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Abstract 

Transparent conducting oxide (TCO) materials have unique electrical and optical 

features. One of many TCOs widely employed in practical optoelectronic 

devices is indium tin oxide (ITO). Many characterization techniques are used to 

study materials' nonlinear optical (NLO) properties. The simplest and most 

accurate technique among these is the Z-scan technique, which is widely used. 

This article introduces a comprehensive review of the optical nonlinearity of the 

interaction of a high-intensity laser source with an ITO semiconductor material 

as a promising material for NLO applications. 
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1. Introduction  

Nonlinear optics (NLO) is one of the branches of nonlinear physics. NLO 

materials have attracted the attention of many researchers, particularly with the 

development of ultrashort laser pulses (Masters & Boyd, 2009). NLO is the 

investigation of nonlinear phenomena in the interaction of a laser and a material 

(He & Liu, 1999). The study of a phenomenon that causes a change in a material's 

optical properties is called nonlinear optics. This change occurs when a medium 

is irradiated with a high-intensity laser source. A force is applied to all of the 

electrons in a medium by an external electromagnetic field (Boyd). Pump light 

is one of the two factors that cause a change in matter's macroscopic parameters, 

such as susceptibility, refractive index, absorption coefficient, and so on, or a 

change in matter's microscopic structure, resulting in "light-controlling matter"  

(Vasconcelos, 2022). The other is investigating changes in the signal light 

propagating parameters in the matter, such as frequency, power, phase, pulse 

width, group velocity, and so on (Diels & Rudolph, 2006).  Although most 

nonlinear optical phenomena can only be observed with laser radiation, some 

were known long before the invention of the laser. Pockels’ and Kerr’s electro-

optic effects are two prominent examples of such phenomena. In 1875, John Kerr 

reported an induced alteration in the refractive index of CS2 proportional to the 

square of an applied electric field (the Kerr effect) (Kerr, 1875). In 1893, the 

Pockels effect was observed, similar to a linear electric field in quartz (New, 

2011). Before lasers, the most intense power source available was lamps, which 

typically produced powers in the order of 100 W. However, because of their high 

divergence and broad emission spectrum, they are ineffective for probing weak 

nonlinear optical phenomena. By comparison, lasers are monochromatic and 

highly directional sources capable of producing intensities in excess of 106 

W/cm2, which is comparable to the range of the inter-atomic fields. The birth of 

experimental NLO phenomena began with the manufacture of the first laser in 

1960 (Arun Kumar, 2013). The demonstration of the Second Harmonic 

Generation (SHG) of the fight by a ruby laser pulse in a quartz crystal by Franken 

and colleagues (Franken et al., 1961) in 1961 marked the beginning of nonlinear 

optics as a new separate subfield of scientific endeavor, as shown in Fig.1. Kaiser 

and Garret studied the same photon energies or two-photon absorption (2PA) 
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induced fluorescence in a CaF2: Eu2+ crystal and published their experimental 

results (Kaiser & Garrett, 1961). 2PA was expected by M. Göppert Mayer in 

1931 (W. Wang et al., 2010) and was confirmed by Kaiser and Garret’s 

experiments. These works are widely regarded as the origins of nonlinear optics. 

NLO materials play a crucial role in the development of all-optical and electro-

optical systems with applications in optical communications, light-driven 

chemical reactions, and optical computing (Correa et al., 2011; Kowalevicz et 

al., 2005; Li et al., 2002; Mançois et al., 2009). High NLO properties have been 

found in organic and inorganic molecules (Gabler et al., 1997), polymers (Zaid 

et al., 2015), and semiconductors (Grehn et al., 2013; Santos et al., 2017).   

Many techniques are used to investigate the NLO properties of materials (Adair 

et al., 1987; Miguez et al., 2014; Moran et al., 1975; Owyoung, 1973; Williams 

et al., 1984), but they are relatively complex experimental tools, inaccurate, and 

require detailed wave propagation analysis (Soileau et al., 1983). Sheik-Bahae 

developed the single-beam Z-scan technique, which is considered the simplest 

technique for determining the NLO properties of new materials (Lee et al., 1994; 

Sheik-Bahae et al., 1989b). These NLO properties involve the nonlinear 

absorption (NLA) coefficient and the nonlinear refractive (NLR) index of the 

material (Gu & Wang, 2011; Kalanoor et al., 2016). The NLA coefficient (β) and 

the NLR index (n2) were experimentally studied using both open aperture (OA) 

and close aperture (CA) Z-scan techniques (Shehata & Mohamed, 2019; Shehata 

et al., 2020). NLA is the change in a material's transmittance as a function of 

incident intensity or excitation wavelength. Because of its several applications in 

science and technology, including Q-switching and mode-locking, nonlinear 

spectroscopy, up-conversion lasing, fluorescence imaging, and optical limiting, 

NLA has attracted a lot of attention (Q. Guo et al., 2016; Hales et al., 2010; Liu 

et al., 2017; Min et al., 2011; Mukhopadhyay et al., 2012; Tian et al., 2018). 

Two-photon absorption (2PA), a type of NLA effect, involves the simultaneous 

absorption of two photons from the low energy state, which is generally the 

ground state, to the high energy state (Reyna et al., 2018). Characterizing the 

2PA properties of a nonlinear material is critical for any practical applications. 

Two-photon fluorescence imaging (Denk et al., 1990b), two-photon 

microfabrication (Maruo et al., 1997b), and three-dimensional optical data 
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storage (J. H. Strickler & W. W. J. O. l. Webb, 1991) are all applications that use 

2PA processes. In addition, optical limiters used in sensor protection require two-

photon absorbers (Van Stryland et al., 1988b). Sheik-Bahai et al. (Lee et al., 

1994) pioneered the OA Z-scan technique, which is well known for being a 

highly efficient technique for studying the NLA properties of different materials. 

NLR is the process by which light changes a material's NLR properties. The n2 

is a crucial parameter in the development of ultrafast all-optical switching 

devices and modern optical communication systems (Weiner, 2011). 

Transparent conducting oxides (TCO) materials are one of these materials. 

Because of their broad bandgap of 3 to 4.2 eV   ( Hamberg & Granqvist, 1986), 

TCO thin films have unique electrical and optical features, including high 

conductivity, high free carrier density, and strong optical transmission in the 

visible region (Asobe et al., 1992; H. Wang et al., 2010). TCO thin films are used 

for many applications, such as plasma displays (Wager, 2003), solar cells (Lien, 

2010), and light-emitting diodes (Afre et al., 2018; Betz, Olsson, Marthy, Escolá, 

Atamny, et al., 2006). TCO materials exhibit strong nonlinear properties under 

both inter-band and intra-band excitations (Clerici et al., 2017). In the case of 

energy-absorbing nonlinear processes, the TCO materials can be categorized into 

two types: saturable absorption (SA) (increased transmittance) or reverse 

saturable absorption (RSA) (decreased transmittance). The electrons in the 

ground state absorb incident energy and transition to the excited state, resulting 

in the SA behaviour (Sridharan et al., 2015), where decreasing absorption with 

increasing incident light intensity results in saturation of the excited state or 

bleaching of the ground state (Ashour et al., 2022). In contrast, the RSA behavior 

is caused by excited-state absorption (ESA), multiphoton absorption (MPA), and 

free-carrier absorption (FCA) (Elim et al., 2006), in which absorption increases 

with increasing light intensity. The SA phenomenon is necessary for using TCO 

in mode-locking (Guo et al., 2019b) and passive Q-switching  techniques to 

generate ultrashort pulse lasers (Guo et al., 2017). At the same time, the most 

crucial application of RSA is optical limiters for the protection of sensitive 

optical components, including human eyes from laser-induced damage (Liu et 

al., 2009). TCO thin films are made from a range of materials, including indium, 

tin, cadmium, and zinc oxides, as well as mixtures of these metals (Benoy et al., 
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2009). Indium-doped tin oxide (ITO) films have received a lot of attention in 

comparison to other transparent conducting oxides (Park, Kim, Lee, Kim, Lee, 

et al., 2010). Because of the enormous number of oxygen vacancies (J. C. Fan & 

J. B. J. J. o. A. P. Goodenough, 1977; Giusti, 2011; Ma et al., 2015b; Nadaud et 

al., 1998b) and the substitution of Sn dopants in ITO thin films, they are 

usually n-type semiconductors (A. Eshaghi & A. J. O. Graeli, 2014; Wohlmuth 

& Adesida, 2005). The ITO thin film has the general chemical formula of 

In4Sn3O12 and has low electrical resistivity, high optical transparency (over 80%) 

in the visible wavelength range with simultaneous high reflection in the IR, and 

good chemical stability (Coutts et al., 1990; Ma et al., 2021b).  Because of these 

properties, ITO is widely used in many fields, including optics and electronics. 

Multiple uses of ITO range from photovoltaics to conductive displays, integrated 

photonics, solar cells, electroluminescent devices, charge-coupled devices, and 

also for NLO applications (Alam et al., 2016; Moran et al., 1975). Many fantastic 

NLO effects of ITO film have recently been exploited, including nonlinear 

absorption (P. Guo, R. D. Schaller, J. B. Ketterson, & R. P. J. N. P. Chang, 2016; 

Xiao et al., 2020b), Kerr nonlinearity (Khurgin et al., 2020b; Kinsey et al., 

2015b; Moran et al., 1975), and four-wave mixing (Huh et al., 2008). 

 

Fig. 1. A schematic diagram of the second harmonic generation experiment in quartz by Peter 

Franken’s group at the University of Michigan in 1961. 

2. Nonlinear optical responses in materials 

The field that binds electrons to atoms is much higher than the radiation field of 

a light source. Electron deviations from equilibrium are minor. In an atom, the 

nucleus is surrounded by electron clouds, and the atom's net charge is zero due 

to their spherical shape. When an electric field is applied to an atom, the electrons 

move in the opposite direction of the field, transforming the cloud into an 
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ellipsoid. The electric field acting on the atom’s positive and negative charges 

distorts the electron charge distribution. The electric dipole moment (µ) induced 

in the atom by the electric field is a primary measure of this distortion, µ= -ex 

Where e is the charge of an electron at the point denoted by the displacement 

vector x. When an electric field is applied to a medium, the electric dipole 

moment µ= αE, where is the polarizability of the individual atoms (Walden, 

2017). When all of a material’s electrons oscillate at the same time, the collective 

motion induces a macroscopic polarization, which is related to the dipole 

moment by P = Nµ = NαE, where N is the material’s dipole concentration or 

electron density (Walden, 2017). Similarly, instead of using the microscopic 

quantity of polarizability, the macroscopic equivalent of susceptibility χ can be 

used, which is related to the polarizability by  ε0 χ = Nα where ε0 is the 

permittivity of free space. Figure 2 depicts the linear relationship between 

induced polarization and applied electric field strength, as described in 

conventional (i.e., linear) optics by the relationship 

                                                 P = ε0 χ E                                                                             (1) 

The susceptibility is affected by incident field properties such as amplitude, 

wavelength, and polarization, as well as material properties such as concentration 

and orientation (Nagaraja et al., 2013). Maxwell’s equation E = E0 – P/ε0 

describes the total electric field inside the irradiated material as a result of the 

applied field and the induced polarization. Given that the polarization is 

dependent on the applied field, the total induced field can be rewritten as E= (1+ 

χ) E0 = εr E0 where εr = 1+ χ is the material’s relative permittivity. 

In the case of high–intensity electromagnetic radiation, such as a laser beam 

irradiates a medium. As shown in Fig 2, the nonlinear behaviour of the 

polarization response is related to the applied electric field strength (Petkova et 

al., 2016; Shen, 1984). The polarization response of the medium can be expanded 

into a power series in E in the frequency domain to describe the nonlinear effects 

(Shen, 1984). Individual atoms’ higher-order polarizability is incorporated into 

material susceptibility by including intensity-dependent terms (Sauter, 1996). 

Then χ can be expressed as    

                                  χ = χ (1)+ χ(2) E + χ(3) EE+ …                                                      (2) 
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Where χ(1) is the linear response of polarization expansion, χ(2) is the second-

order susceptibility, χ(3) is the third-order susceptibility, and so on for higher 

orders. These higher-order susceptibilities induce polarization in the material and 

can be expressed as 

 P = ε0 (χ(1) E+ χ(2) EE + χ(3) EEE+ …) = P(1) +P(2) +P(3) +…                             (3) 

 

Fig. 2. Linear and nonlinear polarization responses to an applied electric field (E). The solid line is the 

linear case, and the dashed line is the nonlinear case. 

Nonlinear susceptibility (χ) is a quantity used to measure a material’s nonlinear 

polarization as a function of an applied electric field strength. The magnitude of 

NLO properties is determined not only by the intensity of the applied field but 

also by the NLO susceptibility coefficients (Popov et al., 2017). They describe a 

wide range of nonlinear optical effects based on the different orders of NLO 

susceptibility. The atomic field is comparable to the applied radiation field on 

the medium. Laser sources produce light with high intensities enough to change 

the materials' optical properties. The electron displacement is proportional to the 

order of polarization. As a result, the greater the displacement, the greater the 

NLO polarization response (Stucky et al., 1989). The nonlinearity is of electronic 

origin, and the nonlinear susceptibility is calculated using a simple order-of-

magnitude appreciation of the magnitude of these quantities (Armstrong et al., 

1962). Equation 3 represents the dependence of the induced higher-order 

polarization on the strength of the applied electric field and is considered the 

basis for all NLO phenomena (Burkins, 2017). 

3. Third-order nonlinear optical properties 
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3.1. Nonlinear Absorption 

Despite the fact that there are numerous NLO phenomena, we are most 

concerned with NLA and NLR. The photons of the incident light field are 

absorbed by molecules if their energy matches the energy of a transition between 

the ground and excited states of the molecules. NLA is a process in which light 

alters a material's optical absorptive properties (Van Stryland & Hagan, 2003). 

NLA changes a material's transmission as a function of intensity, or more 

precisely, irradiance. For increasingly intense laser beams, the likelihood of 

absorbing more than a single photon prior to relaxation to the ground state 

increases. NLA refers to the nonlinearities that cause famous optical effects like 

2PA, three-photon absorption (3PA), FCA in solids, saturable absorption, and 

others (Kaiser & Garrett, 1961). Third-order optical nonlinearity manifests itself 

as a refractive index and absorption coefficient dependence on light beam 

intensity (Boyd). When it comes to absorption, the well-known Beer’s law for 

linear absorption is as follows: 

                                          I(z) = I0 e− ∝(ω)L                                                                      (4) 

Where I0 is input intensity, ∝(ω) is the linear absorption coefficient, L represents 

the material thickness, and I(z) represents intensity at depth z. Beer's law is simply 

a differential equation solution that explains how light intensity decreases with 

propagation depth in a material when ∝ is constant. 

                                            
∂I

∂z
= − ∝ (ω)I                                                                        (5) 

If multi-photon nonlinear effects are to be taken into consideration, this 

differential equation must be enlarged to include higher order intensity terms 

(Ganeev et al., 2004). 

                  
∂I

∂z
= − ∝ (ω)I − β(ω)I2 −  γ(ω)I3 −  O(I4)                                           (6) 

Where β(ω) is the 2PA coefficient,  γ(ω) is the 3PA coefficient, and O(I4) is 

the four-photon and higher absorption terms.  

3.1.1. Two-Photon Absorption  
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Two-photon absorption 2PA is the absorption of two photons at the same time 

from incident laser beam, causing an electron to be excited from a lower to a 

higher (excited) state via an intermediate virtual state (2PA) (Tutt & Boggess, 

1993). An electron in the ground state can be excited by two photons from a 

single beam of frequency ω or two photons from separate beams of frequencies 

ω1 and ω2. When a laser light with a frequency ω and an intensity of I passes in 

the medium, the two-photon effect can be produced. The two photons in this 

case, they have an equal frequency: ω1 = ω2 =  ω (Said et al., 1992). And the 

corresponding two beams of light have I1 = I2 = I and 𝛽1 = 𝛽2 = 𝛽. The 2PA 

process can be represented using a single equation, which is  

                                           
∂I

∂z
= −β(ω)I2                                                                          (7) 

If a material’s linear absorption is negligible and 2PA dominates. This can be 

accomplished by separating variables which yield 

                                           𝐼(𝐿) =
𝐼0

1+𝛽𝐿𝐼0
                                                                            (8) 

2PA causes much stronger absorption and thus more beam attenuation.  This is 

due to the laser intensity dependence of NLA. Which shows the output intensity 

is smaller than the input intensity (Io) and is affected by the 2PA coefficient (β) 

and the sample thickness (L) (Rumi & Perry, 2010). Figure 3 depicts the 2PA 

process in which one photon excites the carrier to a virtual state and, before it 

can relax, the carrier is excited by the absorption of another photon, hence the 

term two-photon absorption (Bernardo, 2020). The absorption of the two 

photons, both with energy ħω for a single beam configuration, is then considered 

instantaneous as the action takes place on a shorter time scale than the relaxation 

time from the virtual state (Kirilyuk et al., 2010). 2PA is related to the imaginary 

part of the χ(3)  coefficient (De Boni et al., 2003). The total absorption coefficient 

is given by α(I) = α0 + βI, where the α0 is the linear absorption coefficient and β 

is the 2PA coefficient, which is associated with the imaginary part of Im [χ(3)]: 

                                           𝛽 =
6𝜔

𝜀0𝑐2𝑛2
 Im [χ(3)]                                                               (9) 
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Fig. 3. Schematic diagram for the two-photon absorption process. 

Two-photon fluorescence imaging (Denk et al., 1990a; So et al., 2000), two-

photon microfabrication (Maruo et al., 1997a), and 3D optical data storage (J. H. 

Strickler & W. W. Webb, 1991) are all applications of 2PA processes. For optical 

limiters utilized in sensor protection, two photon absorbers are also required 

(Van Stryland et al., 1988a). 

3.1.2.  Saturable Absorption  

Saturable absorption (SA) occurs when the transmission of a system increases at 

high excitation intensity. SA differs from two-photon absorbers only by having 

a real intermediate state and requiring the absorption cross section of the ground 

state to be larger than that of the excited state when interacting with intense light 

(Burkins, 2017). Many experiments show that when some materials are 

irradiated with a laser, their absorption coefficient decreases with increasing 

laser intensity until it reaches a saturation value recognized as SA. The total 

absorption coefficient α(I) related to the laser intensity I is described as follows 

(Szöke & Javan, 1963): 

                                       𝛼(𝐼) =
𝛼0

1+
𝐼

𝐼𝑠𝑎𝑡

                                                                               (10) 

where the saturation intensity is Isat, which varies depending on the material's 

property. In the 1970s, SA was widely used in laser-pulse compression 

techniques, including Q-switching and mode-locking (Hercher et al., 1968). The 

SA is explained by the energy-level transition model of different particles 

(molecules, ions, or atoms) of the medium under laser effect. The lower state 

particles absorb photon energy from the incident laser source and excite them to 
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higher states. If the laser is powerful sufficiently, it will cause the system's 

absorption to reach saturation, as depicted in Fig. 4. 

 

Fig. 4. Schematic diagram of saturable absorption. 

Saturable absorbers are currently used primarily in laser passive mode-locking and Q 

switching (Hönninger et al., 1999). 

3.1.3. Reverse saturable absorption  

It is the same as saturable absorption, except that the absorption cross-sectional 

area of the excited state is larger than the ground state. In this case the 

transmission of the sample decreases, or the absorption increases with increasing 

laser intensity. RSA is a type of NLA produced by transitions between excited 

states in the presence of intense light radiation. The ground-state absorption is 

weak but excited-state absorption is strong, allowing for the generation of the 

RSA (Li, 2017a). The RSA process is depicted schematically in Figure 5. In the 

singlet system, S0 is the ground-state level; S1 and S2 are the first and second 

excited-state levels. In the triplet system, T1 and T2 are the first and 

second excited-state levels, respectively. When the molecule system is irradiated 

with a laser beam of frequency ω, the molecules on ground state level S0 absorb 

the photons at frequency ω and excite them to the levels S1, S2, and T2 with the 

absorption cross sections σ0, σS, and σT, respectively (Li, Zhang, Wang, et al., 

1994; Li, Zhang, Yang, et al., 1994). The RSA, in which the absorption 

coefficient (α(I))  increases with increasing light intensity, α(I) = σn, where σ 

is the absorption cross-section and n is the molecule-number density, the system's 

total absorption coefficient as expressed  

                    𝛼(𝐼) = 𝜎0𝑛1 + 𝜎𝑆𝑛2 +  𝜎𝑇𝑛3                                                                        (11) 
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The variation of molecule-number densities with time takes into consideration 

n1, n2, and n3 at the energy levels S0, S1, and T1. 

 

Fig. 5. Schematic diagram of reverse saturable absorption. 

RSA can be used to create enhanced-absorption-type mirrorless devices, which 

are all-optical bistable devices (Li, Zhang, Yang, et al., 1994). Laser protection 

is another remarkable application of RSA, in which it is formed into NLO 

limiters to help protect human eyes or photodetectors from laser weapon damage 

(Li et al., 2000; Song et al., 1999). 

3.2.  Nonlinear Refraction 

NLR is the process by which laser light alters a material’s optical refractive 

properties. NLR causes optical effects like self-focusing (defocusing) and self-

phase modulation. The refractive index of a coherent laser beam changes as it 

travels through a nonlinear medium. The variation in the refractive index is 

proportional to the light intensity (Günter et al., 1988). The optical Kerr effect 

(OKE) is a process that involves an intensity-dependent refractive index and is 

directly related to (3). Electronic polarization, molecular reorientation, 

electrostriction, and thermal effects are all physical mechanisms that cause 

changes in refractive index (Sheik-Bahae & Hasselbeck, 2000). 

3.2.1. Kerr Effect  

The optical Kerr effect (OKE) is a process where the electric field of incident 

light causes a change in a medium's refractive index (Heiman et al., 1976). The 

magnitude of the change in refractive index is proportional to the square of the 

electric field strength or light intensity, ∆n ∝ |E|2∝ I. This effect relates to a third-
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order NLO effect (Wong & Shen, 1974), and its nonlinear susceptibility is 

represented by χ(3). When a high-intensity laser beam propagates through a 

medium with a large χ(3) coefficient and the laser intensity has a Gaussian spatial 

distribution, the refractive index is greatest (Hanson et al., 1976). The medium 

will effectively serve as a positive lens, focusing the beam. This is the result of 

Kerr lensing (Shen, 1966). Assume a laser beam diffuses through a material. The 

OKE causes the material’s refractive index to change ∆n, and the phase change 

of the laser light for the propagation distance L is 

                              ∆∅ = k0∆n L =
2πL

λ0
 ∆n                                                                      (12) 

where λ0 and k0 are the excitation wavelength and wave vector of the laser in 

vacuum, respectively. That is, when a laser beam propagates through a material, 

the refractive-index change in the material can modulate the phase of the laser 

light. The n2 change is proportional to the nonlinear phase change. Consequently, 

we can determine the refractive-index change of the medium ∆n by detecting the 

light phase change ∆∅ (Hellwarth et al., 1971). 

3.2.2. Self-phase modulation 

When high-power laser light is an input into the nonlinear medium, the laser 

intensity produces the OKE, or a change in the medium's refractive index, which 

modulates the light's phase  (Brabec & Krausz, 2000). This is known as self-phase 

modulation (SPM), also referred to as the self-action OKE. In the case of 

calculating the refractive index, the dielectric constant could be replaced with a 

uniform effective medium, ε (Li, 2017b). At a low optical field, the refractive 

index n0 depends on both the linear dielectric, ε1, and susceptibility, χ(1), as 

illustrated in the following form (White, 2018): ε1 = 1+ χ(1), n0 = √ε1 

                              n0
2 = ε1 = 1 + χ(1)                                                                              (13) 

Effective susceptibility is defined as: 

                               χ = χ(1)+ χ(3) |E|2                                                                              (14) 
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The general expression for studying the relationship between nonlinear 

susceptibility and the material refractive index change is as follows: (Franken et 

al., 1961; White, 2018): 

                            n2 = 1 + χ ( |E|2)                                                                                 (15) 

                       n = (1 + χ(1) +  χ(3) |E|2)1/2                                                                   (16) 

           (n0
2 +  χ(3) |E|2)

1

2 = n0 (1 +  
χ(3) |E|2

n0
2

)

1

2
                                                         (17) 

                  n= n0 +  
χ(3) |E|2

2 n0
2 = n0 +  

n2 |E|2

2
                                                                      (18) 

The first item in Eq. (18) is a linear refractive index, the second is a n2 and the 

nonlinear refractive index is 

                 n = n0 +  n2 〈E. E〉 = n0 + ∆n                                                                        (19) 

In the SPM effect, the ∆n is proportional to the laser light intensity, and the n2 is 

proportional to the real part of the χ(3) (Hendry et al., 2010). 

3.2.3. Self-focusing and self-defocusing 

When a laser light passes through a material, because the laser beam has a 

Gaussian intensity distribution, the intensity at the center is much greater than 

the intensity at the edge (Li, 2017b). As previously stated, the ∆n is relative to 

the intensity of laser light I, ∆n = n2I. The refractive-index distribution of the 

medium becomes non-uniform along the radial direction as a result of the OKE. 

The nonlinear material in this case acts like a lens, causing the laser beam's 

profile size to change continuously, either through convergence or divergence, 

as illustrated in Fig. 6. When n2 > 0, the medium exhibits the convex lens effect, 

focusing the light beam; this is known as self-focusing; when n2< 0, the medium 

exhibits the concave lens effect, defocusing the laser light, this is referred to as 

self-defocusing. In the self-focusing case, the Gaussian laser beam intensity 

gradually decreases along the radial direction of the medium from the axes to the 

beam's edge. As a result, the medium’s refractive index n = no + n2I gradually 

decreases along the radial direction (Bergé, 1998). 
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Fig. 6. Schematic diagram of a Gaussian laser beam propagating in the nonlinear medium, (a) self-

focusing (n2 > 0); (b) self-defocusing (n2 < 0). 

4.  Z-scan technique 

The Z-scan technique is the one of the most well-known techniques for 

measuring the NLO properties of all kinds of media. Most of the previous 

measurement methods require the use of more than two incident light beams and 

are incapable of directly measuring the real and imaginary parts of susceptibility 

(Kelley, 1965; Sheik-Bahae et al., 1989a). People discovered a Z-scan method 

that relied on self-focusing at the end of the twentieth century (Sheik-Bahae et 

al., 1990). This method not only measures susceptibility with a single light beam 

but also measures the real and imaginary components of susceptibility. A single 

experimental setup can be utilized to determine the value and sign of the n2 and 

the ꞵ. This method can be used to quickly determine whether a material's 

nonlinear refraction is self-focusing or self-defocusing, or whether it has 

saturable or reverse saturable absorption (Gu & Wang, 2011). The main 

experimental tool utilized in this study is the Z-scan method to measure thermal 

nonlinear properties. 

4.1. The Z-scan measurements 

The Z-scan technique, developed by E.W. Van Stryland, his graduate student M. 

Sheik-Bahae, and their colleagues in 1990 (Sheik-Bahae et al., 1989a), is one of 

the more common techniques for measuring NLA and NLR. It is used to 

investigate many materials including semiconductors, biological materials, and 

liquid crystals (Ule, 2015). In this technique, the optical transmittance of the 

nonlinear material is determined as the sample passes through the focus of a 
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Gaussian beam. Their method can measure both the sign and magnitude of the 

n2 with sensitivity comparable to interferometric methods, as well as the ꞵ 

(Sheik-Bahae et al., 1990). NLA information is obtained by gathering all the 

transmitted power, whereas NLR data is obtained by gathering the transmitted 

power through an aperture centered on the beam in the far field. The Z-scan is a 

predominant technique due to its simplicity, sensitivity, accuracy, and ease of 

separating NLA and NLR. This discovery was motivated by the need to 

characterize the value of materials’ χ(3) for applications such as all optical 

switching and optical limiting. The basic principle of Z-scan involves translating 

a sample through the focal point of a sharply focused beam of laser light.  Z-scan 

measurement techniques are divided into two types: CA and OA. The CA Z-scan 

technique measures the n2, whereas the OA Z-scan technique measures the ꞵ of 

the material, as depicted in Fig. 7. For the OA Z-scan, all the light transmitted 

through the sample is captured by the detector (D1), allowing for the 

measurement of the intensity dependent change in transmission. In CA Z-scan, 

a small aperture is put between the sample and the detector, which detects the 

material's self-focusing or self-defocusing properties. The Z-scan method, in 

essence, measures the transmitted laser intensity of a nonlinear material in the 

far field. The transmittance of a sample varies with its position in relation to the 

focal point of a lens (Badran & Al-Fregi, 2012; Sheik-Bahae et al., 1990). The 

Z-scan is now the most widely used method for measuring thermal and optical 

nonlinearities. 

 

Fig. 7. Basic CA and OA Z-scan experimental setup. The beam splitter allows an OA Z-scan to be 

recorded concurrently. Detector D2 collects the CA data and detector D1 collects the OA data. 

The laser beam strikes the sample. The sample is put on a translation stage and 

moved through the beam waist, the most focused region of the beam, 
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generally beginning near the focusing lens and moving away in the positive z 

direction. The beam exits the sample and is split in two;  in the case of OA Z-

scan, the reflected expanding beam is focused directly into detector D1, while in 

the case of CA Z-scan, the transmitted portion traverses a pinhole aperture in the 

far field to finally strike detector D2.    

4.1.1. Closed aperture 

Because distortion of the laser beam phase is converted to amplitude distortion 

through propagation from the sample to the far field, putting an aperture centered 

on the beam in the far field in front of a detector makes the detector sensitive to 

phase distortion, this is known as a CA Z-scan (Sheik-Bahae et al., 1991). The 

irradiance increases as the sample moves from a distance before the focus 

(negative z) to the focus, causing self-lensing in the sample. Positive/negative 

self-lensing tends to broaden/narrow the beam at the aperture prior to focusing, 

resulting in a decrease/increase in measured transmittance (Balu, 2006). 

Consider a material with a positive n2 and a thickness is less than the diffraction 

length of the focused Gaussian beam. Starting the scan from a distance before 

the focus (i.e., the prefocal region, -z), the nonlinear medium will focus the beam 

earlier and to a small waist. Since the beam waist is reduced, the beam expands 

more rapidly due to diffraction as shown in Fig. 8. Therefore, in the near field, 

the beam remains collimated over a shorter distance and diverges at a larger beam 

angle in the far field. The overall effect is a reduction in the intensity at the 

detector (Günter, 2012). When the sample passes into the postfocal region (+z), 

the positive self-lensing of the nonlinear material tends to reduce the beam 

divergence, resulting in increased intensity at the detector. For a material with a 

negative n2, the reverse explanation applies. The difference in behavior shown 

by positive and negative n2 can thus provide a unique signature of the sign of the 

nonlinearity (Philip et al., 2000). A positive nonlinearity (n2>0) is defined by a 

prefocal transmittance minimum followed by a postfocal maximum, whereas a 

negative nonlinearity (n2<0) is defined by a prefocal maximum followed by a 

minimum. Fig. 9 shows the simulated CA Z-scan profile. 
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Fig. 8. A schematic diagram of a CA Z-scan setup (a) laser beam propagation without sample, (b) a 

sample in the prefocal position, the beam would expand further in the far field than if the medium wasn’t 

present. This creates a dip or valley in the transmission as less light gets through the aperture. (c) In the 

postfocal position, the beam is focused to allow more light to pass through the aperture. The transmission 

accessed by the detector will then become larger, generating the peak in the signal. 

 

Fig. 9. An ideal CA Z-scan curve transmittance versus sample position. A solid curve represents 

material that shows self-focusing, positive phase shift, and a positive n2. The dashed curve depicts self-

defocusing, a negative phase shift, and negative n2. 
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Not only is the sign of n2 investigates from a Z-scan, but also its magnitude, 

which can be easily determined utilizing a simple analysis for a thin medium. 

Similarly, β can also be calculated by assuming a TEM00 Gaussian beam with a 

waist radius of w0 traveling in the +z direction. The electric field can be 

expressed as follows (Kim & Kwak, 2009; Kogelnik & Li, 1966): 

    E (z, r, t) =  E0 (t)
ω0

ω(z)
. exp (−

r2

ω2(z)
−

ikr2

2R(z)
) e−i∅(z,t)                                      (20) 

where ω2(z) = ω0
2 (1 +

𝑧2

𝑧0
2) is the beam radius, 𝑅(𝑧) = 𝑧(1 +

𝑧2

𝑧0
2) is the radius 

of curvature of the wavefront at z, 𝑧0 = 𝑘𝜔0
2/2, is the diffraction/Rayleigh 

length of the beam, k = 2π/λ is the excitation wavelength, all in free space. 

E0 (t) is the radiation electric field measured at focus and it includes the laser 

pulse's temporal envelope. E−i∅(z,t) contains the radially uniform phase 

variations. The amplitude and phase of the electric field for a thin nonlinear 

sample are defined by the slowly varying envelope approximation and are 

expressed by the following pair of equations (Hermann, 1992): 

                                              
d∆∅

dL
=  

2π

λ
 ∆n(I)                                                         (21) 

                                               
dI

dL
=  −∝ (I)I                                                             (22) 

where L is the propagation length in the sample. There is insufficient path length 

(∆∅) in a thin nonlinear refractor for the beam to change size as it propagates 

through the medium. The nonlinearity causes a phase change in the nonlinear 

medium. Therefore, for material with cubic nonlinearity and negligible β, the 

phase shift at the exit end of the sample can be determined by solving Eqs.(21) 

and (22). This is expressed as (Sheik-Bahae et al., 1990): 

                         ∆∅(z, r, t) = ∆∅0(z, t)exp (−
2r2

ω2 (z)
)                                       (23) 

The on-axis phase shift at the focus is 

                               ∆∅0(t) = k∆n0(t)Leff                                                        (24) 

where the effective length of the sample 
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                             Leff = (1 − 𝑒−∝𝐿)/∝                                                           (25) 

And ∆n0 = 𝑛2𝐼0, where 𝐼0 is the on-axis intensity at focus (z=0), I0 =
P

πω0
2
, P is 

the incident power within the sample. The electric field at the sample’s exit end 

Ee contains information about the beam’s nonlinear phase shift. This is written 

as (Weaire et al., 1979): 

                 Ee (z, r, t) =  E (z, r, t) e−∝L/2 ei∅(z,t)                                             (26) 

The power transmitted at the aperture plane PT (∆∅0(t)) can be obtained by 

spatially integrating the resultant electric field pattern at the aperture, Ea(r, t), up 

to the aperture radius ra. The normalized Z-scan transmitted power can be 

determined as follows (Liu & Tomita, 2012; Weaire et al., 1979):  

                 𝑇(𝑧, 𝑡) = 𝑐𝜀0𝑛0𝜋
∫ ∫ |𝐸𝑎(𝑟,𝑡)|2 𝑟𝑑𝑟𝑑𝑡

𝑟𝑎
0

∞
−∞

𝑆 ∫ 𝑃𝑖(𝑡)𝑑𝑡
∞

−∞

                                             (27) 

with S denoting the transmittance of the aperture in the linear regime. The far-

field output of an aperture detector is used to measure the normalized 

transmittance, which can be given as (Liu & Tomita, 2012): 

             T(z, ∆∅0) = 1 −
4∆∅0 z/z0

((
z

z0
)

2
+9)((

z

z0
)

2
+1)

                                                    (28) 

The extrema (peak and valley) of the on-axis Z-scan transmittance can also be 

calculated for small phase distortions (|∆∅0| ≪ 1) and small apertures (S ~ 0) by 

solving the equation: dT(z, ∆∅0) / dz = 0 =. The result is obtained by the relation 

(Sheik-Bahae et al., 1990): 

                     ∆T𝑝−𝑣 = 0.406|∆∅0|                                                                   (29) 

Using Eq. (24), we can estimate the nonlinear refractive index: 

                         ∆𝑛 =
∆T𝑝−𝑣

0.406|∆∅0|
                                                                         (30) 

When the aperture is larger but the phase variation at the focal point |∆∅0| ≤ 𝜋,      

                          ∆T𝑝−𝑣 = 0.406(1 − S)0.25|∆∅0|                                                    (31) 
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In this case, the formula of nonlinear refractive index is 

                         ∆𝑛 =
∆T𝑝−𝑣

0.406(1−S)0.25|∆∅0|
                                                              (32) 

This transmission equation (28) applies to the CA Z-scan measurements in this 

thesis for a Gaussian beam and extracts the nonlinear refractive indices for the 

material. 

4.1.2.  Open aperture 

OA Z-scan is considered simpler to analyze than CA Z-scan. This is because the 

overall transmission through the sample is measured when the aperture prior to 

the detector is removed (Zheng et al., 2015). For the measurement of the ꞵ, the 

same experimental setup is utilized but with a wide-open aperture as shown in 

Fig. 10 Linear absorption takes place when an electron is excited with one photon 

to an excited level, whereas NLA takes place when an electron is excited with 

two or more photons with energy equal to the exciting level, as shown in Fig. 10 

(Al Abdulaal, 2016). The 2PA effect in the OA Z-scan method is intensity 

dependent; as the intensity of the Gaussian beam increases at focus, the 2PA 

effect increases. The NLA increases as the material is moved closer to the focus 

(Badran & Al-Fregi, 2012). 

 

 

Fig. 10. Schematic diagram of a typical OA Z-scan set up. 

The nonlinear absorption of medium is measured in the Z-scan method at some 

z point in the light propagation direction, ∝ (z, r) =∝0+ βI(z, r). When β < 0, it 

is SA; when 𝛽 > 0, it is RSA or 2PA (Li et al., 2018). As shown in Fig. 11, the 

SA experimental curve is a symmetrical peak curve with maximum transmittance 



Laser Innovations for Research and Applications                                    

___________________________________________________________________________  

 

at the centre of the focal point position; the RSA curve is a symmetrical valley 

curve with minimum transmittance at the centre of the focal point position. 

 

Fig. 11. Normalized transmission as a function of z-position in the open aperture Z-scan technique. A 

solid curve represents a material that shows reverse saturable absorption (ꞵ > 0). The dashed curve depicts 

saturable absorption (ꞵ < 0). 

For NLA measurements using the OA Z-scan technique, equations (21) and (22) 

were solved with free-carrier effects (refractive and absorptive) ignored to obtain 

the light intensity and phase shift at the exit surface as (Sheik-Bahae et al., 1990): 

                  Ie(z, r, t) =
I0 (r,z,t) e[−∝(I)L]

1+q(r,z,t)
                                                                    (33) 

and 

               ∆∅(z, r, t) =
kn2

β
ln[1 + q(z, r, t)],                                                          (34) 

where 

               q(z, r, t) = βI(z, r, t)Leff                                                                      (35) 

The complex field amplitude on outputted surface of sample can be expressed as 

(Kim & Kwak, 2009): 
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          Ee(z, r, t) = E(z, r, t)e−∝
L

2(1 + q)
(L

kn2
β

−
1

2
)
                                              (36) 

By the y integral of Eq. (33), the transmitted power is obtained as (Chapple et 

al., 1997): 

           P(z, t) = PI(t)e−∝L ln[1+q0(z,t)]

q0(z,t)
                                                              (37) 

Where 𝑃𝐼(𝑡) is the input power, 𝑃𝐼(𝑡) = 𝜋𝜔0 
2 𝐼0/2, and q0 is the complex 

parameter that is related to the β by (H. Li et al., 2001): 

         q0(z, t) = βI0𝐿𝑒𝑓𝑓/ (1 + (
z

z0
)

2

)                                                          (38) 

The theoretical equation for fitting the normalized transmittance of an OA Z-

scan in the far field is as follows: (Sheik-Bahae et al., 1990): 

         𝑇𝑂𝐴 = 1 ±
𝑞0

2√2

1

(1+(
z

z0
)

2
)
                                                                        (39) 

The normalized transmittance TOA is defined as the sample transmittance at z 

position divided by the transmittance of the sample away from the focus. The 

material position in relation to the lens focus is represented by z, and the Rayleigh 

length is represented by z0. 

5. Linear and nonlinear optical properties of ITO films 

TCO have high transparency at visible wavelengths as well as electrical 

conductivity comparable to that of metals (Hosono et al., 2002). TCOs are binary 

or ternary compounds including one or two metallic elements (Mattox & Mattox, 

2007). TCO thin films have actual and potential applications such as transparent 

electrodes for flat panel displays, low emissivity windows, transparent thin film 

transistors, light emitting diodes, and semiconductor lasers (Barquinha et al., 

2012; Mei et al., 2013; Mlyuka et al., 2009; Pan et al., 2001; Razeghi, 2002). 

One of many TCOs that are widely used in practical optoelectronic devices is 

ITO (Guo et al., 2019a; Park, Kim, Lee, Kim, & Lee, 2010). ITO films have 

received a lot of attention in comparison to other transparent conducting oxides 

(Minami, 2005).  ITO is a solid solution of indium (III) oxide (In2O3) and tin (IV) 
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oxide (SnO2), with approximately 90% wt. In2O3 and 10% wt. SnO2. It is 

colorless and transparent as a thin film and yellowish to grey as a bulk material 

(Stadler, 2012). The general chemical formula of ITO thin film is In4Sn3O12, and 

it has low electrical resistivity, high optical transparency (over 80%) in the 

visible wavelength range, and high reflection in the infrared (A. Eshaghi & A. 

Graeli, 2014; Ma et al., 2021a). ITO is an electrically conductive material made 

up of In2O3 doped with Sn, which replaces the In3+ atoms in the crystal lattice 

structure of In2O3 to enhance the conductivity (Nadaud et al., 1998a; Pokaipisit 

et al., 2007). ITO’s strong conductivity is due to both substitutional tin and 

oxygen vacancies (Giusti, 2011; Ma et al., 2015a). The ITO film is an n-type 

semiconductor with a band-gap greater than 3 eV, and it is used in many 

applications (Ishibashi et al., 1990; Pokaipisit et al., 2008). Because of these 

properties, ITO is widely used in many fields, including optics and electronics 

(Bel Hadj Tahar et al., 1998; Manoj et al., 2007). Figure 12 depicts doping sites 

for tin (Sn) in In2O3 lattice (Y. Li et al., 2001). The Sn atom occupies an 

interstitial site and donates an electron, converting doped indium oxide to indium 

tin oxide.  

 

Fig. 12. Sn doping sites in an In2O3 lattice. 

Fig. 13 depicts the undoped and Tin (Sn) doped indium oxide band structure. 

Sn4+ Substitutes In3+ and introduces dopant energy levels just below the 

conduction band (CB) in In2O3. The excess electrons are easily activated as free 

carriers in the CB, resulting in a significant rise in conductivity. The Fermi level 

rises into the CB as doping increases, and the materials eventually exhibit 

degenerately doped semiconductor or free electron-like metallic behavior. In 

their first attempt to describe ITO, Fan and Goodenough (J. C. Fan & J. B. 

Goodenough, 1977) suggested the model of schematic energy band structure for 
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In2O3 and ITO, which helps a qualitative explanation of the apparent high optical 

transparency and electrical conductivity, as shown in Fig. 13. In Fan's band 

model, In2O3 has a large direct band gap (3.5 eV), preventing interband 

transitions in the visible range and so creating transparency within this frequency 

range, which is still the reference model for ITO today. Indium 5s orbitals are 

thought to form the conduction band, while oxygen 2p electrons are thought to 

form the valence band. Because of n-type doping of the Sn impurities, the Ef is 

found a few eV below the conduction band (Giusti, 2011). Donor states at low 

doping density form below the conduction band, and the Ef is located between 

the minimum of the conduction band and the donor level. Donor density, on the 

other hand, increases as doping levels rise.  

 

Fig. 13. Electronic band structure of In2O3 and Sn doped In2O3. 

Some studies (P. Guo, R. D. Schaller, J. B. Ketterson, & R. P. Chang, 2016; 

Khurgin et al., 2020a; Xiao et al., 2020a; Zhang et al., 2019) studied the linear 

and NLO properties of ITO utilizing various measuring techniques, where the 

ITO was prepared in various shapes and sizes using various preparation methods. 

Kumar et al. (Kumar et al., 2013) studied the NLO properties of a gold cluster 

on ITO using an 80-fs laser with a wavelength of 395 nm. Tingzhen et al. (Yan 

et al., 2022) used a 1 MHz and 80 fs laser with a wavelength of 1550 nm to 

investigate the nonlinear absorption of ITO/PVA composite materials.  Tarek 

Mohamed et al. (Ali et al., 2020) measured the NLO properties of ITO thin film 

using a 100 fs and an 80 MHz laser with excitation wavelengths ranging from 
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720 to 900 nm. Many fantastic NLO effects of ITO film have recently been 

exploited, including nonlinear absorption, Kerr nonlinearity (Kinsey et al., 

2015a), and four-wave mixing. Because optical Kerr nonlinearity has a direct 

impact on all-optical switching devices, the Kerr nonlinearity effect is 

responsible for the self-focusing phenomenon and the self-phase modulation, 

which are among the most fascinating and intensely researched. In (Humphrey 

& Kuciauskas, 2006), the χ(3) of ITO was discovered to be purely electronic in 

the NIR region using femtosecond laser pulses. The experimental results of 

(Humphrey & Kuciauskas, 2006) proved the n2 depends on carrier concentration 

and excitation wavelength, 200 fs laser pulses, and 1 kHz repetition rate. 

6. Application of ITO  

ITO is the most commonly utilized and evolved TCO material, and it is still 

considered the "gold standard" of TCOs. At the end of the 1960s, TCO materials 

were widely used in industry, when IR light filters made of Tin or In2O3 were 

utilized on low-pressure sodium discharge lamps to increase lamp efficiency by 

minimizing heat losses (Köstlin et al., 1975; Mcmaster, 1947). After that, with 

the introduction of flat-panel display technology in the1970,  ITO became the 

most widely used TCO material for transparent electrodes with the lowest 

resistivity (i.e., order of 1–2 × 10−4 Ω·cm) (Betz, Olsson, Marthy, Escolá, & 

Atamny, 2006; Katayama, 1999). Due to its high electrical conductivity and 

transparency, ITO has been widely utilized as a transparent electrode in the solar 

industry and photovoltaic applications. The significant technological 

advancements that have enabled this growth are discussed in chronological 

order. ITO has unique NLO properties and applications (P. Guo, R. D. Schaller, 

L. E. Ocola, et al., 2016). Nonlinear optical processes in ITO have demonstrated 

fundamental research importance as well as technological implications in a wide 

range of NLO applications, such as optical limiting, nonlinear integrated 

photonic devices, multiphoton processes, two-photon lasing and detection, and 

numerous other nonlinear optics avenues that can potentially be utilized in NLO 

devices. ITO has several NLO applications that are unique. 

7. Conclusion 
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Nonlinear optical responses of materials are important topics for applications 

including quantum information processing. This review is given on the recent 

developments in the studies of nonlinear optical responses in ITO semiconductor 

materials. The geometric nature of the electronic states in semiconductors plays 

a crucial role in the enhancement of the nonlinear optical properties of these 

materials. Because of developments in NLO phenomena such as third-order 

susceptibility, measuring the nonlinearity of materials is very important. 

Nonlinear parameters such as n2 and β have been measured using different 

techniques. However, the Z-scan has been widely regarded as the standard 

method due to its ease of use and sensitivity. The previous studies confirmed that 

ITO thin film has many potential applications, including photonics and 

optoelectronics, due to its high nonlinear absorption coefficient. 
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