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Abstract
Al-doped zinc oxide (ZnO: Al%) based on powders prepared via Polyol method is deposited on glass substrate by spin coating.

Samples were annealed at 220°C, 295°C, and 370°C for 1 hour in ambient conditions. The effects of annealing and aluminum doping
concentration (Al%) on the structural and optical properties of ZnO: Al% thin films are investigated by X-ray diffraction, AFM, and
UV-Vis-IR spectroscopic techniques. The smallest crystallite size for ZnO: Al% is obtained with 0.6% doping owing to the formation
of Al-O-Zn in the crystal lattice. The microstrain (ξ) decreases with the increasing TA which confirms the improvement of the crystal-

line quality of thin films. The AFM data are used to illustrate the surface morphology variation of thin films at different TA as well as

Al% content. We also showed that the optical constants are considerably influenced by the Al% and TA. Photoluminescence spectra
of ZnO: Al% powders analyzed based on Franck-Condon progression.
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Introduction
Zinc oxide belongs to the II-VI compound with excellent semi-

conducting and piezoelectric double properties. It has been a

standout amongst the most encouraging materials in the light of

its potential use in numerous applications accredited to its wide
and direct bandgap (3.37 eV), excellent chemical and thermal sta-

bility, and specific electrical and optoelectronic property [1]. These
applications are running from antireflection coatings, straightfor-

ward anodes in sun-powered cells [2], Dye-Sensitized Solar Cells

(DSSCs) [3], sensors [4], varistors, spintronic, photodetectors,
surface acoustic wave devices [5], to light-emitting diodes [6], to

nanolasers [7]. Numerous techniques have beforehand been used
to deposit ZnO films on various substrates. These include filtered
vacuum arc [8], sol-gel process, spray pyrolysis technique, sputter-

ing, electrodeposition, chemical vapor deposition, pulsed laser deposition, molecular beam epitaxy, electron beam evaporation, and
chemical bath deposition.

When zinc oxide nanoparticles doped with aluminum thin film

becomes especially attractive as a transparent conductive oxide
(TCO) in the light of its high conductivity, transmittance, thermal

constancy, and non-toxicity [9]. Recently, different techniques
are employed for the deposition of ZnO: Al% thin film with a dif-
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ferent aluminum ratio. K. Mahmood., et al. [10] demonstrate the

electrostatic spray deposition method for (ZnO: Al%) thin film at

atmospheric pressure followed by annealing. They found that ZnO:
Al% films have an arbitrary orientation with minimized hexagonal wurtzite structure with a sign of improvement in the electrical

conductivity and optical properties upon annealing and Al doping.

Employing a low-pressure chemical vapor deposition technique
by W.Kim., et al. [11] indicated, however, a slight increase in the

growth rates of ZnO: Al% films with the increase in the Al content.
The resistivity was unequivocally subject to the carrier concentra-

tion and connected with the optical band gap and work function.

All films displayed high optical transmittance in the visible range
and high work function regardless of the Al content.

Then, A.C. Galca., et al. [12] prepared ZnO: Al% and ZnO: Lith-

ium thin films by pulsed laser deposition technique and demonstrate the impact of the handling parameters on the optical and

structural properties of doped ZnO thin films. The post-annealing

treatment connected to ZnO: Al% thin films, strongly affected the

optical properties, by bringing down the resistivity and red shifting the bandgap. V. Shelke., et al. [13] also use the spin coating

technique to deposit thin films nanostructures of ZnO: Al%. The
Electrical, optical and structural properties of these films showed
that legitimate advancement of process parameters alongside Al

percentage is required for enhancing the film quality in the view of
minimizing roughness and rugosity [14].

In our previous work, we have studied the optical properties of

ZnO: Al% powders fabricated based on the polyol method, which

allows us to obtain ZnO nanoparticles with a narrower size distribution, a controlled morphology, and a high crystalline quality

[15]. In the present study, we extend our work to investigate deeply
the effect of different Al doping concentrations and annealing temperatures on the structural and optical properties of ZnO: Al% thin

films deposited by a spin coating method. In particular, optical pa-

rameters such as the optical band gap, Urbach energy, refractive

index, extinction coefficient, dielectric permittivity, Photolumines-

cence are reliant on the several microstructural properties of these
compounds. Accordingly, the determination of effective structure

constants of mixtures in terms of the microstrain, dislocation den-

sity, rugoses, and surface topography variation of thin films is use-

ful. The way of annealing at ambient and low-temperature conditions is necessary for less energy consumption and is cost-effective
for industrial applications.

Experiment details
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Nanoparticles preparation
ZnO nanoparticles were prepared via the chemical precipitation

method in polyols described elsewhere [16]. Chemical and materi-

als such as zinc acetate dihydrate [Zn(CH3COO)•2H2O], aluminum

hydroxide, sodium hydroxide (NaOH), and distilled water were
purchased from Sigma- Aldrich. They were dissolved in 80 ml of di-

ethylene glycol (DEG). The solution was heated at 189°C, therefore,
kept at this temperature under continuous mechanical agitation.

After 6 h of reaction, the mixture was stored at room temperature
to prevent the escape of vapors into the atmosphere, the precipitate was centrifuged, washed several times with ethanol, and then
dried in a vacuum at 50°C for 12 h to obtain the white powder.
ZnO: Al% thin film fabrication

15 mg of ZnO: Al% powders were successively dissolved in 1

mL of ethanol. Then, it was kept at room temperature for the aging
process for 24 hours to obtain a better nanoparticle dispersion and
to improve the solution homogeneity.

Glass substrates are precleaned with detergent followed by

action, ethanol, and deionized water in BRANSON 200 ultrasonic
cleaner for 30 min each. The solutions were deposited as a thin lay-

er on glass substrates using spin-coating techniques at 600 rpm for

30 s than 300 rpm for another 30 s using a LAURELL WS-400BZ6NPP/LITE, forming ZnO: Al% thin films. ZnO: Al% thin films are

annealed at various temperatures of 220, 295, and 370°C for 1h
at the ambient air conditions. X-ray diffractometer (XRD: Philips
PW 3710) is used to elaborate the crystal structure of the ZnO:

Al% films using Cu Kα radiation (λ = 1.541 Å). Measurements are

performed in the geometry of coupled θ-2θ changed between 30°
and 70°. Optical transmittance is measured by UV 3100S Shimadzu

Spectrophotometer in the wavelength range of 300-1800 nm while
a pulsed laser with an excitation wavelength of 325 nm is used for

the photoluminescence (PL) measurements. Surface topography

and AFM scanning image are captured using a commercial s-SNOM
(NeaSNOM, NeaSpec GmbH).

Results and Discussion

Photoluminescence characterization
Figure 1 demonstrates the PL profile for ZnO:Al% (0.2, 0.6 and

5%) nanoparticles at room temperature. Because of ZnO doped,
the PL emission spectra show broadband situated in the ultraviolet
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and visible range. It has been reported [17] that the luminescence
band because of metal transition components doped ZnO is credit-

ed to the impact of doping. Different emissions in the visible and ultraviolet range detected, however, the centers responsible for these
emission bands and their related recombination mechanism kinet-

ics are not comprehended and more explanation is needed. For this
reason, we reproduce the photoluminescence emission spectra of

11

0.2 to 0.6 and 5% respectively, this redshift attributed to aluminum

interstitials defects close to the Zuni defects. The joined impact of

the optical transition to the excitonic state of ZnO and electronic

transitions including precious crystal-field split is in charge of the
energy shifted.

the ZnO: Al% nanoparticles in the light of Franck-Condon progression [18] as clearly observed in figure 1. The investigation of the
fluorescence range by regular spaced vibronic bands and regular
full width at half maximum (FWHM) of the peaks demonstrates

that the distinction in energy between progressive peak is around

0.18, 0.21, and 0.1 eV for different Al content of 0.2%, 0.6%, and 5%
respectively. The four successive peaks were used to model the first
two emission bands while the six successive peaks were applied to
the last one. The reduction in the emission with the increase in the

Al concentration is attributed to the presence of the nonradiative
recombination where the energy of the longitudinal optical phonon ħωLO is the difference in energy between successive peaks. Jin.,

et al. attributed the violet emission at 420 nm (2.95 eV) to the tran-

sition between radiative imperfections level and the valence band.

These radiative deformities are identified with the interface traps

existing at the grain. According to Jeong., et al. The violet emission
at 401 nm (3.09 eV) is a result of the Zn vacancies (VZn) while Fu.,
et al. found an ultraviolet emission situated at 392 nm (3.16 eV)

in ZnO films deposited on the silicon substrate. They thought that

this emission started from the electron transition from the conduction band to the valence band [18]. The reproduce results indicated
peaks centered at 2.64, 2.82, 3, and 3.19 eV in the ZnO doped with
0. 2% Al (Figure 1 (a)). Increasing the Al content to 0.6%, peaks

are located at 2.53, 2.75, 2.97, and 3.19 eV as indicated in figure 1b.

Similarly, peaks focused at 2.67, 2.73, 2.81, 2.89, 3.17, and 3.4 are

obtained for ZnO with a 5% doping concentration of Al. Noteworthy changes are recognized at range 360-430 nm which compares

to the recombination of free excitons through the exciton-exciton
collision process. The ultraviolet luminescence peak located at 388

nm (3.19 eV) in the samples with 0.2% and, 0.6% is red shifted to
391 nm (3.17 eV) under the effect of increasing the Al percent to

5%. This action increases the zinc interstitials (Zuni) defects, which
could also be accounting for the ultraviolet luminescence peak

present at 3.4 eV. Similarly, the violet and blue luminescence peaks

Figure 1: Photoluminescence Franck Condon analysis as a

function as photon energy of (a) ZnO:Al 0.2%, (b) ZnO:Al 0.6%,
(c) ZnO:Al 5% nanoparticles.

identified at 2.82 and 3 eV are red-shifted to 2.75 and 2.97 eV then
to 2.81 eV and 2.89 eV upon increasing in the Al concentration from
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Structural characterization
XRD analysis
The XRD analysis examinations of nanoparticles powders dem-

onstrated the hexagonal Wurtzite structure and had a most favored
introduction along the (101) plane. Likewise, the TEM results exposed that the average particle size of the samples diminishes by

increment Al percentage. Moreover, the energy dispersive spectroscopy had made known the substitution of Al into ZnO lattice.

The X-ray diffraction patterns for ZnO: Al% films as-deposited and

annealed at various temperatures (TA = 220°C, 295°C, and 370°C)
are shown in figure 2 (a-c) the diffraction peaks are easily indexed

based on the hexagonal-rhombohedral structure of ZnO: Al% (R3c) The crystals of ZnO: Al% thin films when subjected to X-ray

(a)

inspection have displayed the rhombohedral polytypes occurring
consistently in conjunction with their individual basic hexagonal

(hexagonal phase, space group P63mc). Similar results are found

elsewhere [16]. This hexagonal-rhombohedral phase change is
unfurling while crystal development can be effortlessly comprehended as far as stacking faults occurring periodically other during
development or because of creation and development of Shockley

partials, either produced independently or grace of separation of

unit edge dislocations [20]. The formation of a particular structure
in a compound, known under the name of a basic or common type,

under stabilized conditions of growth, and the variation in stack-

ing sequence of these structures because of the change in growth
conditions [21], composition, or temperature [22] provide a gen-

(b)

eral understanding of the mechanism of the of polytypes in these
compounds. The rule of the basic types on all the other ones even
if their energy differences are very low for all cases remains prob-

lematic. The association of all data helps us to understand, analyze,
and refine better the structure of films. The amount of ZnAl2O4 and

other ZnAlO species seems to stay approximately independent
of growing temperature TA and Al%. From the spectra presented

in figure 2, we calculated the more interplane spacing dhkl of the

families of the crystalline plane (hkl) using Bragg’s law. The texture

coefficient (TC), the augment in the best orientation is related to
the rise of the number of grains along that plane. TC(hkl) values are

found from X-ray information utilizing the next expression [23]:

(c)

Figure 2: XRD patterns of ZnO:Al 0.2% (a), ZnO:Al 0.6% (b) and
ZnO:Al 5% (c) thin films with different TA.

Where N, I(hkl), and I0(hkl) are the reflection number, the mea-

sured and standard intensities of (hkl) direction, respectively.
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Table 1 shows an example of the values of different crystallogra-

phy parameters (the values of all samples are not presented here).
Here once more, the grain size (D) esteems are evaluated for all
diffraction lines utilizing Debye-Scherrer expression [24]:
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room temperature. The same parameter shows no monotonic be-

havior for others temperatures (see Table 3). This variation in the

lattice parameter c could be due to a probable substitution of Zn2+

by Al ions [27]. This substitution process could be affected by tem-

DHL (Å)

Imax

I0

Imax/I0

TC

perature. As seen in figure 3, the parameter a for ZnO: Al 0.2% thin

31.84

0.834

65

3

21.66

2.858

respectively. The slope of this growing dependence on the Al%. The

36.34

3.54

93

0.73

0.097

2θ
(°)

34.51

1.214

33.98
68.42

100

0.34

0.045

Table 1: Values of DHL and TC(hkl) of prepared thin film (ZnO: Al
5% annealed at 220°C).

Where k = 0.90, λ = 1.5406 Å, β1/2 and θ are the Scherrer con-

stant, the wavelength of CuKα radiation, the Full-width at halfmaximum (FWHM) of considered peak and the Bragg angle, re-

spectively. Likewise, the microstrain (ξ), which is an interesting
structural parameter of ZnO: Al% thin films, is calculated using the
following relation [25]:

films annealed with different temperatures at RT, 220°C, 295°C,
and 370°C were found to be 4.968 Å, 4.963 Å, 4.965 Å, and 4.924 Å,

various structural parameters for ZnO: Al% (0.2%, 0.6%, and 5%)
thin films at different TA are calculated and represented in table 4.

Various parameters such as dislocation density, microstrain, and

grain size depend on the annealing temperature. The increase in
Al% causes a non-intense diffraction peak with a broad full width

at half maximum (FWHM), signifying the decrease in crystallite

size. This results from the worsening of the film crystallinity due

to the stress formed by the difference in ion size between zinc and
aluminum (RZn2+ = 0.074 nm and RAl3+ = 0.054 nm). The smallest

crystallite size is obtained at 0.6% doping with Al and this could be

as a result of the formation of Al-O-Zn in the crystal lattice, which
plays a significant role in hindering the crystal growth [28]. With

increasing Al content, the smaller crystallites size may gain a tendency to aggregate [29]. Figure 3 depicts the behavior of lattice

parameters as a function of TA. The values of the parameters grow

slightly as a function of the TA.
Film

The dislocation density (δ) is evaluated utilizing the next ex-

pression [26]:

The likelihood made of the TC is for a given orientation. It can be

utilized to ascertain the averages of D and ξ and can consequently
outperform the Williamson and Hall expression [26] utilizing:

ZnO:Al 0.2%

ZnO:Al 0.6%

ZnO:Al 5%
Table 2 shows an example of grain size, microstrain, and disloca-

tion density values (the values of all samples are not shown here).

RT

TA = 220°C

TA = 295°C
TA = 370°C
RT

TA = 220°C

TA = 295°C
TA = 370°C
RT

TA = 220°C

TA = 295°C
TA = 370°C

a = b (Å)
4.924

4.963
4.965
4.968

4.957

5.022
4.995
4.967

4.956

5.006
5.029
5.015

c (Å)
14.271

14.257
13.921
14.670

13.995

14.767
14.542
14.539

13.988

14.276
14.276
15.290

Table 3: Lattice parameters of all ZnO: Al% thin films.

We note that the parameter c decreases from 14.670 Å to 13.988

Å corresponding to the increase in the Al content from 0.2 to 5% at
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Figure 3: Variation in the lattice parameter (a=b) of ZnO:Al
0.2%, 0.6% and 5% thin films as a function of TA.

ZnO:Al 0.2%

ZnO:Al 0.6%

ZnO:Al 5%

Film

D (nm)

RT

19.72

TA = 220°C

21.17

TA = 295°C

22.04

TA = 220°C
RT

TA = 370°C
RT

TA = 295°C
TA = 370°C

TA = 220°C

TA = 295°C
TA = 370°C

ξ (x10-3)
6.34

6.02

δ (1015
lines/m2)
2.57

2.23

5.61

2.05

15.10

9.00

4.38

25.41

5.65

1.54

23.40
12.72

16.96
17.37

26.49
32.47
33.21

5.34

9.92

7.27
7.22

4.74
3.93
3.83

(a)

1.82
6.18

3.47
3.31

(b)

1.42
0.95
0.91

Table 4: Grain sizes, microstrain, and dislocation density of ZnO:
Al% thin films annealed at various temperatures (220°C, 295°C,
and 370°C).

The evolution of the crystallite size of ZnO: Al% thin film as a

function of TA is reported in figure 4 (a), and indicates an increase

in the grain size with the increase in the TA owing to the increase

in the atoms mobility and crystallite cross involving to form larger
grains [30]. The variation in the microstrain and dislocation den-

sity with TA is presented in figure 4 (b and c) respectively and in-

dicates the reduction of both values as a function of TA which con-

firms the improvement in the crystalline quality and the deduction

(c)

Figure 4: Variation in the crystallite size (D) (a), microstrain (ξ)
(b), and the dislocation density (δ) (c) of ZnO: Al% thin films as
a function of TA.

in the lattice defects.
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The inclusion of Al in the ZnO lattice is known to have the char-

acteristic absorption of the Al-O stretching mode. In summary, the

hypothesis that there is at least some of the carbon, oxygen, and hydrogen co-exist as defect complexes in the ZnO thin films. The heat

treatment of the samples changes their lattice parameters. In other
words, the annealing process causes a change of oxygen composition and oxygen defects such as oxygen vacancies (VO) and oxygen

interstitials (Oi). Also, this process creates a structural modification

such as a change in the crystallite size, microstrain, and dislocation
density. The variation of crystallite size is not shown as monoto-

nous behavior, indicating that these evolution types are probably
caused by an aggregation of many crystallites [31].

AFM microscopy
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Atomic force microscope is employed to explore the surface to-

pography of ZnO: Al% films annealed at 220°C and at different Al

content of (0.2, 0.6, and 5%) As shown in figure 5. The variation in
the surface topography image at different annealing temperatures
TA (220°C, 295°C, and 370°C) is shown in figure 6 for the sample

containing 5% Al concentration. As indicated from the figures the

film surfaces are consist of separate islands with dendrite shapes.

Furthermore, the layer is constituted by small coalescent islands
indicating reduced diffusion mobility of the ZnO: Al% molecules

on the substrate. The different surface morphologies are evolved

relying on TA and Al%. The AFM images indicate the increase in the

grain size with the annealing treatment which accordingly increas-

es the surface roughness (see Figure 6). As for this the ZnO: Al 5%
thin films annealed at 370°C has a higher surface roughness [32].

Figure 5: AFM images of ZnO: Al% (0.2, 0.6, and 5%) thin films annealed at 220°C in the air for 1 h.
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Figure 6: AFM images of ZnO: Al 5% thin films for different TA (220°C, 295°C, and 370°C) in the air for
1 h.

The behavior of surface rugosity is the same as the extracted

Another important note is that the ZnO: Al 5% (annealed at 220°C)

and more uniform than other samples with the same Al% content.

showed severs aggregation, and we observed an increase in the ex-

grain size values from XRD. In contrast, the surfaces of ZnO: Al 5%

thin films annealed at 220°C in the air become much smoother
Thus, the better structural quality smoothly, and uniformity of ZnO:
Al 5% thin films are obtained when annealed at 220°C. This is confirmed by the root mean square (RMS) surface roughness. The RMS

of ZnO: Al 5% thin films for different TA (220°C, 295°C, and 370°C)
in the air are about 13.87 nm, 25.66 nm, and 29.64 nm, respectively.
This observation is in agreement with those found by X-ray diffrac-

tion analysis (see table 4). The tapping-mode topography AFM im-

ages of ZnO: Al% annealed at 220°C layers are shown in figure 5.

surface is rougher than that of the ZnO: Al 0.2% and ZnO: Al 0.6%
(annealed at 220°C). The films became less homogeneous and

tracted grain size values from XRD and a variation in the thickness

of the device. The root means square (RMS) surface roughness of
ZnO: Al% (0.2, 0.6 and 5%) thin films annealed at 220°C in the air
are about 6.61 nm, 4.917 nm, and 13.87 nm, respectively.
Reflectance and transmittance spectra

The transmittance and reflectance measurements of ZnO: Al%

thin films are scanned in the wavelength range of 300-1800 nm
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using UV-Vis spectroscopy for all samples under consideration as

shown in figure 7. The increase in the TA had successfully enhanced
the optical transmittance of the films. The average transmittance

faintly varied along with the TA, it increased from 79 to 85% for in

the film containing 0.2% Al, from 65 to 84% in the case of doping

with 0.6%, and from 84 to 88% as the TA increased from 220°C to
370°C. However, it showed a very high increase compared with asdeposited film (increase about 8% for ZnO:Al 0.2%, 21% for ZnO:Al

0.6% and 33% for ZnO:Al 5%). This improvement is due to the
better-formed crystallite and indicated that our annealing treat-

ment was very efficient and improved the transmittance of ZnO:
Al% films. From figure 8, all films have high transparency within

the visible range with an average transmittance lying between 84%
and 88% which means a good optical quality due to low scattering
or absorption losses [33].

(a)

(c)

Figure 7: Transmission and reflection spectra of doped coated
ZnO:Al 0.2% (a), ZnO:Al 0.6% (b) and ZnO:Al 5% (c) thin films
as a function of TA.

Figure 8: Optical transmittance spectra of ZnO: Al% films with
various Al%. All films were annealed at 370°C in the air for 1h.

Bandgap energy and Urbach energy calculation

An analysis of the optical band-gap energy Eg of the thin films

has been made using the optical absorption coefficient α determined by the next expression [34]:

(b)

Figure 9 (a) illustrates an example of absorption coefficient

evolution with the photon energy (ZnO: Al 5%) and figure 9 (b)

presents an example of the plot ln(α) versus photon energy (ZnO:
Al 5%).
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As shown in Figure 9 (c), the optical band gap Eg esteems were

concluded to agree with the formula [35]:
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Where A, Eg, and hν are constant characteristics of the semicon-

ductor, the optical band gap energy, and the absorption coefficient,
respectively. The optical band gap values are given in table 5 and

show an increase from 3.50 eV to 3.63 eV with increasing doping

percentage (Al) from 0.2% to 5%. This agrees with other workers
[36], for increasing Al%. This effect is due to the Burstein-Moss effect, which implies an enhancement in the Fermi level in the con-

duction band of semiconductors due to increased carriers, leading
to the widening of the optical band-gap [37].
Film

ZnO:Al 0.2%
(a)

ZnO:Al 0.6%

ZnO:Al 5%

RT

TA = 220°C
TA = 295°C
TA = 370°C
RT

TA = 220°C

TA = 295°C
TA = 370°C
RT

TA = 220°C

TA = 295°C
TA = 370°C

α0 (m-1)

Eg (eV)

Eu
(meV)

0.213

0.480

3.50

215

0.176

3.48
3.39

213

0.110

0.073

0.060
0.158
0.133

0.071

0.027
0.007
0.004

3.43

3.53

3.42
3.45
3.39

3.63

3.54
3.50
3.43

226
208

205

203
214
210

206

195
183
179

Table 5: Optical gap, Urbach energy, and α0 of ZnO: Al% thin films
annealed at various temperatures.

(b)

The variation of the optical gap of ZnO: Al% thin films as a func-

tion of the TA is reported in figure 10 which indicates a reduction in

the optical gap values for all film samples as the TA increased from

220-370°C. The cutback of the optical band gap with increasing TA

can be due to the enhanced crystallinity and decreased defects of
the films. Similar results have been reported in the work of Jianguo., et al. [38] and Mudjat., et al. [39].

(c)

Figure 9: The plot of α (a), ln(α) (b) and (αhν)2 (c) versus
photon energy of ZnO: Al 5% thin films.

Figure 10: The plot of Eg versus TA for ZnO: Al% thin films.
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The growth of the crystallite size and the decrease of the mi-

11. It is obvious that the values of k diminish in values of all wave-

mis state in the gap of ZnO thin films [40]. The apparent bandgap of

coefficient, where the extinction coefficient relies upon the absorp-

crostrain are the main reason behind the performance of the optical

properties. In the same context, the emergence of Al creates a pera semiconductor is increased as the absorption edge is pressed to
higher energies as a result of all states close to the conduction band

being occupied. This is was observed for a degenerate electron dif-

length (350-800nm), while it increases after annealing the samples
(220, 295 and 370°C), this is attributable to the rise in absorption
tion coefficient by the accompanying expression:

fusion such as that found in some degenerate semiconductors and
is known as a Burstein–Moss shift [41].

In our layers, the Al species grown into and on the ZnO matrix

caused this degenerate electron distribution and increase the gap
energy for such TA and Al% combination. The inclusion of an impu-

rity into the semiconductor frequently results in the development

of band tailing in the bandgap. The optical transitions between

connected states in the valence band tail to unpopulated states of
the conduction band edge prompt an exponential reliance of the

absorption coefficient α on photon energy near the band edge.

This implies the advancement of the Urbach energy could offer a
thought regarding the immediate impact of Al% into ZnO lattice.

The absorption spectra clarify a broadening tail for bringing down
photon energies under the band edge, which can be depicted by

(a)

[42]:

Where Eu, α, and α0 are the Urbach energy corresponding to

band tails width of the localized states in the bandgap, the experi-

mentally deduced optical absorption profile and a constant, respec-

tively. The values of Eu are calculated as the reciprocal gradient of

the linear portion of the plot. As seen in table 5, the Urbach energy

estimation for all thin-film samples with different TA (220°C, 295°C,
and 370°C) does not represent monotonous behavior. Urbach en-

(b)

ergy is expressing the stability of doping agents inside host structures which means in our case, the VO and Oi governed the optical
response of our system.

Refractive index and extinction coefficient
The extinction coefficient (k) indicates the amount of attenua-

tion when the electromagnetic wave propagates through the mate-

rial. It is a frequency-dependent value that measures the energy

loss of electromagnetic radiation. The reliance of the extinction coefficient on the wavelength in the range 350-800 nm of ZnO: Al%

samples annealed at different temperatures are shown in figure

(c)

Figure 11: Extinction coefficient k versus λ of ZnO:Al 0.2% (a),
ZnO:Al 0.6% (b) and ZnO:Al 5% (c) thin films deposited at
various TA.
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The extinction coefficient decreases as a function of TA and Al%

reaches low values in the visible and near-infrared ranges, as seen

in figure 11 and figure 12. Which explains the transparent property

of ZnO: Al% prepared films which suggested an optical windows
application. Moreover, a slight increase of the k value can be ex-
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dex increased, which means the compactness of the film raise. For
ZnO: Al 0.2% thin films are not the same case, this could be related
to the type of the site occupation by Al.

plained by the metallic character of such oxide film [43]. Determination of the refractive index of thin films is important for optical
applications. In optics, the refractive index “n” of an optical way is a

dimensionless number that describes how light, or any other radia-

tion, propagates through that medium. Refractive index is resolved
from the absolute estimations of the absorbance and transmittance
of the researched films utilizing the expression [44]:

(a)

(b)
Figure 12: Extinction coefficient k versus λ of ZnO:Al% thin
films deposited at 370°C.

Where R is the optical reflectance. Plots in figure 13. represent

the dispersion in the refractive index for the doped ZnO films in the
investigated range of wavelengths, it indicates for all compositions
that then decreases with increasing wavelength for all samples in

the visible range. The calculated variation of n changeable with the

wavelength for ZnO: Al% annealed at 370°C is shown in figure 14.
We note that the n (ZnO: Al 0.6% and 5%) increase as a function

of TA, this is not the case for ZnO: Al 0.2%. the n (ZnO: Al 0.6% and

5%) behavior could be explained by the fact that the refractive in-

(c)

Figure 13: Refractive index n(λ) of ZnO:Al 0.2% (a), ZnO:Al

0.6% (b) and ZnO:Al 5% (c) thin films deposited at various TA.
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Figure 14: Refractive index n(λ) of ZnO: Al% thin films
deposited at 370°C.

(a)

In the same context, the variation of the porosity of our films

is opposite to the behavior of the refractive index. Moreover, the
exact origin of this behavior is the variation in defects such as VO,

Oi, zinc vacancies, Zuni, and oxide antisites. The oxide antisites are

the main cause of the opposite behavior in ZnO: Al 0.2% thin films.
The slight increase in the values of k at the wide wavelengths is

due to the contribution of the absorption of the free carriers which

is much stronger in the doped layers. In addition, k (λ) decreases
with the increase of TA. The small values of k (λ) in [350-800] nm

range, implies that these layers are transparent as shown in the

(b)

transmission spectra. Furthermore, Akkari., et al. [45] suggested
that the very low values of k indicate the surface smoothness and
homogeneity of the films.

Dielectric characterization
From the refractive index and the extinction coefficient results,

we have analyzed the real and imaginary parts of complex dielec-

tric constant ε(λ) of ZnO: Al% (0.2%, 0.6%, and 5%) with annealing
at different temperatures utilizing the next expression:

ε1

and

ε 2 are the real part of the permittivity and the imagi-

nary part of the permittivity, respectively. figure 15 and figure 16

show the dielectric constants ε1 and ε2 in terms of wavelength. The
estimations of ε1 and ε2 are concluded from n and k as indicated by

surely understood relations [46]:

(c)

Figure 15: Real part ε1 of the dielectric permittivity versus λ for
different TA of ZnO:Al 0.2% (a), ZnO:Al 0.6% (b) and ZnO:Al 5%
(c) thin films.
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Figure 16: Real part ε1 of the dielectric permittivity versus λ for

(a)

T = 370°C of ZnO: Al% thin films.

The dependence of the ε1 on the wavelength is shown in figure

15 for the doped ZnO sample. Observe from this figure that the ε1

depends on the refractive index by equation (14) because the ef-

fect of the extinction coefficient is very small maybe canceling.

The ε1 is increasing after annealing for all samples with increasing

wavelength and with Al%, moving the vertex of the curve to higher

wavelengths were happened with increasing Al% may be attributed to related ε1 with refractive index by equation (14). The plots of

ε1 are similar to the refractive index because of the smaller values of

k. The values of ε2 depend mainly on the k values. ε2 is lower than ε1
which proves that the energy loss of light through thin films is low.

(b)

Figure 15 and figure 16 reflect the same conclusion from the refractive index behavior. The ε2 as a function of wavelength is shown in

figure 17. The imaginary part depends on k by (15) because the n is

very small [45]. Figure 17 and figure 18 show the presence of oscillations that decrease with increasing TA. This leads to the decrease

of the energy loss with TA which is confirmed by the improvement

of the crystalline quality of ZnO: Al% thin films with the increasing

of TA. This is consistent with the increase of the transmittance of

films with increasing TA. The ε2 decrease as a function of TA and
Al% [48].

Cauchy model
The evolution of the refractive index concerning the Cauchy ap-

propriation was watched in all ZnO: Al% thin films:

(c)

Figure 17: Imaginary part ε2 of the dielectric permittivity

versus λ of ZnO:Al 0.2% (a), ZnO:Al 0.6% (b) and ZnO:Al 5% (c)
thin films deposited at various TA.
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ZnO:Al 0.6%

ZnO:Al 5%

RT

1.64

225149.32

TA = 370°C

1.70

107315.36

TA = 220°C
TA = 295°C

1.60
1.54

2.7

23

160895.74

2.56

63963.50

2.38
2.92

RT

1.71

229216.27

2.95

TA = 370°C

1.58

84722.37

2.52

TA = 220°C
TA = 295°C

1.67
1.62

109080.69
92385.84

2.82
2.65

Table 6: Values of the fitting parameters A and B obtained by

Figure 18: Imaginary part ε2 of the dielectric permittivity

using the Cauchy law for ZnO: Al% thin films annealed at various
temperatures.

versus λ of ZnO: Al% thin films deposited at 370°C.

Where A, B, λ are the Cauchy’s parameters and the wavelength

of the used light, respectively, implying that the films have normal
dispersion for the entire range of studied wavelengths.

Figure 19 depicts the evolution of refractive index n as a func-

tion of a square inverse wavelength and their fit by Cauchy law for

ZnO: Al 0.2% at different TA. Table 6 shows the Cauchy parameters
and the static dielectric constant

ε s evolution for all samples. The
ε s evolution

Cauchy parameters and the static dielectric constant

as a function of Al%. We note that A decreases slightly with TA increase, and its value is of the order of the ZnO thin film refractive
index, whereas B increases as a function of Al% and decreases as

a function of TA for each Al%. The porosity is proportional to pa-

rameter B, which explain that the porosity increase as a function of

Al%. The XRD parameters evolution such as microstrain and dislo-

Figure 19: Variation in the refractive index n as a function of
1/λ2 for ZnO: Al 0.2% thin films annealed at various
temperature layers as deduced from Cauchy law fit.

cation density reflects the impact of change in porosity and densifi-

Drude-Lorentz model

function of TA and Al%. The estimations of Cauchy parameters have

the evolution of the real dielectric constant part ε1 :

cation layers caused by relaxation and reorganization phenomena,
which the evolution of the second Cauchy parameter reflects as a
a huge relationship with the crystalline structure and the ionicity
of ionic or covalent oxide materials.

ZnO:Al 0.2%

Film

A

B (nm-2)

εs

RT

1.81

130513.19

3.28

TA = 370°C

1.67

97985.94

2.80

TA = 220°C
TA = 295°C

1.75
1.73

111944.67
102229.28

3.08
3.02

For larger wavelengths, Drude-Lorentz expression can explain

Where

ε∞

and

ω p2

are the limiting value of the high-frequen-

cy dielectric constant and the plasma frequency, respectively.

ω p2 = Ne 2 ε 0 me* with

e,

ε0

and

N me* are

the elementary

charge, the vacuum permittivity, and the ratio of carrier density
to the effective mass. Figure 20 depicts the evolution of the real
dielectric constant part

ε1 as a function of square wavelength for

ZnO: Al 0.2% and shows the fits deduced by the Drude Lorentz
model.
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RT

2.54

23.56

24

8.13

TA = 220°C

2.43

17.58

6.07

RT

2.88

8.91

3.08

ZnO:Al
0.6%

TA = 295°C

ZnO:Al
5%

TA = 295°C

2.48

TA = 370°C

2.81

TA = 220°C

2.79
2.73

TA = 370°C

2.66

7.48

11.43
8.50

22.68
10.89

2.58
3.95
2.93
7.82
3.76

Table 7: Values of the high-frequency dielectric constant ε ∞ ,

Figure 20: Variation in the real dielectric

1

constant part as a

function λ of for ZnO: Al 0.2% thin films annealed at
various temperatures.
2

Table 7 shows the Drude Lorentz parameters for all samples.

The Drude Lorentz parameters evolution as a function of Al%. This
allows us to determine the evolution of

ε∞

and which respectively

represent high-frequency dielectric constant and plasma frequency. We can conclude that the high-frequency dielectric constant

ε∞

decreases as a function of TA this could be attributed to the struc-

tural defect variation as a function of temperature. Especially, the

XRD results show that the crystallinity quality change as a function

of TA. On the other hand, the plasma frequency decrease as a function of TA for both ZnO: Al 0.2% and 0.6%. In contrast, ZnO: Al 5%

show inverse behavior this could be explained by the fact that Al

species grow on the top of the ZnO network and they will change

the conductor behavior. It is important to note that ZnO: Al 0.6%
shows the high carrier density value this could be lead to say that

the Al species don’t grow on the top of the ZnO network but it is

only growing into the ZnO network (VO, Zuni). These conclusions
are in good agreement with the XRD data.
Film

ZnO:Al
0.2%

ε∞
RT

TA = 220°C

TA = 295°C
TA = 370°C

ω p2 x1011

N me* x1038

3.32

16.42

(rad2 s-2)
3.10
3.06
2.79

(m-3kg-1)
12.25
10.79
10.02

Film

the plasma frequency

effective mass N

ω p2 , and the ratio of carrier density to the

me* of ZnO: Al% thin films annealed at various
temperatures.

In conclusion, the values of

ε ∞ are of the same order as those

of the static dielectric constant are determined from the Cauchy
model. The slight change in the carrier density to effective mass
ratio may be caused by the change in the dipole-dipole interaction

and relaxation phenomena, after the reorganization of the ZnO

network as a function of TA and Al%, between the ZnO network

and Al species. This change could be explained by the probability

of the reaction of other defects in the ZnO network. The analysis
of the reflectance and transmittance spectra using a theoretical

model allowed the determination of the optical parameters. The
dependence of these parameters on the incident wavelength for
the different samples has been analyzed using classical Cauchy,

Drude–Lorentz, Tauc, and Urbach energy models and allowed the

determination of pertinent optoelectronic parameters. The evolution of these optoelectronic parameters with TA and Al% can be un-

derstood in terms of disorder caused by ZnO: Al% layers morphology change which is due to several transfer processes providing a

variation in energy and relaxation in these thin films. The increase
in Al species concentration leads to a decrease in ε s , indicating a

decrease in the densification of the material and a decrease in the
energy gap improving the semiconductor character.

The evolution of optical parameters could be attributed to the

5.66

imperfection in ZnO crystal, particle shape, and particle size. Since

3.46

be due to the increase in the concentration of defects in the crys-

4.22
3.73

the doping did not affect the grain size significantly and the rod
structure shape, the slight decrease or increase of Eg value might

tals with doping. The doping results in the rise of additional band
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tail states, leading to shrinkage of the bandgap. This phenomenon,

which causes the decrease in Eg, is generally in competition with

another called: the Burstein Moss shift. This phenomenon induces
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