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Aluminumdoped-zinc oxide (ZnO:Al) thin filmswith thickness ~1000 nmhave been deposited by the ultrasonic
spray pyrolysis technique using low substrate temperatures in the range from 285 to 360 °C. The electrical and
optical properties of the ZnO:Al (AZO) films were investigated by Uv–vis spectroscopy and Hall effect measure-
ments. The crystallinity and morphology of the films were analyzed using X-ray diffraction (XRD), atomic force
microscopy (AFM), and high resolution scanning electron microcopy (SEM). XRD results reveal that all the films
are nanocrystalline with a hexagonal wurtzite structure with a preferential orientation in the (002) plane. The
size of the grains calculated from Scherrer's formula was in the range from 28 to 35 nm. AFM and SEM analysis
reveals that the grains form round and hexagonal shaped aggregates at high deposition temperatures and larger
rice shaped aggregates at low temperatures. All the films have a high optical transparency (~82%). According to
the Hall measurements the AZO films deposited at 360 and 340 °C had resistivities of 2.2 × 10−3–
4.3 × 10−3 Ω cm, respectively. These films were n-type and had carrier concentrations and mobilities of 3.71–
2.54 × 1020 cm−3 and 7.4–5.7 cm2/V s, respectively. The figure of merit of these films as transparent conductors
was in the range of 2.6 × 10−2 Ω−1–4.1 × 10−2 Ω−1. Films deposited at 300 °C and 285 °C, had much higher re-
sistivities. Based on the thermogravimetric analysis of the individual precursors used for film deposition, we
speculate on possible film growing mechanisms that can explain the composition and electrical properties of
films deposited under the two different ranges of temperatures.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Due to its abundance, low cost and good chemical stability, com-
pared to indium tin oxide or SnO2, aluminum doped-zinc oxide
(ZnO:Al) thin films, have attracted much attention as transparent con-
ductive contacts for applications in solar cells, electroluminescent dis-
plays, organic light emitting devices and other optoelectronic devices
[1–6]. A variety of deposition techniques, such as sputtering [1,5–8],
pulsed laser deposition [9,10], spin coating [2,11], sol–gel [12–14],
pneumatic spray pyrolysis [15–20] and ultrasonic spray pyrolysis
(USP) [21–28], have been used for obtaining ZnO:Al (AZO) films with
low electrical resistivity and high optical transparency, on different sub-
strates and at different temperatures. For applications of these films as
transparent conductive oxides in flexible displays, flexible solar cells,
flexible organic light-emitting diodes and other flexible optoelectronic
devices that use plastic substrates, low deposition temperatures (≤360
°C) are required [29–32]. The sputtering and pulsed laser deposition
techniques allow deposition of AZO films with good optical and electri-
cal properties at low substrate temperatures [5,6,10,30,32]. However
these techniques are expensive due to vacuum equipment require-
ments. The sol gel, spin coating and spray pyrolysis techniques, are
much cheaper because in general they do not need vacuum systems,
however these techniques usually require of high deposition or anneal-
ing temperatures. For example, in the case of spin coating and sol–gel
techniques, the preparation of the AZO films takes long times and it re-
quires of multiple processes of coating, drying and annealing at high
temperatures (400–550 °C) [2,11–14].

In the case of the spray pyrolysis technique, due to its inherent na-
ture, the substrate temperature must be high enough to decompose
the chemical precursors, and the deposition rate is limited to obtain a
chemical vapor deposition process on the substrate surface which
guarantees the best coating properties. For AZO films deposited
using the most common zinc precursors of zinc acetate dihydrate
[Zn(CH3CO2)2 + 2H2O], or zinc (II) pentanedionate [Zn(C5H7O2)2],
and different Al precursors such as aluminum chloride hexahydrated
[AlCl3 + 6H2O], aluminum (III) pentanedionate [Al(C5H7O2)3], dis-
solved in different solvents (methanol, ethanol, isopropanol, water),
the substrate temperatures to obtain films with low resistivity
(~10−2–10−3Ω cm) and high optical transmittance (~85%), are usually
in the range of 400–500 °C, for both pneumatic spray pyrolysis [15–18]
and ultrasonic [21–28] spray pyrolysis. AZO films with resistivities

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2015.11.053&domain=pdf
http://dx.doi.org/10.1016/j.tsf.2015.11.053
mailto:alonso@unam.mx
Journal logo
http://dx.doi.org/10.1016/j.tsf.2015.11.053
Unlabelled image
http://www.sciencedirect.com/science/journal/00406090


109M.J. Rivera et al. / Thin Solid Films 605 (2016) 108–115
about 3 × 10−3Ω cmand high transmission (T ~ 85%), have beendepos-
ited by pneumatic spray pyrolysis at lower temperatures (380 °C), using
a solution of 0.1 M of zinc acetate and 3 at.% of aluminum chloride in a
mixture of propanol and de-ionized water in a volumetric proportion
of 3:1 [20]. However, the deposition rate of films with these character-
istics is relatively low since they require a spray time of 3600 s. AZO
films have also been prepared by ultrasonic spray pyrolysis at substrate
temperatures of 350 °C, using 0.1 M of zinc acetate dihydrate and 3 at.%
of aluminum chloride dissolved in a mixture of absolute methanol,
6-methoxyethanol, some drops of NaOH solution, and stirring and
heating at 50 °C for 2 h to yield a clear and transparent solution
[21,22]. In this case, highly transparent (T ~ 80–90%) AZO films with
electrical resistivity about 6.5 × 10−2 Ω cm were obtained.

The purpose of this work was to deposit transparent conducting
films of Al-doped ZnO thin films by ultrasonic spray pyrolysis, in a
range of relatively low substrate temperatures (285 to 360 °C), using
zinc acetate dihydrate and aluminum acetylacetonate as the zinc and
aluminum precursors, respectively. The films were deposited on glass
substrates, and their structure, morphology, electric resistivity and
optical transmittance were investigated.
2. Experimental details

The AZO films were deposited by the ultrasonic spray pyrolysis
technique at atmospheric pressure, using a home-made spray system.
The start solution was made with 0.2 M of zinc acetate dihydrate
[Zn(CH3COO)2 + 2H2O] plus 3 at.% of aluminum acetylacetonate
[Al(C5H7O2)3] diluted in 8.7 parts of anhydrous methanol, 1 part of
deionized water and 0.3 parts of acetic acid. The precursor solution
was mixed at room temperature for 10 min with a magnetic stirrer, al-
though it becomes clear and transparent when the acetic acid is added.
The substrateswere 2.5 × 2.5 cm2 corning glass slices, andwere cleaned
before film deposition, using an ultrasonic bath, first with trichloroeth-
ylene, then with acetone and finally with methanol. The films were
deposited at atmospheric pressure onto glass substrates heated on a
tin bath. Since in the spray deposition system there is an extreme gradi-
ent of temperature in the vicinity of the substrate [33], the substrate
temperature was measured by contacting a thermocouple at the sub-
strate surface facing the spray. The controller was calibrated with the
temperature of the tin bath, in order to get the reported substrate tem-
peratures in the range from 285 to 360 °C. We used high purity dry
nitrogen as carrier and director gas at fixed flow rates of 5.2 l/min and
0.65 l/min, respectively. For the deposition of each film, we used the
same volume (15 ml) of the starting solution, and this volume was
consumed in around 13 min for all depositions. With these deposition
parameters, film thickness varied in the range from ~1100 to 1400 nm
(see Table 1). The optical transmittance of the films was measured, in
the range from 190 to 1100 nm, using a double beam PerkinElmer 35
UV–vis spectrophotometer. The thickness (di) of the films deposited
was calculated from the interference fringes observed in the optical
transmission spectra, using the formula [34]: di ¼ λ1λ2

2nðλ2−λ1Þ , where λ1

and λ2 are thewavelengths of consecutive peaks in the interference pat-
tern, and n is the refractive index of the films. The refractive index of
films deposited under the same conditions but with thickness
~100 nm deposited onto silicon substrates (n-type, (100), one side
Table 1
Refractive index, thickness measured from optical interference fringes and profilometry, avera
different substrate temperatures.

Sample T (°C) n Refractive index di (nm) (Interference fringe)

A 360 1.95 1198
B 340 1.95 1473
C 320 1.94 1343
D 300 1.91 1119
E 285 1.91 1347
polished) was measured by ellipsometry with a Gaertner 117
ellipsometer using the 632 line from a He–Ne laser. For the calculation
of the thickness of the films with the interference fringe formula, we
used the measured refractive index for each sample, and peaks λ1 and
λ2 only in the range from 400 to 850 nm. The thickness (dp) of the
films deposited on glass was also measured with a Sloan Dektac II
profilometer. The crystalline structure of the films was determined
by X-ray diffraction (XRD) measurements using a Bragg–Brentano
Rigaku ULTIMA IV diffractometer with an X-ray source of Cu Kα line
(0.15406 nm), at an incidence angle of 1° (grazing beam configuration).
The programused to refine and validate the obtained experimental XRD
patterns was DIFFRAC PLUS 2005. The surface morphology of the AZO
films was investigated by atomic force microscopy (AFM) and scanning
electronmicroscopy (SEM), using a JEOL JSPM-4210 scanning probemi-
croscope and a JEOL 7600F field emission scanning electron microscope
(FESEM), respectively. The chemical composition of the films was ana-
lyzed by energy dispersive X-ray spectroscopy (EDX) using an EDX
INCA X-act by OXFORD spectrometer coupled to the SEM equipment.
The operating voltage was 10 kV for the FESEM images. EDX major op-
erating parameters were: working current 4.5 × 10−10 A, voltage 10 kV,
working distance 8 mm, and the atomic number-absorption-fluores-
cence method was used for quantitative analysis.

In order to get amore accurate quantification of the amount of Al in-
corporated in the films, X-ray photoelectron spectroscopy (XPS) mea-
surements were performed using a K-Alpha Thermo Scientific
spectrometer, employing a hemispherical analyzer. The pass energy
was kept at 25 eV for narrow scans around the signal of the Al 2p core
level, and the scanning step was 0.05 eV. The Al 2p core level spectra
were recorded as the average of 100 accumulations in order to improve
the signal to noise ratio. The incident radiationwas themonochromated
radiation of Al-Kα-X-ray (1486.68 eV), with the source working at
12 kV and 6 mA. Argon ion beam etching was performed using a high-
flux, low-energy ion source operating at 1500 eV during 60 s.

The electrical resistivity, carrier concentration and mobility of the
films weremeasured at room temperature through Hall measurements
by the four point van der Pauw method, using an Ecopia HMS-3000
system. In order to get some insight on the deposition process of
the films, we made thermogravimetric-differential thermal analysis
(TG-DTG) of the Zn and Al film precursor powders, using a TGA Q5000
V.3.15 equipment from TA Instruments.

3. Results and discussion

3.1. Structure and composition

Fig. 1 shows the XRDpatterns for a series of films deposited at differ-
ent substrate temperatures from 285 to 360 °C. According to the card
number 01-070-2551 from PDF-2-(2004) data base the deposited
films are polycrystalline, and all of them show a main diffraction peak
located at 2θ = 34.5°, indicating a growth with a preferential orienta-
tion in the (002) plane (the c-axis perpendicular to the substrate
surface) of the hexagonal wurtzite ZnO structure, similar to that obtained
in AZO films deposited by USP using appropriate precursors, solvents, op-
timal Al doping level, substrate temperature, etc. [22,25–28,35,36]. The
XRD pattern of the film deposited at 285 °C, besides showing the peak
corresponding to the (002) plane, shows other peaks at 2θ = 31.8° and
ge thickness and band gap energy of AZO films deposited by ultrasonic spray pyrolysis at

dp (nm) (Prolimetry) d (nm) (Average thickness) Eg (eV) (Band gap)

1054 1126 3.28
1326 1399 3.30
1303 1323 3.41
1231 1175 3.41
1455 1401 3.41



Fig. 1. XRD pattern for aluminum-doped ZnO films as a function of substrate temperature
from 285 to 360 °C.
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56.6° which correspond to the (100) and (110) orientations of the same
wurtzite ZnO structure, respectively. The decrease in the degree of pre-
ferred (002) orientation when deposition conditions start to move
away from the optimal conditions is in good agreement with other re-
ports [22,25–28,35,36]. The average crystallite size (D) of each film was
assessed using the Debye–Scherrer formula:

D ¼ Kλ
β cos θ
Table 2
Composition, thickness, grain size, electrical and electronic properties of AZO films depos-
ited by ultrasonic spray pyrolysis at different substrate temperatures.

Sample EDX
(at.%)

d
(nm)

D
(nm)

ρ
(Ohm-cm)

Rs
(Ohm/□)

ne (cm−3) μ
(cm2/V s)

A Zn: 49.2 1126 34.9 2.23 × 10−3 19.8 3.71 × 1020 7.46
O: 50.8
Al: –

B Zn: 50.3 1399 32.6 4.3 × 10−3 30.7 2.54 × 1020 5.7
O: 49.7
Al: –

C Zn: 49.2 1323 33 1.38 × 10−2 104.3 1.89 × 1020 2.36
O: 50.8
Al: –

D Zn: 48.2 1175 30.5 2.95 × 10−1 25 × 102 3.05 × 1018 6.8
O: 50.0
Al: 0.8

E Zn: 48.8 1401 27.7 5.55 39 × 103 5.46 × 1016 20.46
O: 50.3
Al: 0.9
where, λ is the X-ray wavelength (0.15406 nm), β is the full width at half
maximum of the (002) peak, θ is the Bragg diffraction angle of this peak,
and K is the correction factor (0.9).

As Table 2 shows, the grain sizes were in the range from 27 nm to
35 nm, and the size shows the trend to have a small increase by increas-
ing the substrate temperature.

Fig. 2 depicts the AFM and FESEMmicrographs for the AZO films de-
posited at the highest (sample A) and the lowest (sample E) substrate
temperature. From the AFM micrograph of Fig. 2a) we find that the
AZO film deposited at 360 °C (sample A) consists of round shaped ag-
gregates (with sizes around 100–125 nm), of grains with sizes around
30–35 nm. In consistency with this AFM image, the FESEM micrograph
for the same sample A (Fig. 2b), shows agglomerates of round and hex-
agonal shaped andwell packed agglomerates, with average size around
100 nm. The regular and highly oriented hexagonal columnar structures
observed in this figure are in good agreement with the preferential ori-
entation observed in the XRD spectrum of this film, and is consistent
with the structures found for other AZO films deposited by USP in opti-
mal conditions [23,24,27]. The AFMand FESEM images of Fig. 2c) and d),
show that the AZO film deposited at the lowest substrate temperature
of 285 °C (sample E), is also formed of grains aggregates with sizes
around or slight smaller than 30 nm, but in this case the agglomerates
are larger and stretched or rice shaped, and are less densely packed.
Similar structures to that of sample E have been also observed in AZO
films deposited by USP in deposition conditions of high Al doping
where there are extra-aluminum atoms in the films, whichmay occupy
interstitial position that affect the nucleation and coalescence of islands
during the process of film growth, and give rise to elongated agglomer-
ates [27]. The morphology of sample E, is consistent with the morphol-
ogy reported for other AZO films deposited by USP at low temperatures,
which tend to have a non faceted, elongated grains with high aspect ra-
tios [37]. Fig. 3 shows a cross section FESEMmicrograph of the AZO film
(E) deposited at 285 °C. As can be seen the film appears well adhered to
the substrate and the islands on the surface can be clearly seen. From
the AFM and FESEM analysis of the other samples we observed that
the morphology of samples B and C was closer to that of sample A,
meanwhile the morphology of sample D was closer to that of sample
E. Itmust be pointed out that sizes of the grains observed in the AFM im-
ages of all the samples, were in the same order than the sizes calculated
for the nanocrystallites from the XRD analysis, and with the same
tendency to have a small decrease as the substrate temperature was de-
creased. The elemental compositions of the AZO films, obtained from
the EDX spectra are shown in Table 2. Fig. 4a) and b) shows the EDX
spectra of samples A and E. According to the compositions shown in
Table 2 for the samples A, B and C, which were deposited at substrate
temperatures T ≥ 320 °C, the atomic percentages of zinc and oxygen
were near the 50 at.% indicating that they are composed of nearly stoi-
chiometric ZnO. The absence of the Al characteristic peaks in the EDX
spectra of these samples, as it is absent in the spectrum of sample A of
Fig. 4a), indicates that the incorporation of Al atoms in these AZO
films is in a very low relative concentration andbelow the limit of detec-
tion of the X-ray spectrometer. Thismeans that samples A, B and C, have
aluminum concentrations at a doping level. In contrast, the EDX spectra
of sampleD and E showed, as in Fig. 4b), a small peak characteristic of Al,
and according to Table 2, these samples had [Al]/[Zn] ratios of 1.6% and
1.8%, respectively. XPS measurements of the Al 2p core level peak were
made to get more insight on the percentage of Al doping in the films.
Fig. 5 shows the Al 2p core level XPS spectra for all the films. As can be
seen the intensity of the Al 2p signal increases slightly as the substrate
temperature increases, except for the sample B, for which the signal is
hindered by the noise. As this figure shows, sample A, deposited at the
highest substrate temperature has 0.2% of Al, and the percentage of Al
increases up to 1% for the sample E deposited at the lowest temperature.
The percentage of Al in samples D and E deposited at low temperature is
in good agreementwith the percentages obtained by EDX. It is also clear
from the XPS spectra that the position of the peak shifts from 73.8 to

Image of Fig. 1


Fig. 2. AFM images and FESEMmicrographs for AZO films deposited at the highest and the lowest substrate temperature. AFM images for (a) 360 °C and (c) 285 °C; SEMmicrographs for
(b) 360 °C and (d) 285 °C.

Fig. 3. Cross section FESEMmicrograph of aluminum-doped ZnO film deposited at 285 °C.
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74.6 eV as the substrate temperature decreases, indicating that the Al
atoms tend to form aluminum suboxides, Al2O3 − x [38].
3.2. Optical and electrical properties

The optical transmittance of the AZO films deposited with different
substrate temperatures was measured with reference to the air and
the resulting transmittance spectra are shown in Fig. 6. It may be seen
that all the films are highly transparent over the visible and near infra-
red regions, independently of deposition temperature. The average
transmittance, in the range from 400 to 800 nm, was around 82% for
all the samples. The refractive index and thickness of the films are
shown in Table 1. Table 1 also shows the band gap of the films which
was calculated by taking the plot of (αhν)2 υs hν, corresponding to op-
tical absorption by direct transitions [21,39,40], where,α ¼ − 1

d lnðTÞ, is
the absorption coefficient, hν is the photon energy, T is the transmit-
tance and d is the film thickness. As Table 1 shows the band gap of
films A and B deposited at higher temperatures is lower (3.28 and
3.30 eV) than the band gap of the films C, D and E (3.41 eV) deposited
at lower temperatures. This increase in the band gap is consistent
with the increase in the Al content observed in the films from the XPS
measurements [21,26,40]. The increase in the band gap is also consis-
tent with the decrease in the refractive of the films (see Table 1) [40].

Image of &INS id=
Image of Fig. 3


Fig. 4. EDX spectra of AZO films at (a) 360 °C, and (b) 285 °C substrate temperature.

Fig. 6. Optical transmission spectra of aluminum-doped zinc oxide films deposited at
different substrate temperatures from 285 °C to 360 °C. It can be observed that for all
substrate temperature transmittance is around 82% in average.
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The electrical resistivity (ρ), carrier concentration (ne) and mobility
(μ) of the AZO films were evaluated from Hall measurements using the
van der Pauwmethod on samples with square geometry and small con-
tacts located on the periphery. The values of these parameters are listed
Fig. 5. Aluminum2p core level XPS spectra for all films. It can be observed a shift to higher
energies when the temperature is decreased as indicator of Al2O3 − x formation.
in Table 2, and according to the negative sign of the obtained Hall
coefficient, all the films were n-type.

The plot of the electrical resistivity and carrier concentration of the
AZO films as a function of substrate temperature is shown in Fig. 7. As
can be seen from this figure and Table 2, the lowest resistivity (in the
order of 10−3 Ω cm) and the highest carrier concentrations (in the
order of 1020 cm−3) correspond to sample A, which was deposited at
the highest temperature (360 °C). Although the resistivity and carrier
concentration of sample B deposited at 340 °C is of the same order of
magnitude than sample A, these parameters decrease significantly for
the samples C, D and E deposited at lower temperatures. As Table 2
Fig. 7. Electrical resistivity and carrier concentration in AZO films plotted as a function of
substrate temperature.

Image of &INS id=
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Image of Fig. 7
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shows the mobility of the films first decreases as the substrate temper-
ature decreases and has aminimum for thefilm deposited at 320 °C, and
then increase for lower substrate temperatures. The decrease in the
electrical resistivity as the substrate temperature decreases is a trend
generally found in AZO films deposited by both, pneumatic spray pyrol-
ysis andultrasonic spraypyrolysis [15,24,27]. The increase in the electri-
cal resistivity and mobility of the films as the substrate temperature is
decreased can be associatedwith the decrease in the preferential orien-
tation of the AZO grains and the formation of Al2O3 − x clusters [25]. The
increase of the mobility of films D and E deposited at lower tempera-
tures is not well understood at present, but a similar behavior has
been already observed in AZO films deposited by USP in a higher
range of temperatures [27].

According to the values of the sheet resistances (Rs) of samples A
and B shown in Table 2, and their optical transmission (T ≈ 0.82), the
figure ofmerit as transparent conductors [41], FTC= T / Rs, was calculat-
ed for these films and they were in the range of 2.6 × 10−2 Ω−1 and
4.1 × 10−2 Ω−1.

3.3. Correlation of film growing and film properties

In order to speculate on the possible growing mechanisms of the
film, wemade thermogravimetric analysis (TGA) of the individual pow-
ders of zinc and aluminumprecursors, tomeasure their temperatures of
thermal decomposition. Fig. 8a) and b) shows the TGA curves of zinc ac-
etate dihydrate [Zn(CH3COO)2 + 2H2O] and aluminum acetylacetonate
[Al(C5H7O2)3], respectively, at a heating rate of 5 °C/min in dry nitrogen
Fig. 8. TG-DTG curves for (a) zinc and (b) aluminum precursors evaluated at 5 °C/min
heating rate carried out in a nitrogen gas atmosphere.
flow. Based on some previous works on the thermal decomposition of
zinc acetate dehydrate [42–44], and the TG-DTG curves of Fig. 8a), we
can infer that the first mass loss of the [Zn(CH3COO)2 + 2H2O] is the
thermal dehydration or loss of the two water molecules, which starts
at approximately 70 °C and finish at ~108 °C. The other two steps of
mass loss, one starting at ~200 °C and the other starting at ~255 °C
and finally reaching the total mass loss of 100% at a final point of 300
°C, indicate the thermal decomposition of the [Zn(CH3COO)2], with
the simultaneous evolution of acetone, carbon dioxide (or other hydro-
carbons or oxygenated hydrocarbons, depending on the heating rate)
from the acetate groups, and without the formation of ZnO. The TGA
curves of Fig. 8b), show that the thermal decomposition of
[Al(C5H7O2)3] starts from ~150 °C and it is completed at ~210 °C, with-
out the formation of Al2O3. These results are consistent with a previous
work [45], where it has been reported that aluminum acetylacetonate
begins to decompose at 160 °C and its decomposition is completed at
~220 °C.

In addition to our TGA resultswhich indicate that the [Al(C5H7O2)3]
precursor decomposes completely at a lower temperature (~210 °C)
than the [Zn(CH3COO)2 + 2H2O] precursor (~300 °C), it has been re-
ported that during a dynamic thermal process of zinc acetate
[Zn(CH3COO)2], in a humidity controlled atmosphere, ZnO can be
formed following the chemical reaction [42].

Zn CH3COOð Þ2 þ H2O→ZnOþ 2 CH3COOHð Þ ð1Þ

On the other hand, the decomposition of Al(C5H7O2)3 in flowing air
at temperatures in the range from257 to 300 °C, can result in the forma-
tion of very fine particles of Al2O3, but at temperatures higher than 300
°C forms other volatile Al-complexes [46].

Based on our TGA analysis and the abovementioned works, and
since we used water in our precursor solution (8.7 parts of anhydrous
methanol, 1 part of deionized water), we can speculate that for the
AZO films named as samples A, B and C, which were deposited at tem-
peratures higher than 300 °C, as the drops of the precursor solution
arrive on the substrate surface, the [Zn(CH3COO)2] molecules are
decomposed completely and the pyrolytic reaction (1), which give
rise to the formation of the ZnO film occurs efficiently. In parallel with
the reaction (1) the 3 at.% of the dopant-aluminum precursormolecules
of [Al(C5H7O2)3] can be also completely decomposed, generating
Al-complexes, that give rise to the incorporation of a small amount of
Al atoms in the growing ZnO film, by substituting Zn atoms. As it is
known, if the Al3+ ions have the chance to be incorporated in the sub-
stitutional sites of the Zn2+ cations of the ZnO wurtzite network, the
atomic substitution (Al–Zn) adds one extra valence electron into the
system, since Al atom possesses three valence electrons whilst Zn
atom has only two valence electrons [47]. Consequently, in this case,
each Al atom that substitutes a Zn atom generates a free electron in
the conduction band of the AZO films. The low content of substitutional
Al atoms incorporated (undetectable by EDX and below 1 at.% according
to XPS measurements) in the A, and C films, is consistent with the free
carrier concentration measured in these films by Hall effect. The con-
centration of Zn atoms in the ZnO film, can be roughly calculated to

be:nZn ¼ NZn
V ¼ NAρZn

ðMZnþMOÞ≈ 4:0� 1022 cm−3, assumingρZn≈5.4 g/cm3

(lower than 5.606 g/cm3 for bulk ZnO),MZn = 65.38 g,MO = 15.999 g,
and NA is the Avogadro's number. Then, if we assume that the electron
concentration, ne, in these films is equal to the concentration, nAl, of Al
atoms that substitute Zn atoms, thepercentage of Al atoms incorporated
in the films is nAl

nZn
¼ ne

nZn
. Using the carrier concentration measured for

films A and C (see Table 2), the percentages of Al atoms incorporated
in these films are in the range of ~0.9–0.45 at.%.

For the films named as samples D and E, which were deposited
at substrate temperatures equal or lower than 300 °C, we expect an
incomplete thermal decomposition of the [Zn(CH3COO)2] precursor
and/or a low rate of the pyrolytic reactions (1) that form the ZnO

Image of Fig. 8
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phase. We can also assume that in this case, in parallel with the ineffi-
cient formation of the ZnO phase, some of the Al atoms generated by
the thermal decomposition of the [Al(C5H7O2)3], form the alumina
phase (Al2O3) [25,46], instead of incorporating as n-type dopants by
substituting Zn atoms in the ZnO network. This growing model for the
films deposited and low temperatures is consistent with the low carrier
concentration and high resistivity found for samples D and E, and the
fact shown in Table 2, that the decrease in carrier concentration and in-
crease in resistivity seems to be proportional to the content of alumi-
num incorporated in the film as alumina. The low carrier mobility of
sample D and E can be due to the segregation of the Al2O3 phase in
the grain boundaries. The shift in the Al 2p core peak toward higher en-
ergies observed in the XPS spectra of the films deposited at low temper-
atures is also indicative of the formationAl2O3 − x clusters in thesefilms.

4. Conclusion

In summary, in this investigation an attempt has been made to de-
posit at low substrate temperatures (285 to 360 °C) by ultrasonic
spray pyrolysis, AZO films with good optical and electrical properties
for applications as transparent conductive contacts. We have used sub-
strate temperatures close to the temperatures of thermal decomposi-
tion of the [Zn(CH3COO)2 + 2H2O] and [Al(C5H7O2)3] precursors used
for film deposition. Our results indicate that for films deposited at sub-
strate temperatures higher than 300 °C, the Al atoms are incorporated
in the growing ZnO phase, mainly by substituting Zn atoms and giving
rise to n-type doping and low electrical resistivity. On the other hand,
films deposited at substrate temperatures equal or lower than 300 °C,
result with much higher resistivity in spite that they have a higher Al
content. We speculate that the high resistivity of these films is because
at low substrate temperatures the [Zn(CH3COO)2 + 2H2O] precursor
decomposes incompletely or inefficiently and the Al generated from
the [Al(C5H7O2)3] decomposition forms Al2O3 − x clusters. The optical
transparency in the visible range of the AZO films investigated in this
work was almost independent of substrate temperatures.
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