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In this study, cobalt oxide (CoO) thin films were prepared by pulsed-laser 

deposition method using a pulsed Nd:YAG laser. The surface morphology of the 

prepared CoO thin films was uniform with an increase in grain size and the 

presence of distinctive shapes. The results of the nonlinear optics study 

demonstrated that the CoO thin films have a saturated nonlinear absorption 

coefficient, a negative refraction index (self-defocusing), moreover the 

calculation of third order nonlinearity susceptibility. Thus, CoO thin films possess 

good properties for the applications of nonlinear optics. 
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1. Introduction 

In the pulsed-laser deposition (PLD) method, 

material vapor is deposited as thin film onto 

substrate [1]. Rising the temperature of target 

material makes the laser useful for deposition of 

uniform thin layers. Because of the laser pulses, 

identical evaporation of the target material occurs 

regardless the vaporization points of its constituent 

elements and compounds [2], so, the laser beam is 

effective when its energy is high enough to react with 

and vaporize these constituents, and move throughout 

plasma plume and deposit on the substrate [3]. 

Parameters such as laser power density, pulse 

repetition rate, pressure, and target-substrate distance 

affect this process [4-6]. Pulsed-laser deposition 

produces high-purity thin films mainly because the 

laser device is outside the deposition chamber, 

reducing vacuum chamber impurities. The laser can 

be used in many experiments for multiple targets, and 

to prepare multiple thin films fast. This approach also 

maintains reactant mass [7]. Due to their many 

applications in electronics and sensing [8,9], catalysts 

[10], and biomedical devices [11-13]. 

Cobalt oxides have given attention in recent years. 

This attention is primarily due to the exceptional 

properties exhibited by such oxides, including high 

saturation magnetization [14,15], stable catalytic 

activity [16-18], and excellent electrochemical 

performance. Cobalt and cobalt oxide films have been 

fabricated using several techniques, such as spray 

pyrolysis [19,20], electron-beam evaporation [21], 

sol-gel approach [22], reactive sputtering [23-26], 

and more recently chemical vapor deposition (CVD) 

[17]. 

The study of nonlinear optics can expand the 

understanding of the fundamental nonlinear optics. 

Therefore, it could be developed and worked on to be 

better suited for practical applications in a variety of 

technical fields, such as  optical communications, 

optical storage devices, optical power limiting, 

optical switchers, and optoelectronic and photonic 

devices [27-30]. 

Nonlinear optical properties of the material are 

measured by using a variety of approaches. The 

simplest way to assess the properties stated in its great 

sensitivity to a single laser beam is to use the Z-scan 

technique [31]. The magnitude and sign of nonlinear 

properties had been measured utilizing the Z-scan 

[32]. It also has been utilized to determine the 

nonlinear optical properties of liquid crystals, organic 

or carbon-based molecules, dielectrics, and 

semiconductors [33,34]. 

The Z-scan operates on the premise the sample is 

transferred in the Z-direction through the focal point 

of the Gaussian beam. As the sample travels, so does 

the way the medium interacts with the laser light. This 

is due to the fact that the light beam intensity varies 

depending on the position (z) of the sample in relation 

to the focus (z=0) [32]. Typically, the sample is 

placed at the focus of the lens and moved 

continuously along the z-axis at a distance of z0 where 

z is the Rayleigh length [33]: 

𝑧0 =
𝜔°

2

𝜆
𝜋    (1) 

where λ represents the wavelength, 𝜔° is the radius of 

the laser beam 

The Z-scan technique includes using close 

aperture and open aperture. When measuring 

nonlinear absorption, the open aperture Z-scan is 

utilized, whereas when measuring nonlinear 

refraction, the tight aperture Z-scan is followed [29]. 
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The difference between the highest and minimum 

magnitude of the normalized transmittance (ΔT) is 

proportional to the nonlinear phase shift (ΔФ0) [27]. 

This difference is a frequent indicator of nonlinearity. 

ΔTp-v = 0.406│ΔФ0│   (2) 

where 0.406 is a constant quantity and 

ΔФ0= k n2 I0 Leff    (3) 

Here, ΔФ0 is the nonlinear phase shift, where k 

represents the wavenumber [33] and I0 represents the 

initial laser beam intensity at focus z=0 

I0 = P/ 2πѡ˳2    (4) 

where w0 is the laser beam radius, P its power, and Leff 

is the sample's effective thickness [33], which is 

given by 

Leff = (1- exp-αt/α)    (5) 

The nonlinear refractive index (n2) is determined 

by the following equation: 

n2 = ΔФ / k I0 Leff    (6) 

The relationship between the change in nonlinear 

refractive index (Δn) and laser beam intensity (I0) is 

given as follows: 

Δn = n2 I0    (7) 

The nonlinear absorption coefficient can be 

counted from the open aperture curve utilizing the 

following formula [34]: 

𝛽 =  
2√2

𝐼0𝐿𝑒𝑓𝑓
∆𝑇    (8) 

where ∆T is the single peak or single valley on the Z-

scan curve with an open aperture 

According to the following relationships (9 and 

10), the real and imagery components of the third 

order nonlinear optical susceptibility (χ(3)) were 

clarified as nonlinear refraction index and nonlinear 

absorption coefficient, respectively [33] 

Re[χ (3)] (esu) = 10-4 
𝜀0𝑐2𝑛°

2𝑛2

𝜋
    (cm2/W) (9) 

Im[χ (3)] (esu) = 10-2 
𝜀0𝑐2𝑛°

2𝜆𝛽

4𝜋2     (cm2/W) (10) 

The following relation could be utilized to express 

the absolute value of the third-order nonlinear optical 

susceptibility |χ(3)|: 

|χ (3)| = [Re(χ (3)) + Im(χ (3))] ½  (11) 

In this work, cobalt oxide (CoO) thin films were 

synthesized by pulsed-laser deposition method on 

glass substrates using Nd:YAG laser and their 

nonlinear optical properties were studied.  

 

2. Experimental Work 

Cobalt oxide thin films were prepared by pulsed-

laser deposition using an Nd:YAG with wavelength 

of 1064 nm, energy of 1500 mJ and frequency of 6 

Hz. The CoO powder was compressed as pellets using 

a 10 tons hydraulic machine press. Glass substrate 

was placed opposite to CoO target. The laser beam is 

applied to the target at 45° angle. The sample is 

bombarded with laser pulses which form a plume of 

plasma containing particles of the material to be 

deposited on the glass substrate. The optical 

characteristics of CoO thin films have been examined 

in the wavelength range 300-1100nm using a MEGA-

2100 dual-beam UV-Visible spectrophotometer. The 

nonlinear optical characteristics of these films were 

determined using Z-scan technique to calculate the 

nonlinear absorption coefficient and nonlinear 

refractive index. 

 

3. Results and Discussion 

In Fig. (1), the surface morphology of the 

prepared CoO thin films is shown throughout FE-

SEM images with different scales (10μm and 

200nm). From these images, the surface morphology 

of these films is described by homogeneity as well as 

an increase in the particle size with the presence of 

distinctive and different shapes (flowers and bushes). 

 

 

 

 
 

Fig (1) FE-SEM images of the CoO thin films 

 

These images allow to observe that the thin film 

surface is featured by density and unmistakable 

increase in the particle size with approximately 

spherical shape of particles. According to the 

calculations, CoO thin films typically contain 

nanoparticles with diameters between 16 and 35nm. 
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Figures (2) displays the 2D and 3D atomic force 

microscopy (AFM) images of the prepared CoO thin 

film deposited on glass substrate. These results 

indicate that the prepared material exhibit a 

reasonable degree of homogeneity and uniform 

vertical heights. Additionally, the results demonstrate 

an increase in grain size and the absence of voids or 

cavities on the sample surface. Table (1) illustrates 

the morphological characteristics of the prepared 

CoO thin film. 

 

 

 
(a) 

  
(b) 

 
(c) 

Fig (2) (a,b) 2D and 3D AFM images of and (c) granular 

distribution of grains in the CoO thin film 
 

 
Table (1) Morphological characteristics of CoO samples 

prepared in this work 

 

Average roughness Sa (nm) Root Mean Square Sq (nm) 

16.6863 22.0636 

 

 

The optical characteristics of the CoO thin films 

have been investigated throughout the absorption 

spectra in the spectral range of 300-1100nm as shown 

in Fig. (3). The absorption coefficient of the CoO 

films with thickness of 300nm can be determined by 

the following relation: 

𝛼 =
2.303𝐴

𝑡
    (12) 

 

 
 

Fig. (3) Wavelength-dependent absorption coefficient of CoO 

thin films 

 

Figure (4) shows the variation of refractive index 

of the CoO thin film with wavelength. The refractive 

index increases with wavelength. It should be seen 

that the refraction curve is similar to the reflection 

curve due to the link between reflectance (R) and 

refractive index (n0) as 

𝑛0 =
1+𝑅

1−𝑅
+ √

4𝑅

(1−𝑅)2 − 𝑘2)   (13) 

The refractive index depends on the 

crystallization pattern of the material [35,36]. 

 

 
 

Fig. (4) Relationship of refractive index with wavelength for 

CoO thin films 

 

Figure (5) depicts the optical conductivity of the 

CoO thin films prepared in this work. The value of 

optical conductivity can be estimated using the 

formula [37]: 

𝜎 =
𝛼𝑛0𝑐

4𝜋
    (14) 
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It is evident from this figure that the optical 

conductivity of CoO film increases with wavelength. 

 

 
 

Fig. (5) Optical conductivity vs. wavelength for CoO thin films 

 

Figures (6) and (7) illustrate the results obtained 

by applying the Z-scan technique on CoO thin films 

with both close and open apertures using 50mW CW 

laser diode with wavelength of 650nm. The third-

order nonlinear optical susceptibility |χ(3)| was 

determined by Eq. (11), the nonlinear absorption 

coefficient (β) was determined by Eq. (8), the 

nonlinear refractive index (n2) was determined by Eq. 

(6), the change in refractive index (∆n) was 

determined by Eq. (7), and so forth. The transmission 

spectrum of CoO thin film was depicted in Fig. (6) at 

certain location in the close aperture Z-scan setup, 

while the spectrum illustrated in Fig. (7) was recorded 

at multiple positions in the open aperture Z-scan 

setup. 

 

 
 

Fig. (6) Normalized transmittance curve of CoO thin film at a 

560nm wavelength with 50mW power as a function of position 

 

As explained in figures (6) and (7), the values of 

transmittance of the CoO thin film to the laser beam 

in the close-aperture condition are divided by their 

values in the open-aperture condition to obtain the 

value of nonlinear refractive index (n2), which is 

1.25x10-11 cm²/mW at 650nm, and the nonlinear 

absorption coefficient (β) is 1.35x10-10 cm/mW at 

650nm with power of 50mW, as determined by the Z-

scan technique for CoO thin films. According to table 

(2), the value of third-order nonlinear optical 

susceptibility χ(3) at 650nm and power of 50mW is 

1.51x10-8. 

According to these results, it can be concluded 

that the prepared CoO thin films have a self-

defocusing effect. Also, CoO thin films show high 

values of the third-order nonlinear optical 

susceptibility. 

 

 
 

Fig. (7) Normalized transmittance curve of CoO thin film at 

560nm with a power of 50 mW as a function of position 
 

4. Conclusion 

Cobalt oxide thin films have been prepared by 

pulsed laser ablation method using a 1064nm 

Nd:YAG laser. The results showed that the prepared 

thin films contain nanoparticles with distinctive 

shapes and diameters of 16-35nm. The surface 

topography of these films showed homogeneity and 

uniform vertical heights. The prepared thin films 

showed that they exhibit self-defocusing refraction 

and saturated absorption coefficient. Thus these CoO 

thin films possess good nonlinear properties and can 

be successfully used in a wide range of optical 

applications. 
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Table (2) Nonlinear optical properties of CoO thin film by Z-scan technique using 50mW laser power 

 

│χ(3)│× 𝟏𝟎−𝟖 
𝜷 × 𝟏𝟎−𝟏𝟎 

(cm/mW) 
𝑻𝒎𝒂𝒙 ∆𝒏 

n× 𝟏𝟎−𝟏𝟏 

(cm²/mW) 
∆𝑻𝑷−𝑽 ∆∅ (rad) λ (nm) 

1.51 1.35 0.69 9.97 1.25 0.233 0.573892 650 

 

 

 

 

 


