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The dependency of the 3rd order nonlinear optical properties of the Zinc 

Oxide (ZnO) thin films on laser light polarization were investigated with 

the widely known Z-scan technique. The measurements were taken at 

linearly, elliptically, and circularly polarized light at both P-polarization 

and S-polarization states. Pulse-wave red diode laser diode at repetition 

rate of 1 KHz, wavelength of 650 nm and maximum power of 3mW was 

used. The laser beam passes through a thin film sample with thickness of 

(425nm). The sample was deposited on the glass substrates using 

atmospheric pressure chemical vapor deposition (APCVD) technique. The 

measurements of NLR and NLA indicates that the linearly polarized light 

has the largest values. The circularly polarized light has the smallest 

values for both P- and S-polarization. Also, the ZnO thin films exhibit a 

better nonlinearity at S-polarization in comparison to P-polarization. The 

high nonlinearity can lead for using the material in many applications. 
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Introduction:  
Nonlinear phenomena gained wide intention and used in many research in a short amount of 

time [1]. These phenomena contribution in many applications such as in optoelectronic and 

photonic devices [2]. It has been used to generate THz radiation and the studies were done by taken 

the wavelength range from infrared to extreme UV [3]. Nonlinear optics studied an intense laser 

light interaction with matter [4], which leads to a change in the optical behaviour of a medium [5]. 

The nonlinear optical (NLO) materials exhibit a nonlinear optical effect [6] when placing in front of 

a laser beam path.  

Zinc Oxide (ZnO) thin films is an inorganic [7], II-VI compound semiconductor material with a 

wide band gap of 3.37 eV at room temperature [8]. Making the material a great candidate in NLO-

based devices [9]. It has a strong binding energy of 60 meV [10]. ZnO is transparent in the visible 

region [11] which is used in applications such as, transparent conductive films and window 

materials in solar cell applications [12]. 

https://doi.org/10.54153/sjpas.2021.v3i4.315
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There are various techniques for investigation the nonlinear properties including, degenerate 

four wave mixing (DFWM) [13], interferometry measurements [14], and the Z-scan method. A 

well-known Z-scan technique was reported by Mansoor Sheik-Bahae et al. [15]. It stood out among 

other techniques due to its high sensitivity, accuracy, simplicity, and ease of separating both the 

nonlinear refractive (NLR) index and nonlinear absorption (NLA) coefficient. Various modification 

has been employed to this method such as, eclipsing Z-scan (EZ-scan) [16], top-hat-beam Z-scans 

[17], off-axis Z-scan [18], and time-resolved pump-probe Z-scan [19]. In all of these modifications, 

a linear polarized light was used [20]. 

The polarization effects studies progressively became essential in laser physics, spectroscopy, 

optoelectronics, and optical telecommunications [21]. Various NLO materials were used in the past 

years to detect the polarization effects [22]. The studies on polarization effects starts with P. R. 

Monson in 1970s [23]. R. DeSalvo et al., were among the first to study the polarization effects 

using Z-scan technique. They studied the polarization dependence of NLR index in crystals with 

linearly polarized light [24]. The first studies were done only by a linearly polarized light until 

2007, when Liang et al. used different polarized beams to study the polarization dependence effects 

of refractive index change (RIC) for PMMA films [25]. The dependency of NLO properties of 

materials on the incident laser beam polarization is made by placing λ/4 plate into the Z-scan setup 

before the sample [26]. The polarization effect was chosen in this study because of the random and 

lack of researches in this field at very low laser power that is used. Besides using the mentioned 

material as well. 

Simplest polarized single light beam Z-scan technique have been used, also referred as one 

beam Z-scan technique (OBZT) [27]. Both NLR and NLA indices were measured at the two 

different polarizations states, which are the P- and S-polarization. With using a pulse laser at 

wavelength of 650 nm, maximum power of 3 mW and frequency of 1 KHz. Also, measurement for 

the third-order nonlinear optical susceptibility were provide.  

 

Experiment Setup: 

The NLO properties of the ZnO thin films (TFs) were measured by using the widely-known Z-

scan method based on open aperture and closed aperture. Zinc oxide (ZnO) TFs were deposited on 

glass (2.52.5 cm2) substrates by atmospheric pressure chemical vapor deposition (APCVD) 

method [28]. For the growth of ZnO TFs, high-purity Zn acetate dehydrate [Zn (CH3COO)2⋅2H2O] 

was used as the source of Zn metal. Glass substrates were degreased in successive rinses with 

acetone, methanol and distilled water for 10 min in each solution. Finally, cleaned substrates were 

dried using hot air. ZnO TFs were deposited for 20 min at temperature of 500 C. Balance method 

was exploited to measure the thickness of TFs, which estimated to be ~425 nm. Tint of light 

rainbow coating was found on the surface of the glass substrates at the end of the growth process. 

This represents a visual contact indication of the success of the growth process. 

The experimental setup scheme and picture for the Z-scan technique is shown in figure (1) and 

(2). The sample was moved along the axis using an ARDUINO controlled rotational stage. Where 

an ARDUINO’s electronic board has been linked to a stepper motor, in which the rotation of the 

motor has been taken for every 1 mm along the axis. It was used to easily collect data with high 

accuracy. The sample is moved through the incident laser path as it get closer to the focus. A 

continues-wave red laser diode with wavelength of 650 nm and maximum power of 3 mW was used 
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as a light source. A function generator used to convert the CW laser to a pulse laser at a fixed 

frequency of 1 KHz. 

A lens with focal length of ~30 mm placed in front of the sample to focus the polarized laser 

beam on the sample. The beam falls on an aperture with diameter of 0.5 mm. A measurement has 

been taken by using edge knife technique for the polarized laser beam waist radius (w˳), and 

estimated to be ~27 μm. From equation (1), the Rayleigh length can be determined and found to be 

(3.52 mm). 

𝑍𝑅 =
𝜋𝑤ₒ2

𝜆
   (1) 

Where 𝑍𝑅 is the Rayleigh length, 𝜆 is the laser wavelength.  

The polarized laser beam detected using Silicon photo-detector (DET10A). The temperature 

changes can affect optical cavity dimensions and the behavior of the gain and may change the 

material’s nonlinearity. Many laser diode parameters, such as wavelength, threshold current and 

efficiency are dependent on the temperature. Therefore, stable temperature control is required, the 

accuracy of the used controller is of ±0.05 °C.  

The investigation of the laser polarization was done at linearly, elliptically, and circularly 

polarized light. The polarizer used to obtain the nonlinearity indices at the linearly polarized light. 

The quarter wave-plate (λ/4) used to get the nonlinearity indices at the elliptically and circularly 

polarized light, as it used to convert the linearly polarized light to circularly polarized light and vice 

versa. By changing the angle on the λ/4 wave-plate one can convert circularly polarized light to 

elliptically polarized light.  

The SR830 DSP Lock-in-Amplifier used in the setup. Accurate measurements may be made 

even when a small signal is obscured by noise source many thousands of times large. The Lock-in-

Amplifier uses a technique known as phase-sensitive detection (PSD) to single out the component 

of the signal at a specific reference frequency and phase. Noise signals at frequencies other than 

reference frequency are rejected and do not affect the measurement. 

 

Fig. 1 The experimental setup for the polarization Z-scan method. The rotational stage is used to 

move the sample on the axis, LD is a laser diode, λ/4 is a quarter wave-plate, L-IN-A is a Lock-in-

Amplifier, and PD is a photo-detector. 
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Fig. 2 Picture for the polarization Z-scan method 

Results and Discussion: 

From the Z-scan experimental setup shown in figure (1), the measurements for the two-photon 

absorption coefficient (2PA or TPA) and refractive index also called as the Kerr effect [29] were 

done. This method provides two detection method which are the open aperture and closed aperture 

configurations. In which it detects the 2PA and Kerr effect respectively. At open aperture Z-scan 

technique the polarized light will transmitted through the sample and directly reaches the detector. 

In which the NLA coefficient can be measured. In order to measure the NLA coefficient, the 

determination of the linear absorption coefficient is needed. By using equation (2) the linear 

absorption coefficient has been obtained [30]. The material absorbance was taken at different 

wavelengths with the use of an EMC-11D-V spectrophotometer, as it is shown in figure (3). 

𝛼˳ = 2.303
𝐴

𝐿
  (2) 

Where 𝛼˳ is linear absorption coefficient; A is the material’s absorbance and L is the sample’s 

thickness. 
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Fig. 3 Linear absorption coefficient and the absorption spectra of ZnO thin films. 
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Figure 3, shows the absorption measurements that were taken from (400-800 nm). Both of 

the linear absorption coefficient and the material’s absorbance measurements that exhibit an 

exponential decreasing in their values along with increasing the wavelength. This decreasing is due 

to scattering of the incident light by the material’s particles[31]. 

A measurement of the polarized laser beam transmission was taken at different sample positions 

through the on-axis, different angles of polarization, and at both P- and S-polarization states. The 

laser intensity and frequency were taken at fixed values of 2.5 mW and 1KHz respectively. 

Firstly, the open aperture data at P-polarization were taken at linearly polarized light at (0°), 

elliptically polarized light at (30°), and circularly polarized light at (45°), as it is shown in figure 

(4). In addition, the S-polarization measurements also have been taken at linearly, elliptically, and 

circularly polarized laser light with angles of 0°, 30°, 45° respectively, as it is shown in figure (5).  

The transmission of the polarized beam will reach its minimum value when the sample reaches 

the focus. The deviation in the laser intensity of the transmitted radiation is due the two-photon-

absorption process (TPA). The data illustrated in figure (4) and (5) were fitted using the followed 

equation [32], in which the nonlinear absorption coefficient β can be obtained. 

𝑇(𝑧) = [1 + 𝑞˳(𝑧)]/𝑞˳(𝑧) (3) 

Here, 

𝑞˳ =
 𝛽𝐼˳[

1−exp(−𝛼˳𝐿)

𝛼˳
]

1+(
𝑧

𝑧˳
)2

   (4) 

Where 𝐼˳ is the laser intensity at the focus and can be obtained from the expression 𝐼ₒ =
2𝑃

𝜋𝑤ₒ2. 

The open aperture configuration for both P- and S-polarization exhibited a valley shape. In 

which it indicates a positive value of the NLA coefficient (β) related to the TPA process as it was 

mentioned earlier. The values of β for both polarization cases are the largest at linearly polarized 

beam followed by elliptically polarized beam as it continues to decrease until it reaches its lowest 

value at circularly polarized beam, as it is shown in table 1 and 2. By comparing the β values for the 

P and S-polarization, the β values for S-polarization are much greater than those in P-polarization. 
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Fig. 4 Normalized transmittance curves at open-aperture Z-scan for ZnO thin films at different P-

polarization. 
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Fig. 5 Normalized transmittance curves at open-aperture Z-scan for ZnO thin films at different S-

polarization. 

An aperture was placed in front of the detector in order to measure the NLR index (n2). As in 

the open aperture, we took the data at both P- and S-polarization each at different angles of 

polarized light which are linearly, elliptically, and circularly polarized laser light with angles of 0°, 

30°, 45° respectively, as it is shown in figure (6) and (7). The Kerr indices were obtained by fitting 

the measurements data to the following equation [32].  

𝑇(𝑧) = 1 +
4∆𝜙(𝐼˳)˳(3).

𝑧

𝑧˳

[(
𝑧

𝑧˳
)

2
+9].[(

𝑧

𝑧˳
)

2
+1]

   (5) 

Here, 

∆𝜙(𝐼˳)˳(3) = 𝐾∆𝑛 [
1−exp(−𝛼˳𝐿)

𝛼˳
]   (6) 

Where ∆𝜙(𝐼˳)˳(3) is the phase shift introduced by the third-order nonlinear optical effects, 𝐾 is the 

wave number obtained from 𝐾 = 2𝜋/𝜆, and ∆𝑛 = 𝑛2 𝐼˳ is the change in the nonlinear refractive 

index.  

The closed aperture data measurements for P-polarization as it is shown in figure (6), exhibit a 

peak-to-valley shape. Indicating a positive value for the NLR index n2 (n2 > 0); as it is shown in 

table 1. The positive values are related to the self-focusing action in which the sample acts as a 

focusing lens for the incident polarized laser beam. The obtained NLR values from the fitting 

curves indicates that the NLR for linearly polarized light is the largest than the NLR indices for 

elliptically and circularly polarized lights. In which they are compatible with Liang’s results [25]. 

The change in NLR’s values is related also to the difference of the peak-valley (ΔTP-V). 

Furthermore, the measurements for S-polarization state that are illustrated in figure (7) are 

exhibiting a valley-to-peak shape. Indicating a negative value for the NLR index n2 (n2 < 0); as it is 

shown in table 2. The negative values are related to the self-defocusing action. Likewise, the 

lineally polarized light has the largest values of n2 followed by the elliptically and then the 

circularly polarized lights.  
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In the comparison of the two polarization cases, the difference in values of the RIC is a result to 

RIC is highly depended on laser beam polarization. That is a consequence to the anisotropy of the 

3rd order nonlinear optical susceptibility [22]. 

As a result of using low laser intensity, the change in polarization values for the same state and 

for both β and n2 measurements would be slightly different from each other especially in its valleys 

or peaks. In some cases, the polarization curves may overlap, but it can be seen in a wide difference 

in curves at some points. ZnO TFs has a better nonlinearity at S-polarization in comparison to that 

at P-polarization state. a higher nonlinearity of a material can leads for using it in many 

applications.  

-20 -10 0 10 20
0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

N
o
rm

a
liz

e
d

 T
ra

n
s
m

it
ta

n
c
e

 (
W

)

Z (mm)

Linearly P

 Circularly P

 Elliptically P

 

Fig. 6 Normalized transmittance curves at closed-aperture Z-scan for ZnO thin films at different P-

polarization. 
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Fig. 7 Normalized transmittance curves at closed-aperture Z-scan for ZnO thin films at different S-

polarization. 

The measurements for the third-order NLO susceptibility (𝜒(3)) can be obtained as follows 

[33]:  
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|𝜒(3)| = [(𝑅𝑒(𝜒(3)))
2

+ (𝐼𝑚(𝜒(3)))
2

]

1

2

 (7) 

Where 𝑅𝑒(𝜒(3)) is the real part of the third-order NLO susceptibility related to the NLR index, it 

can be determined from the followed expression [34]: 

 𝑅𝑒(𝜒)(3) = (
10−4𝑛ₒ2𝜀ₒ𝑐2

𝜋
) 𝑛2   (8) 

and 𝐼𝑚(𝜒(3)) is the imaginary part of NLO susceptibility that is related to the TPA coefficient, and 

it can be determined from the followed equation [34]: 

𝐼𝑚(𝜒)(3) = (
10−2𝑛ₒ2𝜀ₒ𝑐2𝜆

4𝜋2 ) 𝛽   (9) 

Where nₒ is the linear refractive index of the material, 𝜀ₒ is the permittivity of the vacuum, c is the 

speed of light in vacuum.  

Table 1: The extracted values of the nonlinear optical indices and the third-order nonlinear optical 

susceptibility for the ZnO thin films at P-polarization with different polarized lights. 

P-Polarized 

Light 

Nonlinear 

absorption 

coefficient 

β 

cm/W 

Nonlinear 

refractive 

index 

n2 *10-3 

cm2/W 

Imaginary part 

of nonlinear 

susceptibility 

Im (χ (3)) *10-2 

esu 

Real part of 

nonlinear 

susceptibility 

Re (χ (3)) 

esu 

Nonlinear 

susceptibility 

 

χ (3) 

esu 

Linearly 30.00738 -1.1 1.588 -0.112 1.591 

Elliptically 29.42788 -1.04 1.557 -0.106 1.56 

Circularly 22.80799 -1 1.2 -0.102 1.2 

 

Table 2: The extracted values of the nonlinear optical indices and the third-order nonlinear optical 

susceptibility for the ZnO thin films at S-polarization with different polarized lights. 

 

S-Polarized 

Light 

Nonlinear 

absorption 

coefficient 

β 

cm/W 

Nonlinear 

refractive 

index 

n2 *10-4 

cm2/W 

Imaginary part 

of nonlinear 

susceptibility 

Im (χ (3)) *10-2 

esu 

Real part of 

nonlinear 

susceptibility 

Re (χ (3)) *10-2 

esu 

Nonlinear 

susceptibility 

 

χ (3) 

esu 

Linearly  58.38104 2.97863 3.09 3.046 4.338 

Elliptically  55.98091 2.76483 2.963 2.827 4.095 

Circularly  53.77973 2.69112 2.846 2.752 3.958 

 

Conclusions: 

Both NLR and NLA were studied as functions of the laser polarization state. The measurement 

of the third-order NLO susceptibility for the ZnO TFs was provide by using the Z-scan technique. 

The data were extracted at two states of laser polarization, which are P-polarization and S-

polarization. The data were at different polarized laser beams with different angles for each state. 

The extracted results show a positive sign for NLA coefficient with a largest value at linearly 

polarized light and a smallest at circularly polarized light. For NLR index, both self-focusing and 

self-defocusing occurs at P- and S-polarization respectively. With largest values at linearly 

polarized light and a smallest at circularly polarized light. The obtained results were taken at very 
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low laser intensity which are consistent with the results of another research taken at high laser 

intensity. 
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الخصائص البصرية اللاخطية لغشاء أوكسيد الزنك الرقيق  ىتأثير الاستقطاب عل  
 

 1ياسر حسين محمد، 1عمار تحسين زكر، 2،3زكر عليذو الفقار  *،1ثراء جرجيس بولص سوني
 ، العراق موصلاللصرفة، جامعة الموصل، قسم الفيزياء، كلية التربية للعلوم ا -1

 العراق ، جامعة الحمدانية،قسم الفيزياء، كلية التربية -2

 العراق قسم الليزر والاطياف، مركز بحوث الليزر والفوتونيات، جامعة الحمدانية، -3

 

         البحث مستل من رسالة ماجستير الباحث الاول                                                                  

 معلومات البحث:  الخلاصة:

تم دراسة اعتمادية الخصائص البصرية اللاخطية من الرتبة الثالثة لغشاء 

. تم Z-scanأوكسيد الزنك الرقيق على استقطاب ضوء الليزر باستخدام تقنية 

ً وعند كل  ً ودائريا اخذ القياسات عند كل من الضوء المستقطب خطياً، بيضويا

من حالات الاستقطاب العمودية والافقية. تم استخدام ليزر دايود نبضي احمر 

ويمتلك قدرة  nm 650، طول موجي عند KHz 1اللون ذات معدل تكرار 

تسمح لشعاع الليزر  nm 425 .عينة رقيقة ذات سمك3mWعظمى عند 

تم تحضير العينة من خلال ترسبيها على طبقة من بالمرور من خلالها. 

الزجاج باستخدام تقنية ترسيب البخار الكيميائي عند الضغط الجوي 

(APCVD قياسات كل من معاملات الامتصاص والانكسار الغير الخطيين .)

الضوء المستقطب دائرياً بينت أن الضوء المستقطب خطياً يمتلك أعظم قيمة، و

يمتلك أصغر قيمة لكل من حالات الاستقطاب العمودية والأفقية. بالإضافة الى 

جيدة عند حالة الاستقطاب العمودي  ةأن رقائق أوكسيد الزنك تظهر لا خطي

مقارنة مع قيم اللاخطية في حالة الاستقطاب الافقي، حيث أن اللاخطية العالية 
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