered graphene oxide
dispersed in different solvents. Opt. Mater. 2013, 36, 112-117. [CrossRef]

Kumara, K.; Kindalkar, V.S.; Serrao, EJ.; Shetty, T.C.S,; Patil, P.S.; Dharmaprakash, S.M. Enhanced nonlinear optical absorption in
defect enriched graphene oxide and reduced graphene oxide using continuous wave laser z—scan technique. Mater. Today Proc.
2022, 55, 186-193. [CrossRef]

Muruganandi, G.; Saravanan, M.; Vinitha, G.; Jessie Raj, M.B.; Girisun, T.C.S. Effect of reducing agents in tuning the third-order
optical nonlinearity and optical limiting behavior of reduced graphene oxide. Chem. Phys. 2017, 488, 55-61. [CrossRef]
Naghani, M.E.; Neghabi, M.; Zadsar, M.; Ahangar, H.A. Synthesis and characterization of linear/nonlinear optical properties of
graphene oxide and reduced graphene oxide-based zinc oxide nanocomposite. Sci. Rep. 2023, 13, 1496. [CrossRef] [PubMed]
Feng, M.; Zhan, H.; Chen, Y. Nonlinear optical and optical limiting properties of graphene families. Appl. Phys. Lett. 2010, 96,
033107. [CrossRef]

Fang, C; Dai, B.; Hong, R.; Tao, C.; Wang, Q.; Wang, X.; Zhang, D.; Zhuang, S. Tunable optical limiting optofluidic device filled
with graphene oxide dispersion in ethanol. Sci. Rep. 2015, 5, 15362. [CrossRef]

Ebrahimi, M.; Zakery, A.; Karimipour, M.; Molaei, M. Nonlinear optical properties and optical limiting measurements of graphene
oxide—Ag@TiO, compounds. Opt. Mater. 2016, 57, 146-152. [CrossRef]

Shi, H.; Wang, C.; Sun, Z.; Zhou, Y,; Jin, K.; Redfern, S.A.T.; Yang, G. Tuning the nonlinear optical absorption of reduced graphene
oxide by chemical reduction. Opt. Express 2014, 22, 19375-19385. [CrossRef] [PubMed]

Silva, T.P.S.; Silva, A.A.; Oliveira, M.C.D.; Souza, P.R.; Filho, E.C.S.; Garcia, H.A.; Costa, ].C.S.; Santos, F.E.P. Biosynthesis of
Ag@Au bimetallic nanoparticles from Hymenaea courbaril extract (Jatoba) and nonlinear optics properties. J. Mol. Lig. 2023, 389,
122641. [CrossRef]

Coleman, ]J.N.; Khan, U.; Young, K.; Gaucher, A.; De, S.; Smith, R.J.; Shvets, I.V.; Arora, S.K,; Stanton, G.; Kim, H.; et al.
Two-Dimensional Nanosheets Produced by Liquid Exfoliation of Layered Materials. Science 2011, 331, 568-571. [CrossRef]
Neupane, T.; Yu, S.; Rice, Q.; Tabibi, B.; Seo, EJ. Third-order optical nonlinearity of tungsten disulfide atomic layer with resonant
excitation. Opt. Mat. 2019, 96, 109271. [CrossRef]

Kimiagar, S.; Abrinaei, F. Effect of temperature on the structural, linear, and nonlinear optical properties of MgO-doped graphene
oxide nanocomposites. Nanophotonics 2017, 7, 243. [CrossRef]

Neupane, T.; Rice, Q.; Jung, S.; Tabibi, B.; Seo, FJ. Cubic Nonlinearity of Molybdenum Disulfide Nanoflakes. ]. Nanosci.
Nanotechnol. 2020, 20, 4373-4375. [CrossRef] [PubMed]

Kwak, C.H; Lee, Y.L.; Kim, S.G. Analysis of asymmetric Z—scan measurement for large optical nonlinearities in an amorphous
As)S3 thin film. . Opt. Soc. Am. B 1999, 16, 600-604. [CrossRef]


https://doi.org/10.1063/1.1755036
https://doi.org/10.1049/ip-j.1987.0029
https://doi.org/10.1016/j.optlastec.2021.107090
https://doi.org/10.3390/cryst13020271
https://doi.org/10.1364/OME.380103
https://doi.org/10.1016/j.saa.2020.118833
https://doi.org/10.1364/OE.22.031113
https://www.ncbi.nlm.nih.gov/pubmed/25607060
https://doi.org/10.1016/j.optcom.2010.05.007
https://doi.org/10.1364/OL.14.000955
https://www.ncbi.nlm.nih.gov/pubmed/19753023
https://doi.org/10.1364/OME.409301
https://doi.org/10.1063/1.4724194
https://doi.org/10.1021/nl301988v
https://doi.org/10.1088/1742-6596/38/1/023
https://doi.org/10.1016/j.optmat.2013.04.036
https://doi.org/10.1016/j.matpr.2022.02.028
https://doi.org/10.1016/j.chemphys.2017.03.002
https://doi.org/10.1038/s41598-023-28307-7
https://www.ncbi.nlm.nih.gov/pubmed/36707605
https://doi.org/10.1063/1.3279148
https://doi.org/10.1038/srep15362
https://doi.org/10.1016/j.optmat.2016.04.039
https://doi.org/10.1364/OE.22.019375
https://www.ncbi.nlm.nih.gov/pubmed/25321022
https://doi.org/10.1016/j.molliq.2023.122641
https://doi.org/10.1126/science.1194975
https://doi.org/10.1016/j.optmat.2019.109271
https://doi.org/10.1515/nanoph-2017-0030
https://doi.org/10.1166/jnn.2020.17594
https://www.ncbi.nlm.nih.gov/pubmed/31968477
https://doi.org/10.1364/JOSAB.16.000600

Materials 2023, 16, 6664 10 of 10

45. Martin, K,; Spinks, D. Measurement of the speed of sound in ethanol/water mixture. Ultrasound Med. Biol. 2001, 27, 289-291.
[CrossRef]

46. Khabibullin, V.R.; Usoltseva, L.O.; Galkina, P.A.; Galimova, V.R.; Volkov, D.S.; Mikheev, 1.V.; Proskurnin, M.A. Measurement
Precision and Thermal and Absorption Properties of Nanostructure in Aqueous Solutions by Transient and Steady-State Thermal-
Lens Spectrometry. Phys. Chem. 2023, 3, 156-197. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0301-5629(00)00331-8
https://doi.org/10.3390/physchem3010012

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

