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Abstract
Pure and Al-doped ZnO (AZO) thin �lms with different aluminium (Al) concentrations (Al: 0.5, 1, 2, and 3
wt.%) were prepared on p-type Si(100) substrate by a dip-coating technique using different zinc and
aluminum precursors. The structural, morphological, optical and electrical properties of these �lms were
investigated using a number of techniques, including the X-Ray Diffraction (XRD), scanning electron
microscopy (SEM), Atomic force electron microscopy (AFM), ultraviolet–visible spectrophotometry,
photoluminescence(PL) spectroscopy and four-point probe technique. The X-ray diffraction (XRD) results
shown that the obtained (AZO) �lms were polycrystalline with a highly c-axis preferred (002) orientation,
and the average crystallites size decrease from 28.32 to 24.61 nm with the increase in Al dopant
concentration. The studies demonstrated that the ZnO �lm had a good transparency in the visible range
with the maximum transmittance of 95% and the band gaps (Eg) varied from 3.16 to 3.26 eV by alumium
doping. Scanning electron microscopy (SEM) images showed that the surface morphology of the �lms
changed with increase of Al-doping. The photoluminescence spectra also showed changed with Al-
doping.

1. Introduction
Zinc oxide (ZnO) is an important and one of the most multifunctional semiconductor material used in
different applications’ domains like gas sensors [1], light emitting diodes (LED) [2], optoelectronic devices
[3–5], window materials [6] and solar cells [7–10], owing to its direct wide band gap (3.37 eV) [11, 12]
with a natural conductivity of type (n) and high exciton band energy (60 meV) at room temperature [13,
14].

Several physical and chemical deposition techniques were adopted to synthesize doped or un-doped zinc
oxide �lms including, laser deposition [15, 16], sputtering [17], molecular beam epitaxy (MBE) [18],
evaporation [19], chemical vapor deposition (CVD) [20], electrochemical deposition [21], spray pyrolysis
[22–24], chemical bath deposition (CBD) [25, 26], successive ionic layer adsorption and reaction ( SILAR)
[27], sol–gel method [28–30]. Among them, the Sol–gel (dip-coating) is a suitable method, because of its
simple, low cost, e�cient, easy control of doping, lower crystallization temperature and large-scale
capability [31].

It has been reported that the doping of Zinc Oxide (ZnO) with various metal elements such as gallium
(Ga), indium (In), Tin (Sn), Lead (Pb), Iron (Fe), Nickel (Ni) and aluminum (Al) improve some of its
properties [32–38]. Among them, aluminum (Al) is commonly used to form Al-doped ZnO (AZO) to
improve the conductivity of zinc oxide [39]. In the present work, undoped and Al- doped ZnO thin �lms
were prepared by a dip-coating technique using different zinc and aluminum precursors and the effects
of aluminum doping (concentration of Al: 0, 0.5, 1, 2, and 3 wt.%) on the structural, morphological, optical
and electrical properties of ZnO thin �lms were examined.

2. Experimental Details
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2.1. Sample Preparation:
The dip coating method was applied to deposit the undoped ZnO and Al-doped ZnO (AZO) thin �lms (Al:
0.5, 1, 2 and 3 at%) on both glass and p-type Si substrates of (100) plane. During the preparation of sol-
gel, zinc acetatedehydrate Zn(Ch3COO)2.2H2O was used as the precursor material, ethanol (C2H6O) as the
solvent, monoethanolamine (MEA) C2H7NO as the sol stabilizer, and aluminium chloride hexahydrate
(AlCl3.6H2O) as the dopant source.

The starting solution was prepared by 0.37 M of Zinc Acetate dissolved in 50 ml ethanol at room
temperature and stirred for 15 minutes. After, heat was increased and maintain at 60°C for another 15
minutes. After that, MEA was added into the solution drop by drop in order to get the molar ratio of MEA
and zinc was �xed at 1, and this is followed by aluminium chloride hexahydrate as the doping agent with
various Al/Zn atomic ratios of Al; 0.5%, 1%, 2% and 3%. The temperature of the mixture was retained at
60°C and stirred for 2 hours. After a light yellowish clear and homogeneous solution was obtained, it was
left at room temperature for 24 hours to allow aging process.

After conventional chemical cleaning of the substrates, the thin �lms were deposited on Si substrates by
dip coating process, at the speed of 3 mm/s. The thin �lms were dried at 300°C in air for 10 min to
remove the solvent and organic residuals. The cycle process of dip coating to drying was repeated 3
times (3 Cycles) to obtain multilayer �lms. At last, ZnO-Al thin �lms were annealed at 500°C in air
ambient for 1 hour. A schematic drawn of the sol-gel dip coating process for the synthesis of the undoped
and Al doped ZnO thin �lms is depicted in Fig. 1.

The structural, morphological, optical and electrical analysis of �lms has been investigated by XRD, AFM,
SEM, UV spectroscopy, PL spectrophotometer and four-point probe technique were used to characterize
the obtained ZnO thin �lms.

2.2. Characterization techniques:
The structure of the �lms is characterized by the PANalytical X’PERT Pro Philips diffractometer with a
CuKα radiation (λ = 1.54059 Å). The �lm thickness was obtained by ellipsometry using SEMILAB
Spectroscopic Ellipsometter. The morphology of the �lms was checked by scanning electron microscopy
(SEM) JEOL JSM 6610 LA. The optical properties are determined by measuring the transmittance of the
�lms using a spectrophotometer (Cary 500) in the wavelength range (300-1200) nm on glass substrates.
The room temperature photoluminescence (PL) was performed using He-Cd laser as an excitation source
operating at 325 nm. The PL spectra were recorded using HORIBA spectrometer iHR-550 equipped with
CCD detector (400–1000 nm). Finally, the electrical properties (sheet resistance) of the �lms were
measured using the four point probe conventional instrument.

3. Results And Discussion

3.1. X-ray diffraction (XRD) analysis:
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Figure 2 shows the X-ray diffraction (XRD) patterns of undoped ZnO (Figure 2.a) and Al-doped ZnO thin
�lm deposited on silicon substrates with concentration (Al: 3 wt. %) is presented on Figure 2.b. The XRD
patterns shown in Fig. 2a exhibits several peaks located at 31.75°, 34.44°, 36.30°, 47.01°, 56.95° and
62.96°, corresponding to ZnO at orientations (100), (002), (101), (102), (110) and (103) respectively, with
preferential orientation at (100). In addition, we observed that all peaks were in good agreement with the
data base of standard ZnO (JCPDSN° 00-005-0664) with space group P63mc [40]. This analysis reveals
the existence of a ZnO single-phase with a hexagonal wurtzite structure. The comparison of all XRD
patterns of as prepared samples with the ASTM speci�cations ZnO con�rmed that we have only the
peaks of ZnO phase in the XRD spectrum. This result suggests that the deposited AZO �lms are
polycrystalline with (002) as preferential orientation located around 34.40° (Fig. 2b). The intensity of the
peak (002) increases proportionally with the concentration of Al up to achievement the maximum which
is 3 wt% of Al. There is no extra peaks related to Al or secondary phase was observed before and after
incorporation of (Al) in the ZnO thin �lms. This is due to difference in ionic radii of Zn2+ (0.74 Å) and Al3+

(0.54 Å) which it replaces their sites without changing the wurtzite structure of ZnO [41].

The lattice spacing of undoped and Al doped ZnO thin �lms were calculated using the Bragg’s formula
[42]:

2dhklsinθ = nλ

1
Where (h k l) are Miller indices; dhkl is the lattice spacing; θ is half of Bragg angle; and λ is the wavelength
of the target XRD. Further, the lattice parameters (a,c) values calculated from the spectra obtained,
determined from relation [43]:

1
d2

hkl
=

h2 + k2

a2 +
l2

c2

2
The average crystallite size was decreased with increasing Al doping concentration and calculated using
the Debye– Scherrer’s formula [32]:

D =
K. λ

βcosθ

3
Where: « D » is the crystallite size; « λ » is the wavelength of the incident X-rays used (1.54059Å); « k » is
the Scherrer constant; « β » is the full width at half maximum (FWHM) of the diffraction peak and « θ » is
half of Bragg angle in degrees. The calculated structural parameters such as the position, FWHM, the
lattice parameters "a" and "c", the grain size "D" and the average crystallite sizes are listed in Table 1.

Table 1. XRD parameters of ZnO undoped and Al-doped ZnO (Al: 3 wt. %).
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As illustrated in Table 1, it was found that the grain size "D" of the undoped ZnO �lm is estimated to be
22.62, 20.77 and 41.57 nm according to the (100), (002) and (101) orientation while it is estimated to be
29.60 and 19.63 nm according to the (100) and (002) orientation of the Al doped ZnO thin �lms,
respectively. Consequently, the average crystallite sizes of undoped and Al-doped ZnO (Al: 3 wt. %) were
28.32 nm and 24.61 nm, respectively [45–47]. Hence, the sharp peaks of the Al-doped ZnO (Al: 3 wt. %)
�lm indicated high quality crystal growth, with relatively large crystallites according to the (002)
orientation compared to that of undoped ZnO. Also, the values of lattice parameters (a, c) are distinctly
show that for 3% Al the "c" parameter decrease while the "a" parameter increase, meaning the good
insertion of Al atoms in the substitutionnal Zn sites, as mentioned above.

3.2. Atomic Force Microscopy (AFM) analysis :
Figure 3(a) and Figure 3(b) show typical 3D AFM images for 02 µm x 02 µm scanning of undoped ZnO
and Al-doped ZnO (Al: 3 wt. %) semiconductor thin �lms deposited by dip coating method. It is observed
that the Al-doping (Al: 3 wt. %) signi�cantly affect the morphology and rougness of the ZnO �lms. The
surface roughness (Arithmetic Average,Ra and Root Mean Square,Rq) increases from (Ra=1.1, Rq=1.3) to
(Ra=2.13, Rq=2.68) with Al-doping concentration. This implies that the �lms have a smooth surface. It
was also observed that the undoped ZnO �lm tend to form clusters.

It is worth noting that this lowers roughness and smoothness of the surface can assist transmit further
light into absorber layer [48].

3.3. Scanning electron microscopy (SEM) analysis:
The morphology of undoped ZnO and doped with 0.2 and 3 wt.% of Al thin �lms was analysed by
Scanning Electronique Microscope (SEM). From Fig. 4, one can see that the surfaces of all �lms exhibit a
wrinkles-like morphology. The wrinkles-like formations are interconnected with each other, and do not
have a particular orientation. Additionally, increasing the doping rate causes the morphological change of
layers that affect the mechanisms of the nucleation and on wrinkles growth. Their length exceeds 10 µm.
The wrinkles-like formations are thinner in the case of ZnO thin �lm doped with 3 wt% Al. This
morphology is similar to that observed by other researchers [49]. Other scienti�c researchers have also
suggested a link between the size of wrinkles and the percentage of dopants [50].

3.4. Optical (UV-vis-NIR) analysis :
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Figure 5 shows the optical transmittance versus wavelength spectra of AZO �lms taken in the wavelength
range, 350–1200 nm. As can be seen from Fig. 6, all the �lms were highly transparent in the visible range
(400–700 nm) with a high transmittance. The undoped ZnO �lms showed an optical transmittance of >
70% while the Al-doped ZnO �lms with higher dopant concentration (> 1 at.% exhibited slightly high
optical transmittance (> 85%) than �lms with lower doping concentration (≤ 1 at.%) of aluninium. In the
present study, the absence of interference peaks in the transmittance spectra might be attributed to low
�lm thickness and small grain size of the grown �lms [51].

From transmittance measurements can be estimated by the optical band gap considering a direct gap
semiconductor. The band gap (Eg) was calculated by using the relation [52, 53]:

(αhv)2 = K hv − Eg

4
Where « h » is Planck's constant, « υ » is the frequency of the incident radiation, « K » is a constant and Eg

is the band gap energy. The absorption coe�cient α could be calculated using equation [54]:

α =
−ln(T)

d

5
Where « T » is the transmittance and « d » is the thickness of the �lm.

Figure 6 shows the plots of (αhν)2 against (hν) for the undoped and Al-doped ZnO thin �lms. The energy
band gap (Eg) of as prepared samples can be determined by extrapolating the linear part of the straight
lines onto the energy axis to reach (αhν) = 0. As can be seen from Fig. 6, Eg (pure ZnO) is equal to 3.09 eV.
This value increased slightly with increasing Al doping concentration. The highest optical band gap, 3.26
eV, was achieved in the ZnO thin �lms doped with 3% Al [49]. The estimated optical band gaps are
identical to those reported by several authors; this enables undoped and doped ZnO thin �lms to be a
transparent material and justi�es their use as front windows in optoelectronic devices [49, 50, 55].

3.5. Photoluminescence (PL) analysis:
The luminescence emission spectra are shown in Fig. 7 emitted from the samples of undoped and Al-
doped ZnO (Al: 0.5, 1, 2 and 3 wt. %) thin �lms. Under the same conditions in range of 300 to 550 nm, all
photoluminescence spectra were performed using He-Cd laser as an excitation source operating (325 nm)
at room temperature. In this �gure, it can be seen that there are different PL bands, including the
Ultraviolet (UV) emission 377 nm, Violet-II emission 436 nm, Blue emission 473 nm and Green emission
518 nm. The intensity of UV emission at ~ 377 nm increased as the Al doping increased up to 2 wt.% and
then decreased at 3 wt.% Al. The high intensity of a green emission band at ~ 518 nm was obtained in
ZnO:Al (Al: 1, 2 and 3 wt. %) thin �lms as compared with that of undoped �lms. Nevertheless, the
incorporation of alumunium in ZnO affects the photoluminescence signi�cantly. Also, there are many

( )
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other emission bands corresponding to the visual �eld, mainly emanated from some defects such as Zinc
interstitial and oxygen de�ciency etc [45, 56–61].

3.6. Electrical Properties
The nature of the charge carriers were measured by the hot probe method. Pure and Al doped ZnO
exhibits n-type conductivity. Fig. 5 shows the variation of electrical resistivity with different aluminium
(Al) concentrations (Al: 0.5, 1, 2, and 3 wt.%). The resistivity decreases with increase in aluminium doping
and varied from 54.61 to 04.592 MΩ/□. Increasing the concentration of aluminum leads to an increase
in the amount of aluminum atoms and their incorporation into the ZnO thin �lms, leading to a decrease in
sheet resistance [62]. AZO �lm with the concentration of (Al: 3 wt.%) showed excellent electrical and
optical properties with the lowest sheet resistance of 4.59 MΩ/sq and highest values of the optical gap
(3.26 eV) and transparency (> 85%), respectively.

4. Conclusion
The structural, morphological, optical and electrical properties of undoped ZnO and Al doped ZnO thin
�lms deposited on glass substrates by dip-coating process were investigated. X-ray diffraction studies
con�rm that the �lms have polycrystalline nature with wurtzite hexagonal structure and preferred
orientation along the (002) plane. The intensity of the peak (002) increases proportionally with the
concentration of Al up to achievement the maximum which is 3 wt% of Al. The average crystallite size
values of the �lms are found to be 28.32 and 24.61 nm for ZnO and AZO thin �lms, respectively. All
deposited �lms have high transparency (70-95%) with absence of interference peaks in the transmittance
spectra. The optical gap of our samples was found between 3.09 and 3.26 eV. This value increased
slightly with increasing Al doping concentration. The highest optical band gap, 3.26 eV, was achieved in
the ZnO thin �lms doped with 3% Al. PL studies show that all the �lms have near band emission. It also
showed a strong ultraviolet and visible emission band which may be attributed to the aluminium doping
leads to increase in oxygen vacancy and other defects such as Zinc interstitial etc. The AFM and SEM
results indicates that the surface roughness increases from (Ra=1.1, Rq=1.3) to (Ra=2.13, Rq=2.68) with
Al-doping concentration. Additionally, increasing the doping rate causes the morphological change of
layers that affect the mechanisms of the nucleation and on wrinkles growth. Their length exceeds 10 µm.
The wrinkles-like formations are thinner in the case of ZnO thin �lm doped with 3 wt% Al. It was seen that
the sheet resistance of ZnO thin �lms decrease with different aluminium (Al) concentrations (Al: 0.5, 1, 2,
and 3 wt.%). These results indicate that, Al doped ZnO thin �lms were synthesized by low cost sol–gel dip
coating technique can be considered as the promising candidate for solar cell applications.
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Figure 1

Stages of the sol-gel dip coating process.
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Figure 2

X-ray diffraction diffractograms of undoped and Al-doped ZnO (Al: 3 wt. %) semiconductor thin �lms.

Figure 3
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The 3D AFM images of (a) undoped ZnO (Ra=1.1, Rq=1.3) and (b) Al-doped ZnO (Al: 3 wt. %) (Ra=2.13,
Rq=2.68) semiconductor thin �lms.

Figure 4

SEM images of: a) undoped ZnO, b) Al-doped ZnO (Al: 2 wt. %) and c) Al-doped ZnO (3 wt. %)
semiconductor thin �lms.
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Figure 5

The optical transmittance spectra of undoped and Al-doped ZnO (Al: 0.5, 1, 2 and 3 wt. %) semiconductor
thin �lms.
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Figure 6

The Plot of (αhυ)2 versus hυ of undoped and Al-doped ZnO (Al: 0.5, 1, 2  and 3 wt. %) semiconductor thin
�lms.
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Figure 7

The photoluminescence spectra of undoped and Al-doped ZnO (Al: 0.5, 1, 2 and 3 wt. %) semiconductor
thin �lms.
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Figure 8

Sheet resistance of ZnO thin �lms as a function of different aluminium (Al) concentrations (Al: 0, 0.5, 1, 2,
and 3 wt.%).


