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ABSTRACT

In this work, a highly sensitive well-known z-scan technique
was employed to study the nonlinear optical properties of Zinc Oxide
thin films as a function of low laser fluencies. The transmissions of
the continues-wave red laser diode with wavelength of (650 nm) were
measured from the ZnO thin film sample with thickness of ( 425nm).
The thin film used in this study was deposited on the glass substrates
based on atmospheric pressure chemical vapor deposition (APCVD)
technique. The measurements were obtained at low laser powers
ranging from (1.9-2.5) mW. The results indicated that the nonlinear
absorption coefficient, refractive index and the third-order nonlinear
optical susceptibility increase with increasing the laser intensity. The
obtained curves of the closed aperture showed a positive sign of the
nonlinear refractive index which in turn attributed to the self-
defocusing of the material. The optical parameters obtained in this
work are relatively comparable with that obtained elsewhere. The
results also confirm the reliability of the z-scan approach even at low
laser intensities.

Keywords: Z-scan technique, CW laser, ZnO thin film, nonlinear
absorption, nonlinear refraction.
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INTRODECTION

The nonlinear optical (NLO) materials have an important role in nonlinear optics (Arivuoli et
al., 2015) as it changes the optical behavior of the material (De Aradjo et al., 2016). Such materials
have long been recognized to interact with light to induce a nonlinear property (Suresh et al., 2012).
The nonlinear optical characteristics of semiconductors are the most important properties in terms
of having a wide bandgap, that makes them a good choice for using in NLO-based devices (rimpan
et al., 2008). Specifically, ZnO nanoparticles have gained the researchers interest over the years
(Walden et al., 2020). This material has a direct bandgap of 3.37 eV and sturdy binding energy of
60 meV at room temperature (Walden et al., 2020; Abed et al., 2015; Hussain, 2008). Further, it is
considered as a proper candidate in the short wavelength optoelectronic applications (Shanshool et
al., 2016). The ZnO’s optical transitions use different configurations such as optical reflection,
absorption, spectroscopy, transmission.

A numerous technique has been employed to study the optical characteristics of the
semiconductor materials. Some of these techniques have been used previously to determine the
nonlinear refraction (NLR), that is also known as the nonlinear Kerr effect (Walden et al., 2020;
Bundulis et al., 2019) and the nonlinear absorption (NLA). The optical properties associated with
NLA include multi-photon, absorption, multi-photon filament formation, saturable absorber, Q-
switching and optical limiting (Garmire, 2013). The Z-scan method is one of them, the most
sensitive results can be obtained from it (Jabbar et al., 2018; Sheik-Bahae et al., 1990). There are
wide forms of z-scan approach including “EZ-Scan”, “Excite-Probe z-scan”, “White Light z-scan”
and many more (Garmire, 2013). This technique has been further improved by Mansoor Sheik-
Bahae et al. (Sheik-Bahae et al., 1990). This approach has attracted a wide and rapid interest as it is
considered as one of the established techniques used to study the nonlinear properties of the
semiconductor and the semiconductor derivative materials. Based on the proper configuration,
whether it is open or closed aperture, the related optical properties of the material can be extracted.
In the case of the closed aperture, the incident beam produces a phase distortion inside the sample
leading to a distortion in the beam’s amplitude due to the sample nonlinearity, while in the case of
open aperture, the change in the laser intensity is due to the TPA process (Neethling, 2005).

The purpose of this study is to investigate the nonlinear optical properties of ZnO thin film
based on the widely used z-scan approach. The transmission emerging from the thin film was
studied at different laser fluencies for both aperture configurations. Since the z-scan technique is
extremely sensitive, the measurements were obtained at low laser intensities to overcome the
heating contribution. Based on the open and closed aperture configurations, the nonlinear properties
including refractive index as well as the TPA were obtained at different laser flounces.

EXPERIMENT SETUP

The widely known z-scan approach is used to extract the nonlinear optical parameters of the
ZnO material based on open aperture and closed aperture. Zinc Oxide thin films with one
concentration prepared as follow, the precursor solution (concentration = 0.5 mol/L) was prepared
via dissolving high purity Zinc acetate dihydrate (Zn (CH3C0OQO),.2H,0) as the source of Zn metal.
The thin films were deposited on the glass substrates using the chemical vapor deposition technique
at atmospheric pressure, which is named also as the atmospheric pressure chemical vapor deposition
(APCVD) technique. Substrates were initially cleaned by acetone, ethanol and distilled water for
15 min in each solution to eliminate all the contaminants. Then, these substrates were dried in a
stream of hot air. These substrates were deposited for 20 min at temperature of 500 °C, by APCVD
technique. Further, the experimental details can be found elsewhere (Mohammed, 2019). The as-
grown ZnO thin films were light rainbow in appearance. The thickness of grown film was estimated
to be 425 nm, using the Balance method.

To investigate the nonlinear properties of the sample, the linear absorption was measured from
the material absorbance at different wavelength with the use of an EMC-11D-V spectrophotometer,
where its wavelength range is 400-800 nm and wavelength accuracy of £2 nm. From the following
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equation we can obtain the linear absorption coefficient (Borhani Zarandi and Amrollahi Bioki,
2017):

@,=2303%5 (1)

Where, a, is linear absorption coefficient; A is the material’s absorbance and L is the sample’s

thickness.

We used a red laser diode of CLASS IlIA, a continues-wave (CW) laser with wavelength of
(650nm). A CW laser means that the laser continuously emits a steady beam of light with a constant
power (Tkachenko, 2006). The I-P characteristics of the laser diode is also measured as shown in
the Fig. (1). The maximum power of the laser was around 3 mW allowing its use in the low power
investigations. The figure also shows that the threshold current is approximately 30 mA.

The traditional z-scan geometry shown in the Fig. (3) which is used to measure the
transmission. In order to focus the laser beam on the sample, a collimating lens with focal length of
(30 mm) was used. The beam waist radius (w-) is measured using edge knife technique and found to
be ~27 um. The Rayleigh length of Zg= (3.52 mm) is also calculated based on the following
equation (2):

Zp=T2 2
A
Where, Zg is the Rayleigh length, w is the beam waist radius at focus, and 4 is the laser
wavelength.

In order to measure the transmission as at each sample position, the sample was mounted on
the Arduino controlled rotational stage. The power of the transmitted beam is measured using a Si
photo detector for both open and closed aperture. The aperture diameter in the case of the closed
aperture was fixed around 0.5 mm. The power of the laser beam was changed using the current
controller with accuracy of +0.01 mA. Also, the temperature controller with resolution of about
+0.05 °C was used to stabilize the temperature of the laser allowing a temperature-controlled
operation of the laser diode.

RESULTS AND DISCUSSION

The measurements of both linear absorption coefficient and the material’s absorbance were
taken at different wavelength, see Fig. (2). They both exhibit a decreasing in their values with
increasing the wavelength.

To obtain the experimental data, the setup shown in the Fig. (3) was employed. In the case of
open aperture configuration, the transmission of the laser beam was measured at different sample
positions and different laser intensities as shown in the Fig. (4). It can be seen from the figure that
the transmission reaches the minimum when the sample reaches the focus. The reduction of laser
intensity could be attributed to the increases in the laser fluence at the focus. Thus, any deviation in
the intensity of the transmitted radiation is due the multi-photon-absorption process which is in our
case the (TPA). To obtain the nonlinear absorption coefficient B, the results shown in the Fig. (4)
were fitted using the expression below (Sheik-Bahae et al., 1990).

T(z) =[1+q.(2)]/q.(z) .o, (3)

Here:
ﬁr_[l—exE:—a,Lﬁ]
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Where, I, is the laser intensity at the focus which can be calculated according to the expression

2rp
I,=

mw,2’

The open aperture exhibited a valley shape, this indicates a positive value of the nonlinear
absorption coefficient . This change is attributed to the TPA process, in which B increases with
increasing the optical intensity of the laser beam, see (Table 1).
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Fig. (5), shows the closed aperture measurements. The nonlinear refractive index n, is

extracted by fitting the transmission data to the equation (5) (Sheik-Bahae et al., 1990).
446(1), 2.2
TI:E'] == 1 + Z4 2 = qu

(3" +s}{(2)"+1]

Z;

Here:

(3 _ 1—expl—a,L)
AG(1).® = KAn [—m ]
Where, Ag(1,),'® is the phase shift introduced by the third-order nonlinear optical effects,
K =2m/A is the wave number, and An = n, I, refers to the nonlinear change in the refractive

index.
The closed aperture showed a valley-to-peak behavior indicating a positive nonlinear
refractive index ny, (n2 = 0). This in turn attributed to the self-focusing action which is a nonlinear

process induced by the change in nonlinear refractive index. In such processes the nonlinear
refractive index increases with increasing the optical intensity of the laser beam as can be noticed in
the (Table 1). The observed noise in the data could be also due to low laser power (signal to noise
ratio). It can be also observed that the data of the closed aperture contain traces for both nonlinear
absorption coefficient and nonlinear refractive index respectively. This provides the possibility of
determining the pure nonlinear refractive index by simply dividing the data of closed aperture on

the open aperture counterpart.
The measurements for both the imaginary and real part of nonlinear susceptibility were
obtained using the equations (7) and (8), respectively (Zidan and Allahham, 2015).

Im(y)® = (M)ﬁ ................ 7)

42
10~*n2 e c?
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Where, n. refers to the linear refractive index of the material, =, is the permittivity of the vacuum, ¢
is the speed of light in vacuum.
The total third-order nonlinear optical susceptibility (‘') can be also estimated according to

the following expression:
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Fig. 1: I-P characteristics for the laser diode.



Fig. 2: lllustrated the absorption spectra and the linear absorption coefficient of ZnO thin films.
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Fig. 3: Shows the experimental setup for z-scan. The rotational stage is used to move the
sample on the axis.
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. 4: Illustrates the normalized transmittance curves at open-aperture z-scan for ZnO thin

films at different powers. (a) P= 1.9 mW; (b) P= 2.2 mW; (c) P= 2.5 mW.
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Fig. 5: Hlustrates the normalized transmittance curves at closed-aperture z-scan for ZnO
thin films at different powers. (a) P = 1.9 mW; (b) P= 2.2 mW; (c) P = 2.5 mW.

Table 1: indicates the extracted values of the nonlinear optical parameters of the ZnO thin

film.
Powers Laser Nonlinear Nonlinear Imaginary Real part of nonlinear
of laser | intensity at | absorption refractive part of nonlinear optical
each power | coefficient index nonlinear susceptibility | susceptibility
P lo p N, susceptibility Re (x'3)) (x'3)
mw W/cm? cm/W cm’/W Im (%'3) esu esu
esu
1.9 166.01 9.2039 0.101E-3 0.486E-2 10.33E-3 1.141E-2
2.2 192.22 10.391 0.126E-3 0.546E-2 12.887E-3 1.399E-2
2.5 218.83 10.5511 0.18E-3 0.558E-2 18.41E-3 2.152E-2

CONCLUSIONS
A simple z-scan technique was performed to measure the value of the nonlinear absorption
and the value and sign of the nonlinear refractive separately. We have extracted the data at different
low powers of laser operating at wavelength (650 nm) as an excitation source. The results indicates
that ZnO thin films exhibits positive sign for the nonlinear refraction and two-photon absorption,
which is referred to occurring the self-focusing effect and TPA process, respectively.
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