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A B S T R A C T

The using RF-magnetron sputtering, the ZnO thin films were deposited on glass substrates at room
temperature. Then using an electrical furnace in the presence of argon gas, they were annealed at
different temperatures (400–600 ◦C). It was found that with taking Nc = 4, Za = 2, Ne = 8 for ZnO
films for covalently bonded crystalline and amorphous chalcogenides, the constant β has values of
about 0.37 ± 0.04 and for halides and most oxides that have ionic structure the constant β has
values of about 0.26 ± 0.04 eV. It can be seen that with increasing annealing temperature ab-
sorption edge these films have a shifting behavior towards larger wavelength. Due to shifting
behavior of defects distribution of atoms into films, the values of the cut-off energy, E cut-off and
the λ cut-off of these films were about 3.48 eV and 355 nm, respectively. The ZnO films annealed
at 500 ◦C specially above 3 eV have maximum value of optical density. The different linears
fitting of ln (⍺) for films were obtained as y = Ex + F where 10<E < 12.5 and 14<F < 16. The
ZnO films annealed at 600 ◦C have minimum value of electron phonon interaction (Ee-p) in a bout
of 0.858 eV. The optical band gap and disordering energy plots of these films can be fitted by
linear relationship EU and Eg = 0.0989–0.148 EU. We found that as deposited ZnO films have
minimum value of steepness parameter σ in about of 30.93 × 10 − 2eV.

1. Introduction

Semiconductor materials with nonlinear optical properties are of great importance. These materials alter the optical properties of
the light during its propagation. So, these materials can be used in different applications such as optical information storage, optical
switching, optical communication networks, and signal processing, optical waveguides [1]. Nonlinear optical properties of the metals
oxides thin films have a great attraction now a day. For example, the metals oxides thin films such as the ZnO thin films have promising
optoelectronic applications due to its good third order nonlinear generation [2,3]. Because of its unique opto-electronic properties,
chemical and thermal stability, low cost, and biological activity ZnO has become an alternative to TiO2 in photocatalytic reactions. The
ZnO also is an n-type semiconductor with wide bandgap energy of 3.37 eV and large exciting binding energy of 60 meV at room
temperature which slowdowns the recombination of electron-hole pair. In addition, ZnO possesses higher quantum efficiency,
allowing the absorption of larger fractions of UV region and visible region than to TiO2. Physical methods include sputtering tech-
niques, pulsed laser deposition, and molecular beam epitaxy (MBE) were used for deposition of ZnO thin films [4–12]. The ZnO thin
films can also be prepared via chemical methods, such as chemical bath deposition [13], chemical vapor deposition [14], atomic layer
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deposition, spray pyrolysis, printing, sol–gel spin coating, and electrochemical deposition, which are simpler methods and generally
less costly. The control of the ZnO nano particles stability, solubility, and surface structure, shape and aggregation properties rep-
resents some of the key roles for ZnO nano particles industrial and other practical applications [15–17].

One of the most prominent characteristics and indicators of interest to many scientists in the present era who work on material
science and their properties and applications is the responses of these materials to external photon radiation on them with different
wavelengths. The type of these responses, which can be linear or non-linear of different orders, can be very useful in designing and
manufacturing different optical and electrical components.

The results obtained from the research of other scientists show that the ZnO thin films are predicted to have non-linear responses in
the radiation of different photons with different wavelengths, but of the third order, and this result is very useful and productive for
these materials.

In this new work, firstly, we were able to model this nonlinear response as simulated mathematical equations by using mathe-
matical modeling, and we were able to model a specific mathematical equation for each annealed sample at each temperature.
Different equations that were modeled for different samples were related by different numerical constants. After modeling the
equations for different samples, some of the results and optical data of these samples were measured, which were interesting examples
of the non-linear response of these materials to radiation photons with different wavelengths.

In this article, as practical examples, we examined different values of the optical density and the depth of the ZnO thin films shell,
that is, the distance from the inside of the material to its surface where the intensity of incident photons reaches 1/e of their intensity on
the surface of the ZnO thin films [17]. The study of different electron-photon interaction values measured at different wavelengths was
another example of non-linear responses of ZnO thin films, which showed different values at different annealing temperatures. Then,
by studying the transmission spectra in ZnO thin films, the isolated single oscillator model was used in the normal dispersion region,
and different values of the refractive index of the ZnO thin films were obtained, which was a function of the wavelength of the incident
photons. These obtained results, were in good agreement with the other results obtained for these optical constants.

In the following, then the relationship between all these optical results obtained with mathematical modeled equations was
investigated and we were able to use this mathematical model to compare the different values of the optical gap with the different
values of the Urbach energy, which actually indicates the degree of irregularity of the material.

At the end, the relationship between all these optical results with the physical characteristics of the ZnO thin films, such as the
surface roughness of the ZnO thin films, the size of the nanoparticles, as well as the values of the annealing temperature, were
investigated, and the non-linear responses of these optical results were proved in many cases in the ZnO thin films.

As a result, therefore, the aim of the present paper is focusing on complement the estimation, investigation and study some other

Fig. 1. Schematic of depositions processing using real RF – MAGNETRON VAS – SPUTTERING SYSTEM and typical real as deposited ZnO thin films
deposited at room temperature then they were annealed at different temperatures 400, 500 and 600 ◦C in Ar atmosphere pleasure.
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optical and topographical properties of ZnO thin films. In the previous works [18–20], some optical properties of these films were
studied however Here, we have investigated the nonlinear behavior of some parameters that we have not studied before. we inves-
tigated many properties of this new processing of ZnO thin films, in there we want to investigate some nonlinear optical properties of
these materials by using linear mathematical equations, and by obtaining some new optical parameters of these films and their
relationship with their surface quality, let’s implement a mathematical simulation model with these non-linear optical properties. The
main purpose of this manuscript is to be to study the steepness parameter (σ), electron-phonon interaction (Ee-ph), optical density
(Dopt), coordination number constant (β), skin depth (δ) and linear optical equations on the ZnO thin films deposited at room tem-
perature and ZnO thin films annealed at different annealing temperatures 400, 500 in electrical furnace with Ar flux for 60 min.

2. Experimental details

The ZnO thin films were prepared on glass substrates by VAS- system rf magnetron systemwith a 13.56 MHz power supply and ZnO
composite target (100 mm diameter and 5 mm thickness with high purity (99.99 %)) in room temperature (Fig. 1). The reactor
consisted of two electrodes with different sizes. The smaller electrode was ZnO composite target as powered electrodes in the first and
the second steps of deposition respectively and the other electrode was grounded substrates. The distance between the powered
electrode and the substrate was maintained at 60 mm. The chamber was evacuated to a base pressure of about 7 × 10− 5 mbar prior to
the deposition and then the pressure was raised to the desired ambient pressure using Ar and O2 gas flow which it causes to be reach
work pressure of about 7× 10− 2 mbar. Before using the glass slides as substrates at room temperature in a vacuum chamber, they were
thoroughly washed and completely cleaned in an ultrasonic device for 20 min containing distilled water and ethanol in a ratio of 2:1.
Then we washed them again with acetone and put them in the appropriate places of the substrate in the sputtering system.

Then, these ZnO thin films at different annealing temperatures of 400, 500, and 600 ◦C were annealed in electrical furnace with Ar
flux for 60 min.

The thickness of the films was measured using a Tencor Alpha-step 500 profiler. The scanning electron microscope (SEM) (VEGA-
TESCAN LMU) was used to estimate nanoparticle size, the characterizations and the surface morphology of the films. AFM (Veeco
Instruments, Inc., USA) in the non-contact mode was used to obtain the surface topography of the ZnO thin films, average particle size
and root mean square (RMS) roughness. The Atomic Force Microscopy (AFM) with standard tipped CSC12 cantilever of 0.03 N/m
nominal stiffness in contact mode over a scan area of 2.2 μm × 2.2 μm.

The optical properties were performed using a double-beam UV–Vis spectrometer in the range of 300–800 nm. The transmittance
and reflectance measurements of films were performed by Varian Cary-500 spectrophotometer in the range of 200–2500 nm (Varian
Inc, CA, USA).

Fig. 2. The 3D AFM images (2.2 × 2.2 μm2) of ZnO films (a) as deposited ZnO films and ZnO films annealed at (b) 400, (c) 500 and (d) 600 ◦C.
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3. Results and discussions

3.1. AFM images analysis

The AFM images in surface area section, 2.2× 2.2 μm2, of films were shows in Fig. 2(a–d). The RMS roughness of as deposited ZnO
films and ZnO films annealed at 400, 500, 600 ◦C were in about 7.238, 8, 7.056 and 7.817 nm, respectively. According to these AFM
images of films and RMS data obtained fromWsXM software and AFM images file data, the distributions of nano particles on ZnO films
surfaces can be analyzed by variations of annealing temperature values. The RMS roughness of these films was changed in the range of
7–8 nm with variations of annealing temperature, and we found that the lowest value of surface roughness was occurred in films
annealed at 500 ◦C. In fact, annealing temperature of films at 500 ◦C in an argon medium was a critical temperature for oxidative

Fig. 3. Variations of the Z (nm) values of films versus the X (μm) values obtained from AFM files data by WSxM software for (a) as deposited ZnO
films, ZnO films annealed at (b) 400, (c) 500 and (d) 600 ◦C, and variations of the bearing area values of films versus the values of the mean height
(μm) nanoparticles on films surfaces obtained from AFM files data for (e) as deposited ZnO films, ZnO films annealed at (f) 400, (g) 500 and
(h) 600 ◦C.
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structure changes. The values of nano particles size of films surface were increased from 20 to 30 nm, due to the increasing energy and
hence the increasing in surface mobility due to the increasing in the annealing temperature. The increased kinetic energy, high energy
heat and high surface mobility were principal factors that were increased the surface dispersion of films. Also, these factors were
formed a structure with larger grain size in all films. On the other hand, as the annealing temperature were increased, the particle size
distribution was changed and it do not change much their particle sizes and total variations remains in total films. Because sputtering,
which is a completely random process, this entire process is a combined process, and both metallic and non-metallic nanoparticles are
sputtered, and considering that the rate of accumulation of metals is higher than that of non-metals, it is expected that the rate of
accumulation of zinc nanoparticles is higher than that of oxygen nanoparticles. Because the substrates in this zinc oxide films pro-
duction experiment were kept at room temperature, so as soon as the nanoparticles sit on the substrates, their mobility quickly moves
to low energy values, and after the nanoparticles land on the substrates. They do not have much time the opportunity to find a point on
the substrate that has the lowest level of potential energy (relative to a fixed source such as the surface of the substrate), so they come to
rest at the first point where they lose their mobility. When the sputtering time was increased and more and more particles hit the
surface of the substrate and the thickness of the layer was increased, it is naturally expected that the temperature of the substrate will
increase by a small amount. The temperature of the substrate decreases respect to the upper nanoparticles. In these new conditions,
particles and nanoparticles landing on the substrate, after the formation of grains, have an initial mobility, which according to the new
existing conditions, now nanoparticles have more opportunity to move on the surface of the substrate and points on the surface that
have an energy level find a lower level and reach equilibrium there and lose all of its energy and its mobility reaches zero at this
moment. Annealing of the films after depositions them by sputtering system, by an electric furnace, can also create similar conditions
on the arrangement and redistribution of nanoparticles on the substrates. This redistribution of nanoparticles may even be the optimal
conditions for changing the network structure and in certain cases it can also be effective in crystal growth.

When the ZnO films were annealed at 400 ◦C, this high temperature forced the nanoparticles to move on the layers. In this situation,
the mobility of the particles was increased and forced them to move with the opportunity that the nanoparticles found, some of them,
which were placed in inappropriate places, tried to reach the points with the lowest potential energy level, but due to the sudden
increase in energy the mobility of nanoparticles, they collided with other nanoparticles on their way and created larger particles and
reached their saturation state.

This will increase the size of the particles and also increase the roughness of the layer surface. The data obtained from the AFM
images show that the surface roughness of films annealed at 400 ◦C is equal to 8 nm, which is rougher than the layers deposited at room
temperature, which have RMS roughness of about 7.2 nm.

By increasing the annealing temperature to 500 ◦C, these saturated nanoparticles now tend to move some of them to the points of
the surface that have lower potential surface energy, and this reduces the roughness of these layers. The data obtained from AFM
images shows that the surface roughness of films annealed at 500 ◦C is equal to about 7 nm, which were smoother than the films
annealed at 400 ◦C, which have RMS roughness of about 8 nm.

By increasing annealing temperature to 600 ◦C, also due to the sudden increase in the mobility energy of the nanoparticles, they
collided with other nanoparticles on their way and created larger particles and reached their saturation state. In this situation, it is
expected that the surface roughness of the layers will increase, the results obtained from the pictures AFM images that the surface
roughness of the films annealed at 600 ◦C is equal to 7.8 nm compared to the films annealed at 400 ◦C which have the roughness is
about 7 nm, they were rougher.

Fig. 3(a–d) show the variations of the Z (nm) values versus the X (μm) values obtained from WSxM software and using AFM files

Fig. 4. Variations of the optical absorption coefficients ⍺ versus energy photon (eV), for as deposited ZnO films and ZnO films annealed at 400, 500
and 600 ◦C.
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data for as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C, respectively. The surface scanned of the films by the
atomic force microscope (AFM) tip was about 2.2× 2.2 μm2, in this surface scanned, the maximum numerical value for the value of x -
axis was to be 2.2 μm. Variations of the height particles value on this the scanned surface were indicated that the ZnO films annealed at
400 ◦C has a sharp variation in about 12 nm and it indicated that the films can be have a phase changing. The ZnO films has fewer ups
and downs at room temperature and the peaks have a gentle slope than other temperatures. In terms of structure, the graphs are close
to each other. Fig. 3(e–h) shows variations of the bearing area (%) values of films obtained from WSxM software versus the values of
the mean height (μm) nanoparticles on films surfaces for as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C,
respectively. In fact, these values obtained were indicated that there was the amount of vacuum, zero coverage (cavity) and monolayer
and insulation. These results also shown that very low zero coverage value was occurred in the ZnO films annealed at 500 and 600 ◦C
which their monolayer was very high in about 95 %, however in as deposited ZnO films the zero coverage was about 5 and they were
obtained very high monolayer which it was more than 100 %.

3.2. Optical studies

3.2.1. Optical coefficients
Fig. 4 shows the variations of absorption coefficients values versus photon energy for as deposited ZnO films and ZnO films

annealed at 400, 500 and 600 ◦C. So, the absorption coefficients of ZnO thin film can be calculated using spectroscopy spectra, the
following relation [21].

⍺=
1
d
ln
(
1 − R2 )

2T
+

(
(1 − R)4

4T2 + R2

)1/2

(1)

The spectral transmission T and the spectral reflection R were measured at normal incidence in the wavelength range 200–2500
nm. With the increasing of energy from 3.1 to 3.2 (eV), the optical absorption coefficient of the ZnO films was also increased sharply,
because in this energy range the frequency of the electromagnetic wave is close to or equal to the frequency of the resonant electrons
into the ZnO films molecules. Also, with increasing annealing temperature, the values of absorption edge were obtained a shift of
towards larger wavelengths. This shifting absorption edge of ZnO films towards larger wavelengths can be due to the variations of size
of nanoparticles in to these films. In the absorption spectra of ZnO films, an exaction peak in about 385 nm was observed which
changing of its intensity with a changing in the annealing temperature values was in consistent in the nanoparticles size. Also, a small
variation in the crystal structure after annealing temperature due to this changing were occurred. That is, the nanoparticles size to be
become larger than with increasing of values of annealing temperature and the amount of exaction energy also in these films was
increased [22].

3.2.2. Optical density
Fig. 5 shows the variation of the optical density with the photon energy for as deposited ZnO films and ZnO films annealed at 400,

500 and 600 ◦C investigated in this study. The optical density was calculated using the following relation [23]:

Optical density = ⍺d (2)

Fig. 5. The variations of optical density Dopt of as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C, versus photon energy (eV).
Inset: Variations of D opt and the optical gap of films versus annealing temperatures.
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Where d is the thickness of the films, the thickness is fixed (230 ± 5). Fig. 5 shows the values of optical density for as deposited ZnO
films and ZnO films annealed at 400, 500 and 600 ◦C. The values of optical density were to be typically in the range 0.5–6 eV. The
behavior of optical density diagram similar to the behavior of optical absorption coefficient diagram of films. The optical density for all
the films were to be constant between 1 and 3eV, which they were increased with a steep gradient after 3 eV.

3.2.3. The skin depth
The skin depth δ of films is the value of thickness which the optical photon intensity turns out to equal (1/e) of its value on the

surface of the films. The value of δ depends on two parameters, the photon frequency and the value of films conductivity, then its values
were inversely proportional to both. Therefore, the optical band-gap energy will strongly can be depend on these parameters, high the
skin depth was resulted low the narrower band gap and vice versa [24,25]. The skin depth δ for as deposited ZnO films and ZnO films
annealed at 400, 500 and 600 ◦C have been evaluated via the below relation [26]:

δ=1/⍺ (3)

Where α is the optical absorption coefficients. The variations of the skin depth of the as deposited ZnO films and ZnO films annealed at
400, 500 and 600 ◦C with the photon energy were displayed in Fig. 6. It was found that with increasing of the photon energy, the skin
depth of films was decreased until it arrived at the cut-off wavelength. The value of the incident photons cut-off energy, Ecut-off, of the
films was about 3.48 eV and the value of the λcut-off was about 355 nm. The highest skin depth values were occurred for the ZnO films
annealed at 500 ◦C. Because the films annealed at 500 ◦C have the lowest RMS roughness value of about 7 nm, so when the photons
land on the surface of these films, their scattering is greatly was reduced compared to other films. This factor was caused that the
intensity of the photons entering these films was increased compared to other films, and more photons enter these films than other
films.

Naturally, it was expected that when a large volume of photons entered in to the films annealed at 500 ◦C compared to other films,
their penetration into these films will increase and the depth of the shell will increase accordingly. Therefore, the intensity of the
incident photons into these films was directly related to the penetration rate of the photons into these films and hence it has a direct
relationship to the depth of the shell.

3.2.4. Optical energy gap determination
The real and imaginary parts of the dielectric constants of films were determined by the following equations [27]:

ε1 =n2 − k2 = ε∞ −
(
e2 N

/
4π2c2ε0m∗

)
λ2 (4)

ε2 =2nk=
(
ε0wp

/
8π2c3τ

)
λ3 (5)

Where ωp is the plasma frequency, ε∞ is the high frequency dielectric constant, e is the electronic charge, N is the free carrier con-
centration,m* is the effective mass of free carrier, s is the optical relaxation time, and c is the velocity of light. The variations of real and
imaginary parts of the dielectric constant of films versus photon energy (eV) were shows in Fig. 7. The values of real part of the
dielectric constant were increased with increasing photon energy. It can be seen that the optical band gaps of films were obtained from
the intersection of the real part of the dielectric constant of films and imaginary parts of the dielectric constant of films versus photon

Fig. 6. The variations of the skin depth (nm) of as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C versus photon energy (eV).
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energy (eV). The optical energy band gap was 3.226, 3.152, 3.162 and 3.142 eV for as deposited ZnO films and ZnO films annealed at
400, 500 and 600 ◦C, respectively. It can be seen that the optical energy band gap values by increasing annealing temperature have a
oscillates behavior. These results observed may also be due to correlated with the distribution defects of atoms. The magnitude of the
optical energy band gap values differs within the range of 3.1 eV and 3.3eV.

3.2.5. Absorption band tail (Urbach energy)
Phonons, impurities, exactions, and structural disorders in the materials have been associated with the observed exponential tails

[28–31]. The optical absorption spectra of these films were taken in the ranges of 200–2500 nm. The optical band gap energy of films
was determined using the following equation [32].

αhv = A (hv − Eopt)n (6)

Where α is the absorption coefficient, hv is the incident photon energy, A is a constant and Eopt is the optical band gap. Values of n are 2
and 1/2 for direct and indirect transitions, respectively. These values in consistent with amorphous or glassy materials for a band
tailing in the forbidden energy band gap. The band tailing might be due to from random fluctuations of the internal disorder in to films.
So, from obtained above results, the Urbach relation for these films shows as follows [33].

Fig. 7. Dependences of the real and imaginary parts of the complex dielectric constants for as deposited ZnO films and ZnO films annealed at 400,
500 and 600 ◦C with energy photon (eV).

Fig. 8. Dependences of variations of ln (⍺) for as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C upon the λ− 1(nm)− 1.
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α (v) = B exp (hv/ΔE) (7)

Where B is a constant and ΔE = Eu is the width of the band tail of the electron states. From Fig. 8, Urbach energy, Eu of films was
determined from the slope of plot ln(α) versus λ− 1 (nm)− 1. The calculated values of the band tail energy Eu and the constant α0 were
record in Table 1. The empirical equations from linear fitting ln (⍺) for different films that is; as deposited ZnO films and ZnO films
annealed at 400, 500 and 600 ◦C, upon the λ− 1(nm)− 1 were record in Table 2.

Regarding the obtained results, several linear relationships can be defined between the optical band gap energy and the Urbach
energy of as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C shown in Fig. 9(a and b). Extracting an experimental
equation form the linear fitting of the data as presented in equation (8), a notable decreasing in the optical band gap energy along with
a gradual increasing in the Urbach energy of as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C can be highlighted.
To get the relations between Eg and EU, as shows in Fig. 9(a and b), the plots of the values can be fitted. It can be observed that the
interrelation between Eg and EU has a linear relationship. The empirical equation from these linear fitting was given as

Eg =0.0989–0.148 EU (8)

The average value of the constant α0 of relation (7), which also can be obtained from the linear fitting model presented of Fig. 9 (c)
were to be equal to 0.989 eV, which represents the band gap energy in the case of the absence of tailing. The linear relation between
band gap energy and the width of the Urbach tail was resulted for other semiconductors [33–35].

The Urbach energy was defined as EU = kBT/σ(T), which indicates as the width of the exponential tail in the absorption spectra at
temperature T. The value of absorption coefficients of the films below the free exaction peak were obtained using the Urbach’s rule
[36].

⍺= β exp [ σ(T) (E − E0) /kBT] (9)

Where ⍺ is the absorption coefficient as a function of photon energy, E0 and β are the characteristic parameters of the materials, σ
(T) is the steepness parameter, and kB is the Boltzmann constant. We rewrite equation (9) as

ln (⍺) = Ln (β) + [σ(T) (E /kBT) - σ(T) (E0 /kBT)] (10)

If a comparison between Equations (7) and (10) was held, one can deduce that

(β) + σ(T) (E / kBT
)
; E
/
Eu= σ(T) / kBT (11)

The temperature dependence of the steepness parameter of as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C
were shown in Fig. 10 (a) and the steepness parameter at each temperature has been extracted by fitting the absorption data to
equation, EU¼ kBT/σ (T).

Furthermore, steepness parameter of ZnO films also were determined the strength of electron-phonon interactions and both were
related to each other following relationship [36]:

Ee-p =2/ 3σ (12)

Fig. 10 (b) shows the variations of steepness parameter and electron - phone interaction of as deposited ZnO films and ZnO films
annealed at different temperatures of 400, 500 and 600 ◦C. It was demonstrated that the values of steepness parameters were an
increasing function with annealing temperature while electron-phonon interaction were an decreasing function with annealing
temperature.

3.3. Determination of the optical and electrical conductivity

To studding relation between electronic and optical responses of ZnO films under variations of annealing temperature, we resulted
that the value of real part of optical conductivity (σop) from the imaginary dielectric constant ε2 and optical frequency ω, where σop =

Table 1
The values of the direct band gap energy (Eg), the band tail width (EU), steepness parameter (σ) and electron phonon interaction (Ee-p) and RMS of as
deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C.

Sample no. Wavelength of
absorption edge (nm)

EU
(eV)

Eg
(eV)

The constant
α0 (1/nm)

Steepness parameter σ
( × 10‾2eV)

Electron phonon
interaction Ee-p (eV)

RMS
(nm)

ad deposited ZnO
films

      

ZnO films annealed
at 400 ◦C

386.385 0.0824 3.226 0.394 30.93 2.15 7.23

ZnO films annealed
at 500 ◦C

387.633 0.0912 3.152 0.404 63.49 1.05 7.99

ZnO films annealed
at 600 ◦C

388.804 0.0898 3.162 0.433 74.16 0.89 7.05

 388.927 0.0966 0.413 0.413 77.85 0.85 7.81
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ε2ω/4π. The absorption coefficient of films can be used to calculate the optical conductivity σopt and electrical conductivity σelec as
follows [37].

σopt = ε2ω
/
4π = ⍺nc

/
4π ε2 = 2nk; k = ε0⍺λ; ω = 2π c

/
λ (13)

σelec = (2λ/⍺⍺)σopt (14)

Where ⍺ is the absorption coefficient of films and c is the light velocity (see Fig. 10). The variations of optical conductivity of as
deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C, versus photon energy were illustrated in Fig. 11 (a). Also, the

Table 2
The empirical equations from liners fitting ln (⍺) of as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C, upon the λ− 1(nm)− 1 and
the single-oscillator energy and dispersions energy parameter, constant β.

Sample no. Mathematical - optical line equations E0 (eV) Ed (eV) The constant β

ad deposited ZnO films    
ZnO films annealed at 400 ◦C y = 12.13x + 14.48 5.28 14 0.22
ZnO films annealed at 500 ◦C y = 10.93x + 14.88 4.89 22.4 0.35
ZnO films annealed at 600 ◦C y = 11.13x + 14.84 6.98 62.2 0.97
 y = 10.35x + 15.20 6.01 50.3 0.78

Fig. 9. (a) and (b) Temperature dependency of as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C on the optical energy gap and
the band tail width, (c) and relation between the energy band gap and the width of the Urbach tails.
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variations of electrical conductivity of as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C, versus photon energy
were illustrated in Fig. 11 (b). The optical conductivity of films was increased with increasing in both photon energy and annealing
temperature of the studied films and the electrical conductivities have the same behavior. The increasing in optical conductivity at
high photon energies may be due to the high absorbance incident photons on surface these films [38].

3.4. Determination of the refractive index and film thickness

The obtained values of the refractive index n of films can be fitted based on the Wemple and DiDomenico model in the region from
visible to near-infrared by the subsequent equation [21]:

(n2-1)− 1= (E0/Ed) -1/(E0Ed)(hν)2 (15)

Where Eo and Ed and hν are the single-oscillator energy and dispersion energy parameter, the photon energy, respectively. The values of
Eo and Ed were computed from the intercept Eo/Ed and the slope EoEd− 1 of the straight lines of the (n2-1)− 1versus (hν)2 relation as
illustrated in Fig. 12 (a).

As mentioned, the values of Eo and Edwere to be found to have the same behavior. These values were large at 500 ◦C and 600 ◦C and
have lower values at room temperature and 400 ◦C. The dispersion energy Ed obeys the following empirical relationship [39].

Ed = β NcZaNe (16)

where Nc is the coordination number of the cation nearest-neighbor to the anion, Za is the formal chemical valence of the anion, Ne is

Fig. 10. The variations of both (a) the steepness parameters and (b) the electron-phonon interactions of as deposited ZnO films and ZnO films
annealed at 400, 500 and 600 ◦C, versus annealing temperatures.

Fig. 11. The variations of (a) optical conductivity and (b) electrical conductivity of as deposited ZnO films and ZnO films annealed at 400, 500 and
600 ◦C, versus photon energy.
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the effective number of valence electrons per anion. This equation has an important constant parameter that is; β which it was to be
indicated the ZnO films have to be type bonding and characterization. In these films due to condition imposed, for covalently bonded
crystalline and amorphous chalcogenides the constant β has values of about 0.37 ± 0.04 and for halides and most oxides that have
ionic structure the constant β has values of about 0.26± 0.04 eV. Taking Nc = 4, Za = 2, Ne = 8 for ZnO films [39], the values of β value
for as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C, were determined and were reported in Table 2. As
mentioned, the obtained values of β is in agreement with that published for ZnO films [39].

The variations of optical transmittance and reflectance spectra of films at different annealing temperature versus wavelength were
shows in Fig. 13 (a).

The values of the refractive index n of these films must to be first be computed via the subsequent relation [40]:

S=T− 1
s +

(
T− 1
s –1

)1/2 (17)

The calculated crudes of refractive index n1 for the as-prepared and annealed films under investigation can be computed based on
envelope method via transmission spectrum proposed by Swanepoel [40,41]. The values of n1 can be computed at any wavelength via
the relation:

18.
Here TM and Tm, are the value of transmission maximum and the value of corresponding minimum at a certain wavelength λ one of

these values is an experimental interference extreme and the other one is derived from the corresponding envelope. The values of the
refractive index n1, were computed from equation (18), were shows in Table 3 and the values of n1 at any adjacent maximal (or
minimal), that have been computed by equation (18) and were used to deduce crude thickness of films, dcrude = d1. If ne1 and ne2 to be
the value of refractive indices of two adjacent maxima or minima at wavelengths λe1 and λe2, then the crude thickness of as deposited
ZnO films and ZnO films annealed at 400, 500 and 600 ◦C were expressed as [41]:

d=λ1λ2 / 2(λ1ne2 – λ2ne1) (19)

The values of films thickness were listed in Table 3 and shown as d1. To improve the accuracy of thickness of films there were a set of
the order number mo for the interference fringes which were resulted from relation [41]:

m0 = 2n1d1/λ (20)

In previous reports [42], the transmittance and reflectance spectra for films were showed. Next, by taking the approximate value ofmo,
a new order number m is produced wherem= 1, 2, 3,… at the maximum points in the optical transmission spectrum andm= 1/2, 3/2,
5/2, …at minimum points in the optical transmission spectra. After that, the value of refractive index accuracy n2 in terms of accuracy
of thickness films, were expressed as d2 which were obtained by the subsequent relation:

n2 =mλ/2d2 (21)

Where d2 is the new average accuracy of thickness of thin films after rounding mo to m. The final values of new refractive index n2 and
other mentioned values are listed in Table 3. Then, for calculation of the standard deviation’s values σi and deviation ratio pi about the
actual values for each which of d1 and d2, we use the subsequent relations [41]:

Fig. 12. (a) The variations of (n2- 1)− 1 of as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C, versus (hν)2 and (b) the variations
of both the Eo and Ed of as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C, versus the annealing temperatures.

V. Dalouji Heliyon 10 (2024) e37509 

12 



σi =

[

1/n
∑n

1
d2i − d

2
i

]1/2

; di =1 /n
∑n

1
di; pi[%] = σi /di (22)

where i index is a number equal to 1 or 2 and n to be refers to the number of thicknesses. The accuracy of d can now be significantly
were increased by considering the corresponding exact integer or half integer values of m associated with each extreme the optical
transmittance and reflectance spectra and deriving a new thickness, d2 relation (22). With using the values of n1, the values of d2 found
in this way have a smaller dispersion (σ1> σ2). It should be highlighted that the accuracy of the final thickness which approximately
was better than 1 % (listed in Table 3). As shown in Table 3, with using the values of n1, the values of d2 found in this way have a
smaller dispersion (σ1> σ2). The accurate value of n in relationship (22) are obtained as listed in Table .3 can be solved by the exact
value of m at each λ and, thus, the final values of the refractive index n2. Fig. 12(b) shows the dependence of n films on photon energy.
The refractive indexes of the films show that there was a normal dispersion in the spectral range of 0.5/hν (eV)/4.5 and an anomalous
dispersion in IR range. The variations of the refractive index and extinction coefficients of films can be attributed to the optical ab-
sorption spectra, various of impurities and imperfection in films. Therefore, it can be expected that the structural disorders and defects
in these films were occurred by changing the annealing temperature. The values of n can be fitted to a reasonable dispersion function
which can be used for extrapolation the whole wavelength dependence of refractive index Fig. 13 (b).

Fig. 13. (a) Variations of spectra transmittances and spectra reflectance of as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C,
versus wavelength and (b) variations of values n of these films versus photon energy.

Table 3
Values of envelopes TM and Tm of as deposited ZnO films and ZnO films annealed at 400, 500 and 600 ◦C, and the computed values of refractive index
and films thicknesses are based on the envelope method.

Sample no. λ TM Tm Ts S n1 n2 d1(nm) m0 m d2(nm) n

ad deposited ZnO films
d1 = 510.47 σ1 = 1.83 % 446.95 0.85 0.72 0.97 1.21 1.94 1.93 696.25 6.04 1.66 191.8 1.75
d2 = 518.81 σ2 = 0.88 % 570.63 0.86 0.74 0.96 1.24 1.9 1.9 400 2.66 3.75 563.9 1.68
  840.08 0.87 0.74 0.93 1.36 1.97 1.9 519.38 2.43 3.25 692.9 1.82
  1674.9 0.88 0.79 0.91 1.23 1.83 1.83 426.24 1 1.37 626.8 1.84
ZnO films annealed at 400 ◦C
d1 = 429.26 σ1 = 0.79 % 410.07 0.77 0.69 0.97 1.21 1.85 1.81 378.24 3.41 1.85 200.3 1.61
d2 = 517.88 σ2 = 0.95 % 502.02 0.85 0.71 0.96 1.24 1.98 1.96 429.17 3.39 2.37 599.7 1.79
  706.54 0.87 0.76 0.94 1.31 1.96 2.96 533.63 3.57 4.73 643.3 1.68
  1439 0.89 0.77 0.91 1.44 1.81 1.58 375.99 0.95 1.81 628.2 1.8
ZnO films annealed at 500 ◦C
d1 = 505.84 σ1 = 5.33 % 450.02 0.86 0.75 0.97 1.21 1.98 1.97 534 4.69 4.76 541.4 1.81
d2 = 676.09 σ2 = 4.05 % 568.76 0.89 0.78 0.96 1.24 1.59 1.58 469.75 2.62 3.91 700.8 1.75
  836.12 0.92 0.81 0.93 1.36 2.05 20.4 534.87 2.62 1.03 826.8 1.69
  1554 0.93 0.82 0.93 1.35 2.07 2.07 484.72 1.29 1.69 635.3 1.68
ZnO films annealed at 600 ◦C
d1 = 508.53 σ1 = 1.96 % 427.51 0.67 0.61 0.96 1.61 2.36 2.35 594.88 6.57 2.32 210.5 1.68
d2 = 466.70 σ2 = 1.84 % 523.93 0.75 0.63 0.97 1.22 2.2 2.2 494.48 4.15 3.9 464.7 1.69
  760.61 0.76 0.67 0.94 1.3 2.1 2.1 528.58 2.92 3.17 573.8 1.38
  1461.9 0.79 0.67 0.91 1.42 2.38 2.38 415.44 1.35 20.1 617.7 1.35
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4. Conclusions

The ZnO thin films deposited in room temperature on glass substrates by VAS- system rf magnetron system and ZnO composite
target (100 mm diameter and 5 mm thickness with high purity (99.99 %)) and with a 13.56 MHz power supply, and also the reactor
consisted of two electrodes with different sizes. Then these films were annealed at different annealing temperatures of 400, 500, and
600 ◦C in electrical furnace with Ar flux for 60 min.

It was found that:

1 With increasing annealing temperature, the values of nano particles size of films surface were increased from 20 to 30 nm, due to
the increasing energy and surface mobility nano particles.

2 The RMS roughness of films annealed at 500 ◦C have minimum value in about 7 nmwhich in fact, 500 ◦C in an argon mediumwas a
critical temperature for oxidative structure changes.

3 The coordination number β has a maximum value of 0.97 for ZnO thin films annealed at 500 ◦C.
4 The electron-phonon interaction of ZnO thin films annealed at 600 ◦C has a minimum value of about 0.85 eV.
5 The steepness parameters of ZnO thin films annealed at 600 ◦C have a maximum value of about 77.85 eV.
6 The empirical equations from linear fitting ln(⍺) of as deposited ZnO thin films has a maximum value of slop graph in about 12.13.
7 The empirical equation from these linear fitting for all ZnO thin films was given as Eg = 0.0989–0.148 EU.
8 The refractive index of ZnO thin films annealed at 500 ◦C has a maximum value of 1.81 in all energy ranges.
9 The value of E0 and Ed in the ZnO thin films annealed at 500 ◦C have maximum values in about 7 and 65 eV, respectively.
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