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Abstract
We prepared aluminum-doped zinc oxide (ZnO:Al, AZO) films by a sol–gel method and investigated the effect of dop-
ing on the electrical properties of AZO films in the Al doping concentration range of 0.5–3.0 at.%. The negative effect of 
Al dopants on the carrier mobility counteracted their positive effect on the carrier concentration and the resistivity of the 
films remained almost constant at the optimum Al doping level of 0.5 at.%. Moreover, the doping efficiency of Al dopant 
decreased with increasing doping level and the maximum efficiency was not higher than 50% even at the optimum doping 
concentration. The microstructure and chemical composition of the films were examined by X-ray diffraction, scanning 
electron microscopy and X-ray photoelectron spectroscopy to elucidate the mechanism behind the low doping efficiency of 
Al dopant in the sol–gel-derived AZO films. The reason was attributed to the passivation of the dopant in two forms, defect 
complex nAlZn–VZn originating from the dopant–defect reaction in the ZnO grains and aluminum oxide phase segregating 
at the ZnO grain boundaries.
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1 Introduction

Zinc oxide (ZnO), a wide-bandgap semiconductor 
(Eg = 3.4 eV), has the common properties of transparent con-
ductive oxides (TCO) along with the possible coexistence 
of high conductivity and excellent transparency. Moreover, 
ZnO has advantages including nontoxicity, high stability in 
hydrogen plasma, and high abundance. The conductivity of 
ZnO can be increased using extrinsic dopants such as group 
III elements (B, Al, Ga, In) of the periodic table. In par-
ticular, Al-doped ZnO (AZO) is emerging as a promising 
substitute for tin-doped indium oxide (ITO) [1]. Recently, 
AZO has been extensively investigated for use in various 

applications such as solar cells, architectural glass coatings, 
and other optoelectronic devices [2–4].

The preparation method of an AZO film affects its resis-
tivity, which is restricted by the highest carrier concentration 
and mobility achieved in AZO films. AZO films with high 
conductivity and excellent transparency can be obtained 
using physical vapor deposition (PVD) [5, 6]. However, the 
industrial production of films by PVD is limited because 
of the complex and expensive vacuum equipment required. 
Highly conductive AZO films using solution method have 
always been pursued and the advantage comes to the fore 
when preparing large-area and homogeneous films [7, 8]. 
The sol–gel method has thus attracted much interest even 
though the resistivity of sol–gel-derived AZO films is usu-
ally 1–2 orders of magnitude higher than that of AZO films 
deposited by PVD, as shown in Table 1. Both the optimum 
doping level of Al and the carrier concentration of AZO 
films in sol–gel method are much lower than those in PVD 
methods. These factors are closely related to the solubil-
ity of Al dopant and its low doping efficiency; i.e., not all 
the dopants are introduced into the ZnO lattice and, there-
fore, efficiently donate free electrons. The crystallization 
and growth of films produced by the sol–gel method are 
only activated by thermal energy, which is typically of the 
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order of 0.1 eV and much lower than that of plasma-assisted 
methods like magnetron sputtering (MS) and pulsed laser 
deposition (PLD) (> 1 eV) [9]. This limits the diffusivity and 
chemical reactivity of the dopant and, therefore, inherently 
lowers the solubility. Then improvement in doping efficiency 
is critical for decreasing the resistivity of sol–gel-derived 
AZO films.

Much work has focused on the effect of doping level on 
the resistivity of sol–gel-derived AZO films [10–12]. How-
ever, the mechanism behind the low doping efficiency of Al 
is not well understood. In this work, ZnO films with different 
levels of Al doping are prepared by the sol–gel method. The 
Al doping level is chosen to lie in the range of 0–3.0 at.% to 
obtain ZnO films with fully soluble and partly soluble Al. 
In combination with the microstructure and the chemical 
composition of the AZO films, the effect of Al doping level 
on the electrical properties of the films is systematically 
investigated. The solubility and chemical state of Al dopant 
are analyzed to explore the reason behind the low doping 
efficiency of sol–gel-derived AZO films.

2  Experimental procedure

Zinc acetate [Zn(CH3COO)2∙2H2O] was first dissolved 
in a solution of 2-methoxyethanol  (CH3OC2H4OH) and 
monoethanolamine (MEA,  HOC2H4NH2) at room tem-
perature. The concentration of zinc acetate was 0.75 mol 
 L−1 and the molar ratio of MEA to zinc acetate was kept 
at 1.0. The mixture became clear and homogeneous after 
stirring at 70 °C for 30 min. To realize Al doping, alu-
minum chloride  (AlCl3.6H2O) was added to the zinc solu-
tion as a dopant source after the above procedure. The Al 

concentration, defined as 100 × [Al]/[Al + Zn], was strictly 
kept at 0, 0.5, 1.5, and 3.0 at.%. Transparent light yellow 
solutions with different Al content were obtained after 
stirring for another 30 min. These solutions served as the 
coating precursor after aging for more than 24 h at room 
temperature. Standard float glass (Schott glass) was used 
as a substrate and was cleaned before use in an ultrasonic 
bath for 15 min sequentially with acetone, ethanol, and 
distilled water. The above solutions were dip-coated on 
the glass substrates to obtain initial films. The initial films 
were dried at 80 °C for 20 min in air and then heated at 
480 °C for 30 min after each coating procedure. The coat-
ing procedure was repeated five times altogether for all the 
samples discussed in the present work. After the coating 
procedure was complete, the samples were annealed under 
vacuum (base pressure ~ 10−3 Pa) at 400 °C for 60 min.

Transmittance spectra were obtained using an ultra-
violet–visible spectrophotometer (Hitachi, U-3400). The 
resistivity and Hall coefficient of the films were meas-
ured at room temperature by the van der Pauw method 
(Ecopia HMS-3000). X-ray diffraction (XRD) patterns of 
the AZO films were determined by a Rigaku RINT2000 
X-ray diffractometer using copper Kα radiation. The sur-
face morphologies of the films were characterized by a 
field-emission scanning electron microscope (SEM, Ultra 
Plus). The valence states of different elements in the films 
were detected by X-ray photoelectron spectroscopy (XPS, 
RIBER LAS-3000) using monochromatic Al Kα radiation 
with a photon energy of 1486.6 eV. To measure the fresh 
surface without contamination from air, the films were 
etched in a vacuum chamber by  Ar+ for 50 s before XPS 
detection. Binding energies were calibrated to the C1s 
binding energy of 284.6 eV.

Table 1  Electrical properties 
of Al-doped ZnO thin films 
prepared by different methods

a RFMS radio frequency magnetron sputtering, PLD pulsed laser deposition, MOCVD metal organic chemi-
cal vapor deposition, ALD atomic layer deposition, SP spray pyrolysis, CBD chemical bath deposition

Optimum dop-
ing content

Methoda Carrier concen-
tration  (cm−3)

Resistivity (Ω cm) Hall mobility 
 (cm−2 V−1 s−1)

References

3.0 at% Al RFMS 5.52 × 1020 9.13 × 10–4 12.4 [50]
4.6 at.% Al RFMS 1.02 × 1021 2.72 × 10–4 22.5 [5]
4.6 at.% Al DCMS 4.9 × 1020 4.07 × 10–4 31.3 [51]
4.2 at.% Al PLD 1.54 × 1021 8.54 × 10–5 47.5 [52]
4.6 at.% Al PLD 1.50 × 1021 1.43 × 10–4 29.1 [6]
4.6 at.% Al MOCVD 5.2 × 1020 6.22 × 10–4 19.3 [53]
3.0 at.% Al ALD 7.74 × 1019 5.6 × 10–3 14.4 [54]
1.18 at.% Al SP 5.63 × 1020 8.62 × 10–4 12.8 [55]
0.5 at.% Al CBD 1.2 × 1020 5 × 10–3 10.9 [7]
2.0 at.% Al Sol–gel 1.02 × 1020 3.59 × 10–3 17.1 [34]
1.4 at.% Al Sol–gel 1.21 × 1020 8.19 × 10–3 6.3 [22]
1.0 at.% Al Sol–gel 5.2 × 1019 7.12 × 10–3 16.8 [56]
0.5 at.% Al Sol–gel 8.73 × 1019 4.42 × 10–3 16.2 Our work
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3  Results and discussion

3.1  Opto‑electrical properties of AZO films 
with different Al doping levels

Figure 1a shows the transmittance spectra of AZO films 
with different Al doping concentrations. The average optical 
transmission of the films in the visible range (400–800 nm) 
was as high as 85%. The introduction of Al dopant decreased 
the transmittance of the AZO films, especially at short wave-
length, but the Al doping content had little effect on the 
optical transmission of the films. The absorption edge of the 
films shifted to shorter wavelength (blue shift) with increas-
ing Al doping concentration. The apparent bandgap (Eg) of 
the films was calculated according to the following equation 
[13] using Tauc plots:

where C is a constant, α is the absorption coefficient, and 
hν is the photon energy. According to the optical spectra, Eg 
of the AZO films increased with rising Al doping concen-
tration, i.e., E3.0 ≈ E1.5 > E0.5 > E0. Based on Burstein–Moss 
effect, Eg of ZnO is theoretically closely related to the car-
rier concentration of the films irrespective of the many-body 
effect [14, 15]. Thus, the increase of Eg indicated an increase 
of the carrier concentration in the AZO films with rising Al 
doping content.

Figure 1b confirms the increasing tendency of the carrier 
concentration in the AZO films with Al doping concentra-
tion. Conduction electrons in ZnO films mainly originate 
from the intrinsic donors, such as oxygen vacancies (VO) 
and zinc interstitials  (Zni). The doping of trivalent  Al3+ in 
the lattice  (AlZn) donates extra electrons for the conduction 
process in AZO films. The sharp increase in carrier con-
centration upon the incorporation of 0.5 at.% Al indicated a 
larger equilibrium concentration of  AlZn than that of intrinsic 
defects in this AZO film. However, the carrier concentration 
increased nonlinearly with the Al doping level. The carrier 
concentration of the films increased slowly and remained 

(1)�h� = C(h� − Eg)
1∕2,

almost constant above an Al doping content of 1.5 at.%. 
Therefore, excess Al dopant (> 1.5 at.%) makes little contri-
bution to the improvement of the conductivity of AZO films. 
Conversely, the carrier mobility always decreased upon the 
introduction of Al dopant ions because of the increased 
number of carrier scattering centers, consistent with other 
work [16]. The decrease in carrier mobility was possibly 
attributed to the corresponding increase in grain boundary 
scattering and ionized impurity scattering, depending on 
the microstructure and carrier concentration [17, 18]. The 
film resistivity first decreased sharply and then increased 
slowly with rising Al doping level. The negative effect of Al 
dopant ions on carrier mobility counteracted their positive 
effect on carrier concentration and the resistivity of the films 
remained almost constant when the optimum Al doping level 
was reached. The minimum resistivity of 4.41 × 10−3 Ω cm 
was obtained for the AZO film with an Al doping content of 
0.5 at.%, as shown in Fig. 1b.

From the above results, the carrier concentration in AZO 
film was much higher than that in pure ZnO film. Therefore, 
we assume that all electrons come from the doped Al in 
the films and every activated Al ion supplies one electron. 
Therefore, the carrier concentration represents the con-
centration of the activated doped Al per cubic centimeter. 
Thus, the doping efficiency was calculated according to the 
equation n × 100/4.14 × 1020CAl, where n is the carrier con-
centration and CAl is the doping level. As shown in Fig. 2, 
the Al doping efficiency decreased with increasing doping 
level, i.e., higher doping efficiency was achieved at lower 
Al doping concentration. It has been concluded from the 
bulk form of ZnO that the equilibrium solution of Al in ZnO 
films should be lower than 3 at.% and the substituted atoms 
 AlZn are mostly expected to form below the solubility limit 
in the films [19–21]. However, the doping efficiency was no 
higher than 50% even for the film with 0.5 at.% Al, which 
was thought to totally dissolve in ZnO, indicating that not 
every soluble Al ion can donate electrons. Figure 2 also 
presents some data from Ref. [22–37] for comparison with 
the doping efficiency of our films. The same tendency was 
observed. Additionally, the experimental data were scattered 
over a wide range at low doping level, suggesting the change 

Fig. 1  a Optical transmittance 
and b electrical properties of the 
Al-doped ZnO thin films with 
different dopant concentrations
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in the position of the dopant under different growth condi-
tions. Therefore, the low doping efficiency of Al dopant was 
necessarily related to the variation in the solubility and the 
chemical state of the dopant.

3.2  Stress and microstructure evolution of AZO 
films

Figure 3 shows the XRD patterns of AZO films with differ-
ent Al doping concentrations. Peaks from three main planes 
appeared in the XRD pattern for the pure ZnO film (JCPDS 
no. 36-1451) and the intensity of the (002) peak increased 
with Al content, indicating the strengthening c-axis pref-
erential orientation in the AZO films. The shoulder peaks 
in Fig. 3b come from the diffraction of Kα2 ray, which is 
especially obvious for pure ZnO (with an intensity ratio of 
about 2:1 of the two peaks). Furthermore, the (002) peak 
shifted to higher angle with increasing Al doping concentra-
tion, indicating that the lattice parameters and, therefore, the 
residual stress of the films changed, as shown in Table 2. The 
in-plane stress (σ) of the films was calculated using Eq. (2) 
based on the biaxial strain model [38]. 

  
where C11 = 209.7 GPa, C12 = 121.1 GPa, C13 = 105.1 

GPa, and C33 = 210.9 GPa are the elastic stiffness constants 
of bulk ZnO, and c and c0 are the lattice constants of ZnO 
films and the corresponding bulk value, respectively. The 
calculated results are shown in Fig. 3c and Table 2. The 
negative values obtained for σ indicated the compressive 
stress in the films. It was found that σ first decreased with 
increasing Al doping concentration below 1.5 at.% and then 

(2)� =
2C2

13
− C33(C11 + C12)

C13

×
(c − c0)

c0

,

remained almost constant up to an Al doping concentration 
of 3.0 at.%, i.e., σ was closely related to the doping level of 
Al in the AZO films.

Figure 3c also shows the change in grain size with the 
doping level. The variation tendency in grain size sug-
gested that the grain growth process had a minor effect on 
the change in σ. The intrinsic stress depending on the defect 
concentration was thought to dominate over extrinsic stress 

Fig. 2  Doping efficiency of the sol–gel-derived AZO films

Fig. 3  a XRD patterns of AZO thin films with different Al doping 
levels. b Corresponding enlarged view of the XRD patterns. c Resid-
ual stress and grain size of AZO films with different Al doping levels. 
The dashed line shows the thermal stress under the assumption that 
the coefficients αs and αf are constant at different temperatures
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in the AZO films. The compressive stress in pure ZnO films 
has been attributed to the formation of  Zni and  VO [39]. The 
substitution of Zn by Al was favorable for the release of 
compressive stress in the ZnO films. Therefore, the decrease 
of residual stress in the ZnO films with increasing Al doping 
concentration up to 1.5 at.% suggested the effective doping 
of Al below 1.5 at.%. This tendency confirmed the change in 
the carrier concentration. Further increasing the Al doping 
content had little effect on the residual stress in the films, 
indicating that Al dopant ions no longer substituted Zn in the 

ZnO lattice. Then the solubility of Al in ZnO films should 
be smaller than 1.5 at.%, consistent with the results from 
Ref. [8]. The excess Al dopant was thought to segregate as 
aluminum oxide phase at the grain boundary of ZnO. The 
possible existing state of Al is schematically shown in Fig. 2.

The surface and cross-sectional images of AZO films is 
shown in Fig. 4. Dense films of about 150 nm are obtained 
in the present work. Position of Al in the films strongly 
affected the growth mode of ZnO films and their micro-
structures. Different growth modes were observed with the 

Table 2  Structural parameters 
of the AZO thin films 
(cbulk = 5.205 Å)

Doping content 2 theta (°) c (Å) ε (%) σ (GPa) FWHM (°) D (nm)

0.0 at.% Al 34.34 5.218 0.192 − 1.12 0.101 78.2
0.5 at.% Al 34.37 5.214 0.173 − 0.778 0.164 50.3
1.5 at.% Al 34.42 5.207 0.038 − 0.0017 0.225 35.6
3.0 at.% Al 34.42 5.207 0.038 − 0.0017 0.140 58.7

Fig. 4  Surface morphologies of AZO films with different Al dopant 
contents, a 0, b 0.5 at.%, c 1.5 at.%, d 3.0 at.%. The insets in a and 
b show the corresponding cross-sectional images of AZO films. The 
inset in c shows the simulated result by the solute drag model, where 

D0 is the maximum grain size that ZnO can attain after doping and D 
is the grain size of ZnO at different growth time t (τ is a variable pro-
portional to t), respectively
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variation of Al doping level, as shown in Fig. 4. The pure 
ZnO film consisted of homogeneous grains with an average 
size of ~ 80 nm, indicating a normal grain growth process. 
The grain size sharply decreased first with the introduction 
of Al dopant, consistent with the results of Ohyama et al. 
[10]. The stagnation effect of Al dopant on the ZnO grain 
growth process was well simulated using the solute drag 
model proposed in Ref. [40], as shown in the inset of Fig. 4c. 
The pure ZnO grew following the ideal growth mode while 
the introduction of Al suppressed the growth of ZnO. This 
resulted in the significant grain refinement and the grain size 
saturates with the further increased growth time. The refine-
ment in grain size necessarily induced more segregation of 
Al dopant ions. However, further increase of the Al dopant 
content to 3.0 at.% led to an inhomogeneous distribution of 
grain size and some anomalously large grains appeared on 
the film surface. This abnormal grain growth was possibly 
caused by the segregation of aluminum oxide at the grain 
boundaries of ZnO. The critical dopant concentration of 1.5 
at.% for the change in growth mode was consistent with the 
above results.

Therefore, the low doping efficiency above the concen-
tration of 1.5 at.% could be mainly ascribed to the insoluble 
Al dopant. However, this was not responsible for the low 
doping efficiency at lower doping level where the dopant 
was thought to dissolve in the film. Damm et al. [11] also 
found that the tetrahedral occupation of Al  (AlZn) in ZnO 
films changed with the doping level and the mere increase 

of substitutional Al was not sufficient to render the film more 
conductive. This suggested the unwanted formation of some 
defect complex in the films. The  AlZn donors could be pas-
sivated by the defect complexes [41, 42]. Meanwhile, the 
solubility of Al under equilibrium conditions was thought to 
be lower than 1.5 at.% in the present work, setting a doping 
electron limit of 6.4 × 1020 cm−3. However, the maximum 
carrier concentration in our films was 9.46 × 1019 cm−3, 
which is far below this limit. The difference between the 
experimental and theoretical carrier concentrations further 
confirmed the considerable effect of such complexes on the 
electrical properties of the AZO films.

3.3  XPS analysis of AZO films with different Al 
doping levels

The presence of defects or defect complexes can be reflected 
by the changes in the chemical state of species in such films. 
Figure 5 shows the chemical state of oxygen in the films. A 
slight shift of binding energy was observed and the shape 
of O 1 s peak became more asymmetric with increasing Al 
doping level. The O 1 s peaks were resolved into differ-
ent peaks; detailed fittings are presented in Fig. 2b–d. The 
loosely bound oxygen on the original surface of the AZO 
films was eliminated by  Ar+ etching. The high-energy peak 
at 531.3 eV was associated with the adsorbed oxygen at the 
grain boundary (OII), while the low-energy peak at 530.1 eV 
corresponded to the lattice oxygen (OI) in the ZnO films 

Fig. 5  a O 1s spectra of AZO 
films with different Al doping 
concentrations and b–d cor-
responding fitting results
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[43]. The relative intensity ratio (RIR = OII/OI) of the two 
oxygen species indicated the variation in the concentration 
of the adsorbed oxygen in the films, which was thought as 
a trapping tank for the electrons. The RIR values slightly 
increased upon doping but remained almost constant with 
increasing Al doping level. The existence of adsorbed oxy-
gen partly explained the low doping efficiency of Al dopant 
but could not account for the variation in doping efficiency.

Figure 6a shows the chemical state of Al in AZO films 
with different Al doping concentrations. The binding energy 
of Al metal is 72.9 eV and that of aluminum oxide is at 
74.6 eV [44]. The binding energy of Al in the 0.5 at.% Al-
doped ZnO film was at 73.5 eV, suggesting that Al exists 
in a state different from its metallic or fully oxidized state. 
Theoretical calculations and experimental results showed 
that the doped Al energetically preferred to substitute Zn 
sites to form a donor  AlZn instead of an interstitial Al  (Ali) 
[45]. Thus, the peak at 73.5 eV was attributed to the forma-
tion of  AlZn. However, the binding energy of the Al peak 
did not remain constant; it continuously increased with Al 
concentration, reaching 74.0 eV for the film with an Al 
concentration of 3.0 at.%. The increase in binding energy 
indicated that the chemical state of Al in the films shifted to 
a more oxidized state, corresponding to the formation of a 
secondary phase, like  Al2O3 or  ZnAl2O4.

Figure 6b presents the chemical state of Zn in the AZO 
films with different Al contents. The binding energy of the 
Zn 2p3/2 peak was located between 1021 and 1022 eV and 
the energy gap between Zn 2p1/2 and Zn 2p3/2 was 23 eV. 
This confirmed that the oxidized state of Zn was dominant in 
all the films. For the undoped ZnO film, the binding energy 
was lower than the reference line at 1020.8 eV and self-
doped  Zni was thought to act as a shallow intrinsic donor 
in ZnO [46, 47]. The binding energy of Zn increased to 
1022 eV upon the introduction of 0.5 at.% Al;  AlZn pre-
vailed in this film. The positive shift of the peak positions 
of AZO films with increasing Al concentration has also been 
found for other AZO systems [48, 49]. This indicates that 
the solid-soluble Al in the ZnO lattice affected the chemi-
cal environment of Zn in the films and the number of  Zni 

decreased simultaneously. Conversely, further increasing 
the Al doping level to 1.5 at.% lowered the binding energy 
of Zn, although it was still larger than that of the undoped 
ZnO film. The anomalous change in Zn valence state with 
increasing Al doping level suggested the occurrence of dif-
ferent dopant–defect reactions and nAlZn–VZn was proposed 
as the main resultant defect complex. According to the 
defect chemistry in Eqs. (3) and (4), the formation of the 
nAlZn–VZn complex increased the concentration of  Zni under 
the current equilibrium conditions, which accounted for the 
shift in the binding energy of Zn spectra with increasing Al 
doping observed in Fig. 5b.

This trend stopped in the films with Al concentrations 
above 1.5 at.%, where the Zn state remained stable even 
when the Al doping level was raised to 3.0 at.%. Accord-
ing to the above analysis, segregation of  Al2O3 or  ZnAl2O4 
occurred at the ZnO grain boundaries, which had little effect 
on the chemical state of Zn. Therefore, the Al doped in the 
films readily became a neutralized impurity in two forms: 
compensation of  AlZn by intrinsic defects originating from 
the dopant–defect reaction in the ZnO grains and segregation 
as an oxide phase at the ZnO grain boundaries. Accordingly, 
the chemical state of Al in the AZO films strongly depended 
on its doping level:  AlZn dominated in the Al doping range 
below 0.5 at.%, nAlZn–VZn prevailed when the concentration 
of  AlZn increased between 0.5 at.% and 1.5 at.%, whereas 
aluminum oxide existed in the films with an Al doping level 
above 1.5 at.%.

Consequently, the high resistivity and low doping efficiency 
of the AZO films produced by the sol–gel method is attributed 
to the following reasons. First, the crystallization and growth 
of AZO under equilibrium conditions limited the solubility of 
Al in ZnO. This resulted in low solubility (≤ 1.5 at%) of Al 
in the films. Excess Al existed as aluminum oxide segregated 
at the ZnO grain boundaries, setting the possible upper limit 

(3)nAl⋅
Zn

+ V
��
Zn

↔

(

nAlZn − VZn

)

,

(4)ZnZn ↔ Zn⋅⋅
i
+ V

��
Zn
.

Fig. 6  XPS profiles of Al and 
Zn in AZO films with different 
Al doping levels. a Al 2p, b Zn 
2p1/2 and Zn 2p3/2. The inset in 
a is an enlarged view of the Al 
signal for the film with an Al 
doping level of 0.5 at.%
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of the conductivity of sol–gel-derived AZO films. Second, 
some of the soluble Al atoms formed defect complexes, like 
nAlZn–VZn, which passivated donors and decreased the carrier 
concentration of the AZO films. More effort should be made 
to increase the solubility of Al in ZnO films and activate  AlZn 
as a donor in future work.

4  Conclusions

AZO films were prepared by the sol–gel method. The aver-
age optical transmittance of the AZO films was about 85% in 
the visible region and a minimum resistivity of 4.41 × 10−3 
Ω cm was obtained. The carrier concentration of AZO 
increased with Al dopant concentration in the range of 
0.5–3.0 at.%, whereas the carrier mobility decreased. The 
negative effect of Al dopants on the carrier mobility coun-
teracted their positive effect on the carrier concentration and 
the resistivity of the films remained almost constant at the 
optimum Al doping level of 0.5 at.%. The doping efficiency 
of Al in the AZO films decreased with increasing Al dop-
ing level. The maximum doping efficiency of ~ 50% was 
obtained at an Al doping concentration of 0.5 at.%, where 
Al was thought to totally dissolve in the ZnO film.

The valence state of Al shifted to the more highly oxi-
dized side at higher doping level and strongly influenced the 
chemical states of Zn and O in the films, leading to changes 
in the concentrations of Zn interstitials and adsorbed oxygen. 
The decrease in compressive residual stress in the films with 
increasing Al doping level indicated the effective doping of 
Al in the ZnO lattice in the range below 1.5 at.%. The low 
solubility of 0.5–1.5 at.% Al in ZnO films was confirmed. 
Consequently, the low doping efficiency above an Al con-
centration of 1.5 at.% resulted from the segregation of alu-
minum oxide at the grain boundaries. Below the concentra-
tion of 1.5 at.%, the substitutional  AlZn prevailed in the films. 
The formation of defect complex nAlZn–VZn passivated the 
donors and decreased the doping efficiency.
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