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Graphene has excellent thirdorder nonlinear optical (NLO) properties due to its unique electronic band structure
and wideband gap tunability. This paper focuses on the research progress of graphene and its composite materials

in nonlinear optics in recent years.

In this review, recent results on graphene (or graphene oxide)-metal nanoparti-

cles (G-MNPs), graphene—metal—-oxide nanoparticles (G-MONPs), graphene—metal sulfide nanoparticles (G-MSNPs), and
graphene—organic molecular composites (G-OM) have been discussed. In addition, the enhancement mechanism of nonlin-
ear absorption (NLA) and optical limiting (OL) have also been covered.

Keywords: graphene, composites, nonlinear optics, optical limiting, enhancement

PACS: 07.60.—j

1. Introduction
1.1. Theory of nonlinear optics

Before the laser was invented, most of the research was
about the propagation of low light in the medium. It was be-
lieved that the polarization index of the refractive index of the
material was constant, independent of the light intensity, mate-
rial intensity, and polarization that increased with the increase
of the laser intensity. The photoelectric field E follows the
principle of superposition of linear light waves. But the rela-
tionship between polarization intensity and incident light am-
plitude is no longer linear.!' Rather, it is related to the sec-
ond, third, and even higher order of field intensity, that is, op-
tical nonlinearity. On the one hand, the light field magnetizes
and polarizes the material and generates an induced current.
So that the material produces electromagnetic field radiation.
On the other hand, the electromagnetic field radiation gener-
ated by the matter will in turn affect the original light field at
the same time.[>-%!

During the period from 1961 to 1965, since the advent of
the laser, Franken accidentally discovered the frequency dou-
bling effect in the ruby laser in the experiment, thus opening
the door to a new field. Subsequently, a series of nonlinear op-
tical phenomena were discovered: sum frequency (SF), differ-
ence frequency (DF), parametric oscillation (PO), four-wave
mixing (FWM), saturation absorption (SA), and reverse satu-
ration absorption (RSA), etc.[”) From 1965 to 1969, the main
phenomena discovered were: transient coherent optical (TCO)
effects, self-focusing (SF) effects, photo-induced breakdown
(PB) effects, phase conjugation (PC) effects, and self-phase

DOI: 10.1088/1674-1056/ac0424

modulation (SPM) effects. Since the 1970s, the research ob-
jects of nonlinear optics have gradually expanded. For exam-
ple: from the research of compounds to the research of various
composite materials. From the third-order nonlinear effect to
the development of higher-order research; from the research of
bulk materials The development of two-dimensional or even
one-dimensional materials.[!*-!!]

For isotropic media, the vector P of nonlinear polarization

can be rewritten into the following form:

P=eyVE+eyPEE+ex®EEE+---, (la)
P =P +Pu, (1b)
A= 80%(1)E’ (1c)
P = €0x YEE + g9y YEEE +- - . (1d)

Equations (1a), (1b), and (1c) are the first-order linear polariz-
ability, second-order nonlinear polarizability, and third-order
nonlinear polarizability of the medium. There are two main
reasons for the third-order nonlinear polarizability: compo-
nent polarization and structural polarization. Among them,
the chemical composition change caused by light belongs to
the external change of the substance, mainly due to the optical
nonlinearity caused by the chemical reaction of light. Struc-
tural refers to light-induced changes in the internal structure
of atoms or molecules, such as molecular steering, mean free
path, and electron number density. These changes all originate

from the internal structure of the substance.[!?!
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1.2. The Z-scan technique

The first time Z-scan theory technology was proposed
by researchers such as Sheik Bahae.!!3!'4] The experimental
equipment is shown in Fig. 1. When the Gaussian beam emit-
ted by the laser passes through the attenuator A and reaches
the beam splitter BS, part of the light will be incident on the
detector D, for reference data. The other part of the light will
continue to propagate in the positive direction of the Z axis
and be focused by the convex lens. The tester can control
the movement of the substance to be measured on the Z axis,
measure the transmittance corresponding to each position, and
then obtain the Z scan test data. Through the Z scan curve,
the sign of the nonlinear refractive index of the sample can
also be obtained. When the T-Z curve shows a peak before
a valley, the nonlinear coefficient of the material is negative.
Conversely, when the T—Z curve shows a valley before a peak,
the nonlinear coefficient of the material is positive.[!1¢]

A BS L S P
Laser D
N
——
Z 0 +Z
D2

Fig. 1. Schematic diagram of the optical path of the Z-scan equipment. BS:
beam splitter; L: lens; S: sample; D1, D2: detector.

1.3. Nonlinear optical parameters

The theoretical curve of the normalized transmittance of

Z-scan can be expressed as!!®]

4~X-A¢Q

M= @y @y

2
where Ay is the phase shift at the focus. x = z/zo, zo is the
Rayleigh length of the beam. The total absorption coefficient
o can be obtained by using the following equation:

%)

() = 1+1/1,

+ Besi - 1. 3)
Here, B is the nonlinear absorption coefficient, I is the on-
axis peak irradiance, « is the linear absorption coefficient, and

[19.20] The nonlinear refractive in-

I is the saturation irradiance.
dex ny (cm?/GW) is obtained from the best fitting performed

on the experimental data by

AD

m=—— )

K- Legs - Io
The third-order nonlinear refractive index y can be ex-

pressed as
A-Ady

Y=s—7 7 ®)

2-7-lo-Legt

2. Third-order nonlinear optical effect
2.1. Nonlinear refraction mechanisms

Studies have shown that nonlinear materials interact with
incident light under the influence of intense laser light. Many
physical mechanisms inside the material can cause changes
in the refraction of the medium. The response time of these
change mechanisms is different from the corresponding prin-
ciples. The contribution of different response mechanisms is
related to the pulse duration of the laser light source. The real
part of the material’s third-order nonlinear polarizability )
represents the nonlinear refraction. In general, the physical
mechanisms that produce nonlinear refraction changes include
the following: electronic cloud distortion, nuclear movement,
high frequency kerr effect, electrostrictive effect, and thermal
effect.21-23]

2.1.1. Nuclear movement

The vibration or rotation of the nuclei (or ions) inside the
medium molecule. This also contributes to the change in the
refractive index of the medium. This contribution can be un-
derstood as the modulation effect on the optical frequency dis-
tortion of the molecular electron cloud. The response time of

this process is about 10712 s—107 14 5.[24]

2.1.2. High frequency Kerr effect

‘When the molecules are reoriented, the nonlinear refrac-
tive index of the material will be affected. When the laser acts
on a fluid material composed of anisotropic molecules, the
molecules will have different molecular polarizabilities and
specular Kerr effects in different directions. The response time
is about 107! s—10712 5.[25-271

2.1.3. Electrostrictive effect

Under the action of an optical frequency electric field, the
molecules of matter are polarized. Along the direction of the
light field, it is subjected to stress proportional to the intensity
gradient. Thereby forming elastic mechanical motion. The
density of the medium changes, resulting in a change in the
refractive index of the material. The response time is in the
range of 1072 s—10710 5 [28-30]

2.1.4. Thermal effect

When exposed to laser radiation, the medium will absorb
part of the laser energy. The absorbed light energy is converted
into heat energy through the non-radiative transition of parti-
cles in the medium. It causes a local temperature rise and a
change in the density of the medium, which causes a change
in the refractive index of the medium. Its response time is af-

fected by many factors. 31734
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2.2. Nonlinear absorption mechanisms

2.2.1. Saturable absorption and reverse saturable ab-
sorption

Saturable absorption (SA) means that the absorption co-
efficient of the medium decreases as the incident light inten-
sity increases.!3>-36] But when the light intensity increases to a
certain extent, the electron absorbs the photon and transitions
from the ground state to the excited state. At this time, the sys-
tem is in a high energy state, that is, an unstable state. Then
part of the electrons gradually returned to a low energy state.
Eventually, the two processes of transition from ground state
to excited state and transition from excited state to ground state
form a dynamic equilibrium. The transition between bands is
blocked. At this point, the material no longer absorbs pho-
tons. It can be considered that the material is “bleached”,
i.e., photons can pass through the medium without loss. Re-
verse saturable absorption (RSA) refers to the phenomenon
that the absorption coefficient of the medium also increases
with the increase of the intensity of the emitted light under

strong light. [37-38

2.2.2. Two-photon absorption and multi-photon ab-
sorption

The two-photon absorption (TPA) process is shown in
Fig. 2. Two photons are simultaneously absorbed by some
medium. Crossed the intermediate state of the dotted line.
From the initial state Sy to the final state S,,, twice the pho-
ton energy is obtained. Generally, the two-photon absorption
effect will increase as the light intensity increases. In addition,
TPA has a high spatial selectivity.3>*%] There are two types
of TPA: one is called direct transition, and its process is only
photon transition. That is, electrons can directly absorb the
photon transition from the ground state to the excited state.
The another is called an indirect transition. The difference is
that it also contains a phonon transition, which is caused by the
inability of electrons to directly transition to an excited state.
Therefore, when the energy of the photon is exactly the differ-
ence between the two energy poles, the atom will absorb two
photons at the same time to complete the transition. Therefore
the TPA process has good spatial selectivity and less damage

to the sample. (44?1
() (b)
S]] 1 Sn
| I hv |
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Fig. 2. (a) Schematic illustration of the two-photon absorption energy trans-
fer process. (b) Schematic illustration of the multi-photon absorption energy
transfer process.

The TPA needs to satisfy the condition that the band gap
is between one photon energy and two photon energies. When

the forbidden band width is larger, three-photon or multi-
photon absorption (MPA) will occur. The MPA process is
shown in Fig. 3. The MPA means that matter absorbs multiple
photons at the same time, and can transit from the initial state
to the final state only through the virtual state in the middle. ]
The MPA may be accompanied by multi-photon emission
and multi-photon effects such as conductance, photoelectric-
ity, fluorescence, dissociation, and photochemical reactions,

which in turn contribute to the study of MPA processes. #4401

2.2.3. Free carrier absorption

Free carrier absorption (FCA), this mechanism mainly
occurs in semiconductor nonlinear materials.[*”*8] After the
electrons in the valence band absorb incident photons and tran-
sition to the conduction band to generate carriers, these elec-
trons (holes) are excited by the additionally absorbed photons
to a higher state in the conduction band. This mechanism is
similar to the mechanism of RSA, with the increase of light

intensity, the nonlinear absorption increases. 47"

2.3. Nonlinear scattering

As light passes through any medium other than vacuum,
part of the energy deviates from the predetermined direction
of propagation, diffusing in space in any direction. This phe-
nomenon is called light scattering. In NLO, there are two ma-

51521 Ope is

jor types of nonlinear scattering (NLS) effects:
the higher-order scattering effects related to the higher-order
nonlinear polarizability of the material. The other type is the
stimulated scattering effect generated under high pump light
intensity. The former is an important method to characterize
the nonlinear polarizability tensor of materials. The latter has
important applications in the fields of optical amplifiers, dy-

namic optical mirrors, and phase conjugate waves. >

3. Nonlinear optical properties of graphene and
its compounds

3.1. Nonlinear optical properties studies of graphene
3.1.1. Graphene

Due to large specific surface area, high electron mobil-
ity, adjustable optical band gap, and easy surface modifica-
tion, graphene has gradually been applied by scientists to the
field of NLO research in recent years.[>*%?] Marinko Jablan
et al. investgated that graphene possesses a strong nonlin-
ear optical response in the form of multiplasmon absorption,
with exciting implications in classical and quantum nonlinear
optics (in Fig. 3(a)). By increasing the intensity, there is an
increase in the total damping rate and a decrease of the ab-
sorption cross section (in Fig. 3(b)).[8] Graphene obtained
by different preparation methods or other treatments also has
many NLO properties, such as RSA, SA, TPA, and FWM

t. [63-67

effec I Therefore, graphene has become a new potential
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material in the field of NLO. In recent years, a large number
of studies have shown that graphene has NLO properties that
are different from traditional materials. And its surface can
be modified with different materials to exhibit different NLO
properties. (6370

(b) 0.6

(a) v
0.5
s : % S0

° 0.2

0.1

0
% % =2 1 0 1 2
(W=wo)/y
Fig. 3. (a) Transmission spectroscopy of a graphene nanoribbon. (b) Ab-
sorption cross section normalized to the surface area of the ribbon. The solid
line stands for the low pump, and the dashed line for the high pump intensity.
The saturation of absorption is caused by two plasmon absorption inside of
the ribbon. Reproduced with permission from Ref. [59].
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Fig. 4. The 2PA spectra of monolayer and bilayer graphene. Inset shows
four possible transitions in bilayer graphene. When the incident photon en-
ergy hw > 7, there are 4 possible inter band transitions: from lower price
band (E; ) to conduction band (Efr or E;), from higher price band (E|")) to
conduction band (E]Jr or E; ). where 7, is the hopping energy between two
atom Reproduced with permission from Ref. [75].

Based on these excellent characteristics of graphene, its
related research in the field of nonlinear optics has achieved
many achievements. Hendry investigated the NLO properties
of graphene flakes using FWM. The corresponding third-order
optical susceptibility is found to be remarkably large and only
weakly dependent on the wavelength in the near-infrared fre-
quency range.!”! Marinko Jablan found that graphene pos-
sesses a strong nonlinear optical response in the form of
multiplasmon absorption.[®*7>73] Cheng et al. studied that
graphene dispersions exhibit enhancing NLO response. And
its nonlinear absorption coefficient § is 2.89 ¢cm/GW under
532-nm laser (6 ns, 2 Hz).!"#! Yang et al. presented a quantum
perturbation theory on TPA in monolayer and bilayer graphene
which is Bernalstacked. As shown in Fig. 4, the theory shows
that TPA is significantly greater in bilayer graphene than
monolayer graphene in the visible and infrared spectrum (up
to 3 um) with a resonant 2PA coefficient of up to ~ 0.2 cm/W

located at half of the bandgap energy, ¥ = 0.4 eV.!”>! Gullans
et al. taked advantage of the electric field enhancement asso-
ciated with the strong confinement of graphene plasmons and
the large intrinsic nonlinearity of graphene, which it is possi-
ble to realize significant nonlinear optical interactions at the
few photon level in graphene nanostructures.!”°!

In recent years, graphene has repeatedly made impor-
tant progress in Q-switched and mode-locked solid-state

s.[77-11 Xu et al. successfully obtained 1.06 um Q-

laser
switching and mode-locking operation with Nd:GdV04 crys-
tal. The shortest Q pulse width is 105 ns, the maximum pulse
energy is 3.2 uJ, and the output power can reach 2.3 W.[80]
Demetriou et al. studied the nonlinear optical properties of
multilayer graphene in the infrared region (1150, 1550, 1900,
and 2400 nm).

nonlinear refraction effect in the infrared band.8!! Bao er al.

It is found that graphene has a significant

found that graphene is used as a saturable absorber in erbium-
doped fiber mode-locked lasers. A mode-locked laser with a
center wavelength of 1565 nm, an average power of 2 mW, and

(821 Sun et al. used graphene to

a pulse of 756 fs was obtained.
achieve a 460-fs mode-locked laser in a silver-doped laser. %3]
Zhao et al. used graphene to obtain a mode-locked pulse of
580 ps in ytterbium-doped fiber.!®*! Tan er al. used graphene
bulk crystals for the first time to achieve mode locking. Fi-
nally, a 4-ps mode-locked pulse is obtained in the Nd:YAG
laser.® Yu et al. found that graphene/SrTiO; has high re-
sponse and fast response speed, which makes it have great po-
tential in nonlinear optics.!®®) Peng et al. Studied the tunable
transmission properties of the proposed graphene ade structure
in terahertz band, including the influence of Fermi level, asym-
metry, structural parameters and operating frequency. The re-
search results are helpful to better understand the tunability
mechanism of graphene devices, and provide reference for the
design of new high Q factor devices such as sensors, mod-
ulators, and filters in the future.’8”! Li ez al. have fabricated
graphene bonded fiber devices. It is the first time that the non-
linear optical absorption of graphene is temperature-dependent
through thermal relaxation process. The configuration is sim-
ple, cost-effective, and can be easily extended to other 2D ma-
terials (such as black phosphorus, transition metal disulfide,
etc.).I88]

3.1.2. Graphene oxide

Graphene oxide is different from graphene in that its
structural edges or defects contain a large number of oxygen-
containing functional groups, so its properties are more ac-
tive than graphene. 3?91 Graphene oxide obtains graphene af-
ter reduction, which leaves a large number of defects on the
surface of the reduced graphene.®!! Therefore, the reduced
graphene oxide not only has the hydrophilicity and lipophilic-
ity of graphene oxide, but also has similar physical structures
and chemical properties, these unique properties and structures
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have also opened a whole new door for researchers to develop

their applications in the field of nonlinear optics.”?!

Graphene oxide can show different nonlinear responses
under different experimental conditions. Lim et al. inves-
tigated dispersed graphenes oxide (its schematic structure is
shown in Fig. 5.) can exhibit broadband nonlinear optical ab-
sorption. For nanosecond visible and near-infrared pulses, a
new benchmark for optical energy-limiting onset of 10 mJ/cm?
for a linear transmittance of 70%.7>) In Fig. 6, Liu et al. found
that as the input intensities increases from 2.1 x 10° W/cm? to
4.5, 10, and 34 x 10° W/cm?, GO gradually changes from SA
response to RSA.[”3! Sukhdev Roy investigated that the RSA—
SA transition occurs at higher concentration for higher values

of Iy, as shown in Fig. 7.4

1.10
a
@ 1=2.1x10° W/em®
c 0
o
2 105
£ 1.
(7]
(=4
g
:§1.00
©
E
o
z
09520 <o 0 10 20 30

Normalized transmission

-10 0 10 20 30
z (mm)

Functionalized sub-GOx

Basal sp3
carbons

Fig. 5. Schematic structure of a functionalized sub-GO, sheet. The
sheets contain functional groups composed of SP3 carbon atoms (orange)
and nanographene regions (blue—green). Reproduced with permission from
Ref. [73].
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Fig. 6. Open aperture Z-scan curves of GO in DMF under different laser intensities, Iy is the incident light intensity. Reproduced with

permission from Ref. [93].
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Fig. 7. Variation of percentage modulation with concentration. Inset shows the variation of SA to RSA transition intensity with (a) % and (b)

Betr- Reproduced with permission from Ref. [94].
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Table 1. Nonlinear optical parameters of graphene and its composites.

Laser parameters
(wavelength A, Nonlinear optical Theoretical
Samples Status pulse dur%ltion T, parameters ’ mechanism Author
repetition rate V)
G single sheets A =532nm Fn = 0.01 J/cm? NLA+NLS Lim et al. 2011 (Ref. [73])
7=35ns
G DMEF dispersion A =532 nm B =2.89 cm/GW NLA+NLS Cheng et al. 2013 (Ref. [74])
7=35ns
v=2Hz
GO monolayer A =532nm B =1.37 cm/GW RSA+TPA+NLS Krishna et al. 2012 (Ref. [48])
7=2800fs
G-Au solution A =532nm B = 46cm/GW RSA+NLS+NLS Pradhan et al. 2015 (Ref. [96])
T=15ns Fin = 0.4 J/cm?
v=1Hz
G-Au nanorod A = 1064 nm B =—3.39 cmx 10°/GW SA Guo et al. 2017 (Ref. [97])
7=30ps
v=1Hz
G-Ag solution i ; ;i; 22 g ; 2(])(2) Z:};ngv RSA+TPA+NLS Kalanoor et al. 2012 (Ref. [98])
GO-Pt solution A =532nm B =1.1cm/GW RSA+TPA+NLS Zheng et al. 2014 (Ref. [99])
T=4ns Fy = 0.32 J/cm?
v=1Hz
GO-Pd solution A =532nm B =1.0cm/GW RSA+TPA+NLS Zheng et al. 2014 (Ref. [99])
T=4ns Fn = 0.4 J/cm?
v=1Hz
GO-Au solution A =532 nm B =0.94 cm/GW RSA+TPA+NLS Zheng et al. 2014 (Ref. [99])
T=4ns Fy = 0.47 J/em?
v=1Hz
GO-Au solution A =532nm n=>5.8cm?/GW RSA Sadrolhosseini ef al. 2014 (Ref. [100])
GO-Ag solution A =532nm B =45.4 cm/GW NLR+TPA+ESA Biswas et al. 2013 (Ref. [101])
7=10ns n=>5.7x10"3 cm?/GW
X; =16x 1072 esu
G-ZnO organic glasses A =532 nm B = 1530 cm/GW RSA-+TPA+NLS Ouyang et al. 2014 (Ref. [102])
F ¢ = 0.09 J/cm?
G—CuO solution A =1030 nm B =137 cm/GW TPA Wu et al. 2018 (Ref. [103])
T=23401s
v = 1000 Hz
GO-Fe304 solution A =532 nm B =26 cm/GW TPA+RSA Zhang et al. 2011 (Ref. [104])
T=35ps n=2.83x10"* cm*/GW
Fp = 2.33 J/em?
GO-SiO, solution A =532 nm n=28.5cm?/GW NLR Hamid Darabi et al. 2019 (Ref. [105])
G-CdS organic glasses A =532 nm B =797 cm/GW TPA+RSA+FCA Ouyang et al. 2013 (Ref. [106])
T=06ns
v=1Hz
_ _ 2
GNS-CdS solution ; - fgé . 2: - 2?81/]: o NLS+FCA Mian Feng ef al. 2010 (Ref. [107])
G-MoS, organic glasses A =532nm B =2110 cm/GW RSA+TPA Ouyang et al. 2013 (Ref. [108])
T=06ns
v=1Hz
G-Ag,S organic glasses A =532 nm B = 2560 cm/GW RSA+TPA Ouyang er al. 2013 (Ref. [109])
T=06ns
v=1Hz
GO-ZnS solution A =1030 nm B =554.9 cm/GW RSA-+3PA Li et al. 2020 (Ref. [110])
T=340fs
v = 1000 Hz
rGO-CdSe solution A =532 nm B =224.42 cm/GW RSA+NLR Lieral. 2019 (Ref. [111])
T=30ps n=4.9x1071° cm?/GW
v=10Hz X; = 164.49 x 10712 esu
GO-PbS organic glasses A =532nm B =79 cm/GW RSA+TPA Zhao et al. 2013 (Ref. [112])
T=4ns Fip =2.3 J/em?
GO-NH;-Pani solution A =532 nm B =8.5cm/GW RSA+TPA+NLS Remyamol et al. 2013 (Ref. [113])
T=5ns Fi = 0.8 J/cm?
G-6THIOP solution A =532 nm Fin = 0.15 J/cm? RSA+TPA Zhang et al. 2009 (Ref. [115])
T=5ns
v=10Hz
Sorcpﬁyﬁn solution A =532nm B = 4720 em/GW TPA Bala Murali Krishna ef al. 2011 (Ref. [116])
G-Zn solution A =532 nm B =3570 cm/GW TPA
porphyrin
G-DNA solution A = 1064 nm B =2.26 cm/GW RSA-+TPA+NLS Husaini et al. 2014 (Ref. [118])
T=1251s
v = 1000 Hz
GNR-ER solution A =532 nm n=2.6cm* /GW NLR Al-Asadi et al. 2019 (Ref. [119])
Fp = 2.4 J/lem?
3.2. Nonlinear optical properties studies of G-MNPs light absorption properties of graphene, general pure graphene
In summary, most of the reported optical limiting prop- materials are not considered as ideal OL materials. Therefore,

erties of graphene and graphene oxide are mainly due to TPA  the researchers have attempted to modify other nanoparticles

and NLS.[! However, due to the zero band gap and weak  on the surface of graphene, and the results showed that their
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light absorption properties can be effectively adjusted, thereby
improving their NLO properties. As shown in Table 1, Pra-
bin Praghan ef al. demonstrated that d-orbitals of Au nanopar-
ticles exhibit little or no rehybridization with graphene and
result in an enhanced optical limiting behavior at a low flu-
ence of 0.4 J/cm?.[°1 All samples used in this study exhib-
ited OL performance due to significant NLS at higher intensi-
ties (Fig. 8(a)). As shown in Fig. 8(b), the exf-graphene and
Au NPs do not show significant OL threshold whereas in the
case of Au-graphene, the transmittance decreases sharply in-
dicating strong OL effect at lower thresholds, which is ideal
for practical applications. Kalanoor ef al. found that drastic
changes in the Z-scan profiles are obtained in AgNP/fG at
1064 nm as the profile flips from the behavior of strong sat-

urable absorption (SA) to reverse saturable absorption (RSA)
on increasing the incident intensity.”®! It is investigated that
the extracted value of third order nonlinear susceptibility (}3),
at a peak intensity of Iy = 0.2 GW/cm?, for GO-Ag has been
found out to be 2.8 times larger than that of GO. Zheng et
al. synthesized a series of graphene oxide (GO)/noble metal
(Au, Pt, and Pd) nanoparticle (NP) composites via a one-step
hydrothermal reaction. The corresponding nonlinear optical
(NLO) and optical limiting (OL) properties were investigated
using an open-aperture Z-scan technique 10 with nanosec-
ond pulses at 532 nm. Results show that the NLO and OL
properties were significantly enhanced after the inclusion of
metal NPs onto the GO surface because of nonlinear scatter-
ing (NLS) effects.[*”]

*  AuNPs (a) L b = exf-graphene
0.30 A ¢ Au-graphene i 1.0 """-.-"3:': ne ® * AuNPs
8 e exf-graphene A e i r A Au-graphene
c { :
8 0.25 : «** : . A “e 5 -
g | o .| 08 A ..
% H .
2 020 - ; o B .
o i . i o
= ! * * . *| 0.6 &
D 015 4 ! . A .
N s ® i . .|
ﬁ ® o ’. ° : AAA
£ 0.10 i o i 0.4 2
= bl e, * :
@ * A A % A
0.05 i {
T T 0.2 -y T T
5x10°  1x107 5x10" 1x10° 10" 10° 10’

Fluence(J/icm?)

Fluence(J/icm?)

Fig. 8. (a) The NLS signal of Au NPs, Au—graphene, and exf-graphene recorded by a calibrated photodetector. (b) The optical limiting response
of Au NPs, ext-graphene, and Au-graphene dispersions. Reproduced with permission from Ref. [96].
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Fig. 9. (a) Photograph of G-ZnO/PMMA organic glasses. (b) Photograph of ZnO/PMMA organic glasses. (c¢) Raman spectra of G/ZnO
composites and graphene. (d) Energy level diagram of G/ZnO composites, reproduced with permission from Ref. [102].
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3.3. Nonlinear optical properties studies of G-MONPs

Ouyang et al. synthesized graphene/ZnO(G/ZnO) com-
posite material for the first time by wet chemical method.[1%?]
The results showed that the NLO properties of the G/ZnO
composite is significantly enhanced. Figures 9(a) and 9(b)
show photographs of G-ZnO/PMMA and ZnO/PMMA or-
ganic glasses, respectively. The Raman spectra of G/ZnO
composites and graphene are shown in Fig. 9(c). The D and
G bands of the G/ZnO composite have blue shift and red
shift, respectively. The results showed that there is an inter-
action between graphene and ZnO nanoparticles. This interac-
tion is believed to promote charge transfer between graphene
and ZnO nanoparticles.!”>73 Wu et al. measured the NLA
coefficient of G—CuO at 1030-nm wavelength laser (340 ps,
1000 Hz) B = 1.37 cm/GW, which was enhanced compared
to pure graphene.!'3 Zhang studied that GO-Fe304 exhibits
enhanced NLO and OL properties in comparison with the pris-
tine GO in the nanosecond regime. As shown in Fig. 10(a), the
effective TPA coefficient Beg is nearly a constant of 7 cm/GW
at different input intensities for GO, indicating the dominant
TPA mechanism. Figure 10(b) shows the open-aperture and
closed-aperture Z-scan results of GO-Fe304, which indicated
stronger NLA/NLS exists.[104]

30 . ' '
25 () /o/° 1
= 20+ P ]
=
5] /
g 157 S -a- GO |
X @ GO-Fe30,
® 10 _
a,m— 8 ——n -
5 4 ]
or ./ ]
0.0 04 0.8 1.2
Iy (GW/cm?)
12— , . | |
§ (b) GO-Fes()4
1]
:E 1.0 [z __r._r.n_g;‘l‘_;i.!!-.
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Fig. 10. (a) The values of the effective TPA coefficient P as a function
of on-axis peak intensity for GO and GO-Fe3O4 with the same concentra-
tion of 0.375 mg/ml in the case of nanosecond pulses. (b) Open-aperture and
closed-aperture Z-scan curves of GO-Fe304 with nanosecond pulses, repro-
duced with permission from Ref. [104].

3.4. Nonlinear optical properties studies of G-MSNPs

The researchers have found that modifying the sulfide
nanoparticles on the graphene surface to adjust the band
gap is also an effective way to improve nonlinearity. The
G/CdS/PMMA organic glass exhibits enhanced NLO prop-
erties compared to G/PMMA and CdS/PMMA organic glass
is reported.[19197] Figure 11 presents its Z-scan curve, the
results show the NLO properties of the G/CdS/PMMA or-
ganic glass can be controlled by adjusting the addition amount
of G/CdS nanocomposite in PMMA. Another literature re-
ported that the G/MoS, organic glasses (the NLA coeffi-
cient b, was up to 2110 cm/GW) exhibited enhanced RSA
properties compared to G (B = 242 ¢cm/GW) and MoS;
(B = 365 cm/GW) organic glasses.!'®®! Similarly, it is in-
vestigated that the G/Ag,S/PMMA organic glass with an ap-
propriate amount of G/Ag,S exhibited enhanced reverse sat-
urable absorption (RSA) properties compared to G/PMMA
and Ag>S/PMMA organic glasses, which was attributed to the
notable synergistic effects between graphene and Ag,S.['%81 Li
et al. studied that decorating ZnS nanoparticles on the surface
of graphene can effectively enhance its OL performance.[!%"]
Min Zhao studied that the rGO-PbS nanohybrid exhibited su-
perior OL properties to either GO or PbS QDs upon both 532-
nm and 1064-nm excitations in the nanosecond laser pulse
regime, which is attributed to the synergetic effects stemming
from charge transfer between the two components.!'! As
shown in Fig. 12(a), the tGO-PbS presents RSA properties.
Figure 12(b) indicated that the mechanism of the OL proper-
ties of rGO-PbS system is expected to be a result of combi-
nation of FCA and NLS. Feng research group found that CdS
QDs with an average diameter of 3 nm are uniformly dispersed
over the surface of graphene, and the resulting quantum dots-
graphene composite exhibits excellent OL properties, mainly
contributed by NLS and NLA, upon both 532-nm and 1064-
nm excitations, in the nanosecond laser pulse regime. Its OL
threshold determined as ~ 0.88 and > 6.4 J/cm? at 532 nm and
1064 nm, respectively, and its limiting performance is much
pronounced at 532 nm as compared to that in the near infrared

region (1064 nm). [106]

3.5. Nonlinear optical properties studies of G-OM

Recent studies have shown that loading certain organic
molecules on the surface of graphene can effectively adjust
its light absorption properties, thereby improving its nonlin-
ear optical properties. Remyamol et al. successfully synthe-
sized and found that rGO covalently decorated with polyani-
line (GO-NH;-Pani) showed improved NLO properties com-

pared to the GO precursor and the pristine polyaniline.
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Fig. 11.

Intensity (MW/cm2)

NLA and NLS curves of (a) G/CdS/PMMA organic glass with different amounts of G/CdS; (b) (G/CdS);3/PMMA and

(CdS)7.8/PMMA organic glass; and (c) (G/CdS)3 o/PMMA and G /PMMA organic glass. (d) NLA coefficient aps of (G/CdS); s/PMMA
organic glass as a function of input intensity, reproduced with permission from Ref. [106].
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Fig. 12. (a) Open aperture Z-scan data and theoretically fitted curves for
a neat film of rGO-PbS in poly irradiated by 4-ns pulses at 532 nm and
1064 nm. (b) Schematic illustration of charge and energy transfer between
PbS QDs and rGO, reproduced with permission from Ref. [112].

Figure 13 shows the OL curves of GO, Pani, and GO-
NH;—Pani, respectively. The improvement in the OL perfor-
mance of the hybrid is attributed to a combination of out-

standing properties of GO and polyaniline, like NLS, TPA,
and RSA.U'13] Zhang et al. firstly synthesized G-Cg hybrid
mterials and found that its enhanced NLO performance bet-
ter than its parent species Cg and graphene may be attributed
at least partially to the photoinduced-electron transfer mech-
anism between the graphene sheet and Cgo.l!''#! Zhang et al.
found that the NLO and OL properties of an oligothiophene
(6THIOP) covalently functionalized graphene hybrid mate-
rial (graphene-6THIOP) were enhanced than that of graphene
or 6THIOP.I'!'>] The NLO properties of covalently linked
graphene—metal porphyrin composite materials is investigated
in Ref. [116].

1.04 1.0
£
£ 0384 508
2 =
[
0.64{GO 0.6{Pani 0.6{ GO-NH-Pani
Isat =3 GW/cm2 [sat = 2 GW/cm?2 Isat = 0.8 GW/cm2
10-1 1612 161: 10'!2 161! 10'11 10'n
2
Input Intensity (W/m") Input Intensity (W/m2) Input Intensity (W/m?2)

Fig. 13. Optical limiting curves of (a) GO, (b) Pani, and (¢) GO-NH;-Pani. Reproduced with permission from Ref. [113].

Figure 14 shows the result of Z-scan test in nanosecond regime. Table 2 shows the specific data of Z-scan curve fitting. It

can be seen the NLO coefficients of graphene—copper porphyrin and graphene—zinc porphyrin is 4720 cm/GW and 3570 cm/GW,

which is 5.24 times and 3.97 times than that of pure graphene. Wang et al. studied that graphene oxide axially-coordinated
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tetraphenylporphyrin (GO-TPP) nanohybrids exhibited enhanced NLO properties and OL performance, ascribed to a combina-

tion of NLS and/or TPA with RSA, and the photoinduced electron or energy transfer from the electron—donor porphyrin moiety

to the acceptor graphene.!!!”

1 Husaini et al. found that G-DNA composite film when irradiated with nanosecond pulses indicates

a damage threshold > 50 J/cm?.[118] Al-Asadi ef al. successfully synthesized the graphene nanosheets—epoxy resin (GNR-ER)

composite material and measured its nonlinear refractive index as —2.6 cm?/GW.[
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Fig. 14. (a) Scattering signal with input intensity of graphene and graphene—porphyrin composites. (b) Optical limiting curves. (c) Open aperture Z-
scan curves of of copper porphyrin, zinc porphyrin, graphene, graphene—zinc porphyrin, and graphene—copper porphyrin composites in DMF at 532 nm in

nanosecond, reproduced with permission from Ref. [116].

Table 2. Excited state and ground state parameters &, 85}, B, Ts1, and 7y, for copper porphyrin, zinc porphyrin, pure graphene, and graphene—porphyrin

composites at 532 nm in nanosecond time scales.!! 1!

Samples 8 (10712 cm?) 8% (10719 cm?) B (cm/GW) FOM (8%/8) Ty (ns) Tsn (DS)
Copper porphyrin 4 79 132 19.75 0.9 6
Zinc porphyrin 44 113 366 25.68 0.78 5

Pure graphene 53 30.1 900 5.68 0.009 0.009
Graphene—copper porphyrin 8.3 380 4720 45.78 0.5 7
Graphene—zinc porphyrin 49 214 3570 43.67 0.68 9

4. Conclusions

As a new type of nonlinear optical material, graphene can
exhibit the characteristics of RSA, SA, and TPA under dif-

[120.121] This paper comprehen-

ferent experimental conditions.
sively describes the nonlinear response of graphene, graphene
oxide, and their composite materials. Modulation of graphene
band gap by composite of other species on the surface of
graphene has become an important means to enhance its NLO
response. The enhancement mechanism is mainly divided into
the following three parts:!!?>123] (i) Charge transfer mecha-
nism between graphene and nanoparticles; (ii) A large number
of defects caused by the small size effect of nanoparticles will
become the scattering center, resulting in enhanced NLS; (iii)
Bubbles caused by thermal effects cause nonlinear refraction
enhancement.

In summary, the nonlinear enhancement caused by
graphene compounding makes it have greater application po-
tential in the field of OL materials (in Fig. 15). However, its

enhancement mechanism needs to be verified by specific ex-

perimental theory. The practical application of graphene com-
posite materials in the field of nonlinear optics still faces many
challenges.

Fig. 15. Application of graphene and its composite materials in the field of
optical limiting.
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