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The AZO nanostructure samples used in this investigation were made on a
glass substrate by spin-coating utilizing an inexpensive sol-gel method. We
investigated the effects Effect of annealing temperature on AZO (aluminum
doped with zinc) thin film on optical characteristics. The films were annealed
in an air environment at (350, 400, 450, 500, and 550) °C for four hours. The
measurements of optical transmittance and absorbance were made in the 300—
800 nm wavelength range using a single beam spectrophotometer. When the
temperature of annealing increases, the optical band gap decreases from 3.36
eV to 3.2 eV and the UV—Vis absorption spectra exhibit a small red shift. The
AZO films have -transmittances over 35% in the IR region of spectrum for
350°C after annealing sample, but rises to 95% at 550°C after annealing at
higher temperatures. With a rise in annealing temperature, AZO film
extinction coefficient increased. An increase in annealing temperature results
in an increase in both optical and electrical conductivities. The AZO films
were characterized with respect to their optical properties- using UV-vis
spectroscopy, and the optical band gap was computed using the Tauc method.
The optical test indicated a direct nature of the optical transition, with an
average band gap energy propensity to decrease from 3.36 to 3.20 eV when
the temperature was elevated from 350 to 550 °C during the temperature
annealing process. The experimental results indicate that the properties of the
AZO films were affected by the annealing.
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1. INTRODUCTION

The number of ZnO related papers
has expanded steadily over the past ten
years, and as of 2007, it was Silicon's
closest competitor as the most widely
used semiconductor. The ZnO has a
number of advantageous qualities,
including intense luminescence, wide
and straight band gap, and high electron
mobility [1]. As a result, it has attracted
great attention of semiconductor
researches. These characteristics are
already utilized in cutting-edge uses for
thin-film transistor and light-emitting
diode applications in electronics, solar
cells, sensors, and detectors; transparent
electrodes in liquid crystal displays;
heat-resistant, energy-efficient
windows [2].Modern solar cell, sensor,
and detector applications; transparent
electrodes in liquid crystal displays; and
heat-resistant, energy-efficient
windows are already using these
properties; and thin-film transistor and
light-emitting diode applications in
electronics. Several deposition
processes have been used to generate
ZnO thin films, including sputtering [3],
molecular beam epitaxy [4], spray
pyrolysis [6], pulsed laser deposition

[5], and the sol-gel deposition process
[7]. The sol-gel deposition process is
not only easier to use, but it also
provides the opportunity to prepare a
large-area deposition at a low cost and
at a relatively low temperature. As
previously documented, sol-gel process
variables including precursor
concentration and aging time frequently
affect the properties of the films [8].
Studies have also been done on the
impact of annealing temperature [9].
However, annealing temperatures
exceeding 400 °C were the main focus
of the majority of the studies. Sengupta
et al. [10], for instance, evaluated the
impact at annealing temperatures
between 400 and 700 °C, depending on
the optical and structural characteristics
of ZnO films. Because glass and plastic
substrates can  only  withstand
temperatures of 500 °C, this
temperature limit may be an issue.
Determining the ideal annealing
temperature for AZO film production
on glass substrates necessitates looking
at the impacts of a lower temperature
annealing procedure. In this work, the
sol-gel spin coating process was used to
produce AZO films onto a glass
substrate. The primary aims of this
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study are to determine the optimal
annealing temperature and to assess
how annealing temperatures in the low
range (350-550 °C) affect the optical
properties and quality of AZO films.

2. EXPERIMENTAL
2.1 Glass-substrate cleaning:

The ZNFs were created utilizing
the sol-gel allied spin coating method
using glass substrates measuring 2.5 cm
by 2.5 c. Initially, Decon 90 surfactant
solutions were used to rinse these
substrates for 15 minutes in order to
remove any impurities that had become
adhered to the surface. To remove the
ions that were on the surface, these
substrates were then cleaned in
deionized water. It is well known that
impurities on the surface layer
frequently cause the deposited film to
adhere poorly, which results in pinholes
on the film's surface. Following the
cleaning processes, these substrates
were oven dried for 25 minutes at 150
°C in order to remove any last traces of
solvent or water from the surface.

2.2 Precursor solution preparation:

The AZNFs were deposited
using ethanolamine (Alfa Aesar), 2-
propanol, and highly pure (99.999%)
zinc acetate dehydrates, or ZAD. To
dissolve ZAD (0.1M), Al(NO3)3-9H20,
aluminum nitrate nonahydrate, was
added to the mixture, 2-propanol and
ethanolamine were first produced as a
solution at ambient temperature. The
ethanolamine and ZAD had a 1:1 molar
ratio. After that, the Iliquid was
magnetically agitated for 30 minutes to
produce a clear, homogenous solution.
By obtaining the NFs, the resultant
mixture (a few drops) was then applied
on the glass substrate. This was

followed by spin coating for roughly 30
seconds at a speed of 3000 rpm. For
each sample, the identical procedure
was carried out ten times in order to
produce a consistent AZNSs. Lastly, the
spin-coated film was dried for around
20 min at 220 °C in an electrical oven.

3. RESULTS AND DISCUSSION
3.1. Absorbance Spectra:

Figure 1 illustrates the typical
UV/visible absorption coefficient of
produced AZO NSs for the five samples
at temperatures used for annealing (350,
400, 450, 500, and 550) °C with fixed
annealing time 4.00 hr. Since every
sample has a distinct absorption edge,
all of the films were of high quality.

A single beam spectrophotometer
was used to test the optical
transmittance and absorbance at
ambient temperature in the 300-800 nm
wavelength range. According to this
figure, the absorption coefficient
spectrum shows that light was absorbed
more in the ultraviolet region and much
less in the visible zone. Using the
connection, the absorption coefficient
[11] was calculated (1):

where a is the absorbance, t is the
thickness, and o is the absorption
coefficient. The annealing temperature
of an AZO thin film causes a little
movement of the absorption edge in the
direction of the longer wavelength. This
suggests that the optical absorption
edge has slightly shifted red, which
could be related to the annealing
temperature increasing and causing an
increase in AZO grain size. This
provides information about the
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excitonic and  inter  transition
nanostructures [12].

The spectra demonstrate that the
nanostructure samples exhibit strong
UV absorption at range (300-350) nm
and low absorption in the visible light
(400-700) nm and fixed absorption at
near and far infrared areas. While the
absorption edge moving to the lower
energy refers to some local energy
levels generated by some intrinsic
defects, the optical absorption at the

0.012

absorption edge correlates the change in
phase from the valence band to the
conduction band [13]. Our results were
entirely ~ compatible  with  the
researcher's findings, which indicates
that for all AZO samples, the
absorbance maxima were brought about
by electron shifts inside the valence
band (O2p-Zn3d) below 400 nm, to the
intrinsic band gap absorption of the
conduction band [14].
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Figure 1. Absorption Coefficient for various annealing temperatures as a function of wavelength,
(a) 350 °C, (b) 400 °C, (c) 450 °C, (d) 500 °C and (e) 550 °C

3.2. The Skin depth:

The skin depth, also known as
penetration depth, is a measure of how
electromagnetic waves degrade as they
enter conducting medium. The current
of photons density peaks at the surface
and then exponentially declines from
there, throughout the semiconductor.
This decline is caused by many factors,
including microstructure, refractive
index, and surface morphology. Skin
depth is also influenced by frequency,

optical conductivity, and photons,
which the optical photon density drops
to 37% or (1/e), of its original value.
The term skin depth (®) refers to the
surface. It indicates the depth to which
a conductor can be penetrated by an
electric field, magnetic field, or current.
In other words, the penetration depth,
which measures the extent to which
light or any other electromagnetic
radiation may enter a material, is the
depth at which the intensity of the
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radiation inside the material decreases
to this value of its initial value. The
following relationship (2) indicates that
the optimal parameter for estimating
penetration depth is the absorption
coefficient [15].

b=1

Fig. (2) shows how the
predicted skin depth (®) increases with
the wavelength increased for the one
AZO NSs sample, and also with
increased annealing temperature the
skin depth increased because the
decreasing in absorption coefficient (o)
with the wavelength for the generated
AZO NSs. This Figure_allows one to
draw the following conclusions:

a- When the wavelength is near the
(Aeut-off), there is a significant likelihood
of absorption and a short distance inside
the film thickness that reduces the
incident photon amplitude by a factor of
(e), resulting in a small skin depth.

b- The absorption effect
disappears and the amplitude decreases
after traveling a greater distance at
wavelengths greater than the (Acut-off)
inside the visible area, meaning that the
skin depth will be significant.

From the Figure below it is clear, as
previously indicated, the irregular
surface of the AZO film may be the
cause of the peak oscillation in the
curve. Figure 2 indicates that as the
annealing temperature rose, the skin
depth dropped and the visible area of
the spectrum expanded while the UV
section shrank, this is because the
electromagnetic wave will be traveling
at a very thick film before losing

amplitude. Our results were contrary to
the researcher's results [16].
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Figure 2: Skin depth for various
annealing temperatures as a
function of wavelength: (a) 350 °C,
(b) 400 °C, (c) 450 °C, (d) 500 °C and
(e) 550 °C

3.3 The Optical Band Gap Energy:

The optical energy of the band gap
of the films Eq was calculated using the
ho in the x-axis and the intercept of the
linear component of each curve at
various annealing temperatures. The
band gap of bulk ZnO (3.37 eV) and the
calculated band gap energy Eg value
were nearly the same. As shown in
Figure. 3, the values of band gap energy
can be derived by locating the intercept
on the energy axis (ahv)> = 0 and
extrapolating the linear component of
the curves.

For the band gap, as the annealing
temperature rises from 350 to 550 °C,
the value is seen to fall from 3.36 to
3.20 eV. This could be explained by the
films' decreased flaws and greater
crystallinity at higher annealing
temperatures decrease in the optical
band gap with increasing annealing
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temperature. Similar findings were
documented in the research by [17].
Next, the optical band gap for a direct
band semiconductor was computed
using the following formula [18]:

ahv=A (hv - Eg)" ... 3)

where A is a constant, hv is the
photon energy, and Eg is the optical
band gap.

(a)E,=3.36eV
(b) E,=3.34eV
() E;=331eV

0.03 (E,=320eV

0.00

2.0 2.5 3.0 3.5 4.0 4.5
hv (eV)

Figure 3 shows the optical band gap energy
at 350 °C, 400 °C, 450 °C, 500 °C, and 550 °C
for each of the annealing temperatures.

The AZO thin films' large band gap
value makes them potential candidates
for window or buffer layers in thin-film
solar cells. The undoped ZnO film's
optical band gap (3.37 eV) is somewhat
more than the AZO films'. The red shift
of the AZO films in this case was
happened because of decreasing in the
defects of these films, and vice versa
and generally the blue shift of
absorption edge in these films are
linked to a rise in carrier concentration,
which prevent the lowest conduction
band states a phenomenon widely
referred to as the Burstein-Moss effect
[19]. Our findings were entirely in line
with the researcher's findings [19].

3.375]
3.350}
£ 3.325]
&
£ 3.300]
-1}
- p
23275
= 3.250]
3.225]
3.200]

350 400 450 500 550
Annealing Temperature (°C)

Figure 4: AZO films' optical band gap
at various annealing temperatures

As can be seen from Figure 4, the
enhanced crystallinity and reduced
imperfections together with the optical
band gap reduction with increased
annealing temperature may be due to
the films with higher annealing
temperatures.

3.4. Extinction Coefficient (K):

The extinction coefficient
fluctuation of thin AZO films for
different annealing temperatures with
(350, 400, 450, 500 and 550)°C in the
wavelength range (300-800) nm is
shown in Figure (5), this Figure makes
it abundantly evident that the extinction
coefficient rises with decreasing
wavelength and is lowest in the visible
wavelength region, for the first four
samples except the sample annealed
with (550) °C, the behavior of the last
can be seen rises after the beginning the
visible light (after 400 nm) with
increasing wavelength. The high
coefficient of absorption may be the
cause of the extinction coefficient's
behavior. Extinction is highest at the
longer wavelengths. This pattern of
extinction coefficient can be explained
by a higher absorption coefficient. The
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longest wavelengths exhibit the largest
levels of extinction.

0.500

(a) A¢=350°C
(b) A¢ = 400 °C
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(e) Ag=550°C
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0.125
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Figure 5 shows the extinction coefficient
for each of the following temperatures for
annealing: 350, 400, 450, 500 and 550 °C

As light travels through the
substance, it absorbed, and defined by
the extinction coefficient or (K). Figure
5 demonstrate how the extinction
coefficient's behavior resembles the
absorption coefficient's curve due to the

mentioned below relationship [20].
oA

Where K represents the extinction
coefficient. It increased as the annealing
temperature rose, although it had a
slightly steep edge that brought it close
to absorption. The Sellmeier connection
for extinction coefficient and the
extinction coefficient's dispersion trend
were in agreement. The K decreased
with thickness as a result of an increase
in the intrinsic free carrier density in the
conduction  band. Growing the
absorption could be the cause of these
results. Our findings entirely agreed
with the researcher's findings [21].

3.5. The Optical Conductivity (oopt.):
The optical conductivity of the Al
doped ZnO NSs were also estimated
using equation (5).

_anc

Gopt,— N (5)

4

where the absorption coefficient,
refractive index, and light speed,
respectively, are represented by a, n,
and c.

The change in optical conductivity
(oopt)  with  varying  annealing
temperatures as a function of
wavelength explained in Figure (6), this
figure shows that as the annealing
temperature  rises, the  optical
conductivity value decreases somewhat
in the high wavelength region, or in the
visible light spectrum, but drops
dramatically in the low wavelength
(near the absorption edge).
Approximately 355 nm, the optical
conductivity of all the samples under
study decrease, the increase in the
absorption coefficient is the cause of the
abrupt drop in optical conductivity [22].
This indicates that the absorption
coefficient, bandgap energy (Eg), and
refractive index (n) are all proportional

to this value.
1.40E+013

‘ (@) A¢ =350 °C
1.20E401 (b) A¢ =400 °C
& t) Ag = 450 °C
% 1.00E+01 g
) ) Ag =550 °C
*Z 8.00E+01 @) Ag=>58
] S
v \
=
Z 6.00E+01
=
=
= 4.00E+01
2
£
£.2.00E+01
=)

0.00E+000{300 400 500 600 700 800
Wavelength (nm)

Figure 6 shows the optical conductivity
for each of the following annealing
temperatures: 400, 500, 450, 350 and 550 °C

Furthermore, these high optical
conductivity values of the produced
AZO nanosheets indicated the
material's superiority for these kinds of
solar applications [11]. The outcomes
were comparable to what was found by
[23]. Since oopt depends on the
imaginary part of the dielectric

19



JOURNAL OF KUFA-PHYSICS| Vol. 16, No. 2 (2024)

Abass Raheem Soodi

constant,  variations in  optical
conductivity differ from variations in
the imaginary component.

3.6. The Electrical Conductivity
(Gele.)Z

The relationship between the electrical
conductivity [24] of AZO sheets and the
optical  conductivity copt and
absorption coefficient o may be found

(6).
Cele.= 2Apt. (6)

a
Figure 7 represents the relationship

between electrical conductivity oke.
and wavelength for AZO
nanostructures  with the different
annealing temperature. Figure (6)
indicates that the optical conductivity
decreases with the increasing the
wavelength and the value of optical
conductivity  about 10 for all
annealing samples, this shows the
optical response of the material that led
to be the movement of electrons
through the material and in Figure (7)
the electrical conductivity increases
with the increasing wavelength for all
curves with the value of electrical
conductivity at up to (10! S/cm), as
wavelength increases, the optical and
electrical conductivities take on distinct
images, with the optical conductivity
being higher than the electrical about
100 (one hundred times).
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o 7 (b) A, = 400 °C
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= 1.75E
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1.25E+011]

1.00E+011]
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Figure 7 shows the electrical conductivity for
various annealing temperatures: 350, 400,
450, 500, and 550 degrees Celsius.

In the low wavelength and under
(400 nm) at the UV- region exactly, the
electrical conductivity various with
increasing wavelength and then from
decrease then increase until it reaches
the visible light region, it continues to
rise relatively in this range between 400
and 800 nm.

The electrical conductivity increases for
the first two samples, which were
annealed at 350 and 400 °C, and
appears at a steady state for the sample
at 450 °C, in the low wavelength zone,
and slowly gradually noticeable with
increasing wavelength, the last two
samples have a completely different
behavior pattern from the behavior
pattern of the first two samples, starting
with an increase in electrical
conductivity in the ultraviolet region
(<400 ) nm and then a gradual decrease
in the visible spectrum region (> 400)
nm until they stabilize and parallel the
rest of the other curves with an increase
in wavelength (425-800) nm.

The increase of trend in Gele. UpON
increase thickness can be attributed to
the improvement in the structure of the
film as the annealing temperature rises.
The results of this study are similar to
the results of the research study in terms
of behavior [25].

3.7. The Optical Transmittance:

Figure 6 displays the optical

transmittance  spectra of AZO

nanostructures that were annealed at

various temperatures and fall within the
wavelength range of 300-800 nm.

For all samples as shown in

Figure 8, the films' optical

20



JOURNAL OF KUFA-PHYSICS| Vol. 16, No. 2 (2024)

Abass Raheem Soodi

transmittance was significantly
enhanced by the rising annealing
temperature. The AZO films were
formed with an average optical
transmittance of 73% and 92%,
respectively, at annealing temperatures
of 500 and 550 'C. The better-formed
crystallite that resulted from raising the
annealing temperature is what causes
the increased optical transmittance.
This image shows that transmittance
spectra have a sharp edge at a
wavelength that corresponds to the
quantum energy gap of AZO thin films.

The average transmission values
in the visible region were fixed from
(425-800) nm and the curve formation
seems depending on the annealing
temperature.  Our  results  were
completely  consistent  with  the
researcher's results [19].

1.0

(e) Ag =550 °C

=
2

0.6]

(c) Ag=450 °C

(b) A¢=400 °C

(@) A¢=350 °C

Transmittance x100 %

300 400 500 600 700 800
Wavelength (nm)

Figure 8, the optical transmittance is shown
against wavelength for a vrange of
temperatures used for annealing, such as
350, 400, 450, 500, and 550 ‘C

3.7 The Refractive Index:

The refractive index [26] of the
AZO nanostructure samples was
calculated from equation (7):

n=R (7)
1-R

where R is the reflectance.

Figure 9 shows the samples'
refractive indices after being annealed
at various temperatures. All samples
show that the refractive index of AZO
nanostructures on glass substrates
reaches its maximum value in the UV
region as the annealing temperature
increases. Additionally, a short tail, or
decrease in refractive index, was
observed as the wavelength decreases,
which is caused by the electrical
transition between bands in photons
whose energy is less than the minimum
band gap [27] just in two samples which
were annealed with (450 & 500) °C.
The refractive index increases non-
uniformly with the non-uniformly
pattern increasing from (350-550) °C,
annealed samples due to the improved
crystalline structure.

For all samples, and Refractive
index is found to decrease with
increasing  wavelength.  Refractive
indices decrease rapidly with increased
wavelength at between 300 and 400 nm,
as well as inside the visible spectrum
above the (400 nm) refractive indices
record the average value, while the
minimum values are achieved at (800)
nm.

However, as the temperature of the
annealing increases, there is a direct
increase in the refractive index' s curve.
This matches the research [28]. The
obtained energy band gap determines
how the results vary; as the energy band
gap shrank, the refractive index rose
[29].
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Figure 9, the Refractive Index is plotted
against wavelength for various annealing
temperatures 350, 400, 450, 500 and 550 °C
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3.8 Real part and Imaginary part:
The dielectric constant's real part (g1)
and imaginary part (€2) can be
estimated according to the following
two equations (8&9):

£l = n? —k? U )|

€2 = 2nk T )|

12

(a) Ag =350 °C
(b) A¢ =400 °C
() A¢ =450 °C

—
=]

(e) Ag =550 °C

0

Real part of Dielectric Constant

300 400 500 600 700 800
Wavelenght (nm)

Figure 10: The real component of the
dielectric constant for various annealing
temperatures as a function of wavelength, (a)
350 °C, (b) 400 °C, (c) 450 °C, (d) 500 °C, and
(e) 550 °C

The values of €1 and &2 for the
AZO films at varying annealing
temperatures are displayed in Figures
10, 11. The values of €1 and €2 in the
film drop as the wavelength increases.
This is indicating their reliance on
wavelength. The dielectric constant's

real and imaginary components show
the same pattern, with the real part
having higher values than the imaginary
part. It is evident that in the visible
range, the real and imaginary
components of the dielectric constant
drop with increasing wavelength,
whereas in the UV region, they rise.

1.25
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£ 1.00 (b) Aq =400 °C
E B (c) Ag = 450 °C
2
E 0.75 (e) Ag =550 °cC
= 0.7§
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o \//
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Figure 11 shows the imaginary component of
the dielectric constant for various annealing
temperatures: 350, 400, 450, 500, and 550 °C

From these two Figures, we can
deduce that both the dielectric
constant's real and imaginary parts,
which behave similarly as they depend
on the two equations (8 & 9).

While the imaginary component of the
dielectric constant sharply rises in the
UV region as the annealing temperature
increases, but they are low value in the
VIS-NIR area, the real part increases
slowly with wavelength decreases at the
UV-VIS region and increases in the
NIR region. Our results were in line
with the researcher's findings, which
show that the variance of €l mostly
depends on n2 due to small values of k2,
whereas €2 primarily depends on k
values connected to the absorption
coefficient [31].

It can be noticed that the value of
el is significantly greater than €2, and
this comparative outcome illustrates

22



JOURNAL OF KUFA-PHYSICS| Vol. 16, No. 2 (2024)

Abass Raheem Soodi

how €1 depends on n when n > k. As the
annealing temperature rises, the actual
part of the dielectric constant gradually
improves. Conversely, the imaginary
part of the dielectric constant falls off
rapidly and becomes fixed after 400 nm,
whereas it is almost constant in the
lower wavelength area.

When examining the structure and
flaws in materials, as well as within the
sample, the dielectric loss factor (tan
(9)) is an important tool since it shows
the phase difference caused by energy
loss. The real and imaginary parts
determine the tan () [15], can be
estimated according to the following
equations (10):

&2

tané = o e .. (10)

Figure 12 shows the tan (8) against
wavelength graph. Because of the
sudden increase in the absorption
coefficient, a nearly constant reliance is
shown at shorter wavelengths and a
substantial dependence can be seen at
wavelengths above 400 nm. The nature
and cause of dielectric losses are so
interesting. Following that, its value
dropped in the high wavelength area. As
a result, the dissipation factor
demonstrated a considerable reliance on
wavelength energy. Z. Hana had
previously reported on the dissipation
factor's observed behavior [15]. It is
important to note that, contrary to
expectations, the dielectric loss peaks in
the two real and imaginary dielectric
sections were not seen to correlate with
fluctuations in the input photon energy.
The numbers k and n will affect on the
el and €2 values, i.e., as the annealing
temperature is raised, the €l and €2
values for the annealed AZO
nanoparticles rise. This is because the

average grain size, oxygen vacancies,
and carrier concentration rise with the
annealing temperature. Our findings
supported the researcher's findings [30]
but disagreed with them [31].
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Figure 12 shows the dielectric loss factor for
each of the following annealing
temperatures: 350 °C, 400 °C, 450 °C, 500
°C, and 550 °C.

4, CONCLUSION

To sum up, we looked at how the
annealing temperature affected the
optical properties of AZO-NSs that
were spin-coated onto a glass substrate
following their low-temperature sol-gel
production. This study found that the
optical properties effected by annealing
temperature on the AZO products. The
annealed AZO-NSs' UV-Vis
absorption spectra showed a small red
shift in the absorption peak and a
decrease in band gap energy as the
annealing temperature rose. This is
explained by the fact that crystallite
sizes increase at various annealing
temperatures. In the visible and IR
radiation regions of the spectrum, AZO
films at the lower transmittance the
annealed at 350 °C, but when the
temperature rises to 550 °C, they
achieve a higher transmittance of 93%.
It was discovered as the annealing
temperature was raised, the extinction
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coefficient of these AZO films rose.
Since they rise in direct proportion to
the annealing temperature, it is evident
that both optical and electrical
conductivity are dependent on the
annealing temperature.
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