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Al-doped ZnO (AZO) thin filmswere prepared on glass substrates by radio-frequencymagnetron sputtering at
deposition temperatures ranging from room temperature (RT) to 300 °C for transparent electrode
applications. This study investigates the effects of H2 plasma treatment on structural, electrical, and optical
properties of AZO thin films. Plasma treatment was conducted at 300 °C using a plasma-enhanced chemical
vapor deposition system for potential large size substrate applications. The crystal structure of plasma treated
AZO films did not change considerably, but the surface roughness and surface grain size increased slightly.
Improvement in electrical properties was strongly dependent on the deposition temperature. When the
deposition temperature ranged from300 °C to RT, the resistivity of plasma treatedfilms decreased significantly
by 22.7% to 97.6%, and the optical bandgap broadened by 0.011 to 0.076 eV.
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1. Introduction

Transparent conductive oxide (TCO) films are extensively used for
a variety of applications due to their high visible transmittance and
low resistivity [1]. Among the various TCO films, indium–tin-oxide
(ITO) is commonly used for many applications [2–4]. However,
indium has become increasingly expensive due to scarcity. Zinc oxide
(ZnO) has attracted attention because of its abundance, non-toxicity,
and relatively low cost [5–7]. ZnO has an n-type wide bandgap with
a wurtzite crystal structure. The electrical conductivity of ZnO is
primarily dominated by electrons generated by oxygen vacancies and
Zn interstitial atoms [6,7]. However, undoped ZnO films have unstable
electrical characteristics because the electrical resistivity of the films
varies under oxygen chemisorption and desorption. Doping trivalent
elements such as Al, In, and Ga can further improve ZnO resistivity [8–
10]. The electrical conductivity and optical transparency of the doped-
ZnO depend on the nature, number, and atomic arrangement of metal
cations in the ZnO structure, and on the presence of intrinsic or
extrinsic defects. Many recent studies examine aluminum-doped ZnO
thin films as transparent electrodes in liquid-crystal displays (LCDs),
plasma display panels (PDPs), organic-light-emitting-diode displays
(OLEDs), and solar cells [8,11,12]. Besides, these films also find
applications in infrared and heat reflectors [13], antistatic coatings
[14], multifunctional ferromagnetic films [15], varistors [16], blue/UV
light emitting devices [17], gas sensors [18], surface acoustic wave
devices [19], etc.
Researchers have employed many deposition techniques to
prepare AZO thin films, including chemical vapor deposition (CVD),
spray pyrolysis, sol–gel process, pulsed laser deposition, and reactive
sputtering [5–12,19–21]. Among these techniques, reactive sputtering
has attracted great interest because of the inherent ease with which
the deposition conditions can be controlled [9]. Sputtered AZO films
are strongly oriented perpendicular to the substrate (c-axis orienta-
tion) and have a polycrystalline hexagonal wurtzite structure [22].
These films also have abundant raw material, good thermal stability,
and better plasma stability in hydrogen ambient than ITO or F-doped
tin oxide (FTO) films, and hence can serve as potential alternatives to
ITO or FTO [8,23].

Deposition parameters influence the structural, electrical, and
optical properties of AZO films [24–27]. Park et al. [25] investigated
the effect of preparation conditions on the physical properties of AZO
films, including the A12O3 content in the target, RF power, substrate
temperature, and working pressure. Li et al. [26] reported the effects
of substrate temperature on the crystallization behavior and optical
properties of ZnO and AZO films. However, the electrical conductivity
of AZO films degrades when the films are exposed to air ambient [7]
and requires additional enhancement for high-efficiency photovoltaic
cell applications. To improve the properties of ZnO films, researchers
have studied various post-treatment techniques, such as hydrogen
annealing [28,29], hydrogen plasma exposure [7,30–34], hydrogen
ion implantation [35], and addition of hydrogen in deposition process
[36–38]. Oh et al. [29] proposed that the improved electrical
properties of AZO films after hydrogen annealing were due to the
desorption of negatively charged oxygen species from the grain
boundary surfaces. Cai et al. [33] suggested that the hydrogen in the
plasma treated ZnO film not only passivated most of defects and
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Fig. 1. XRD spectra of the as-deposited (solid line) and the hydrogen plasma treated
(dotted line) AZO films.
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acceptors, but also introduced shallow donor states such as the VO–H
complex and the interstitial hydrogen Hi. We previously reported the
effects of H2 plasma treatment on the physical properties of AZO films
sputtered at different sputtering RF powers and H2 plasma RF powers
[39,40]. These results motivated us to further study the characteristics
of H2 plasma treated AZO films and the detailed mechanism of
improvement on their electro-optical properties. Therefore, this study
investigates the effects of H2 plasma treatment on the structural,
electrical, and optical characteristics of AZO films prepared at different
substrate temperatures. The H2 plasma treatment in this study was
carried out using a plasma-enhanced chemical vapor deposition
(PECVD) system because it is convenient and practical for large-area
applications such as solar cells and flat-panel displays. This study also
investigates the electrical stability of AZO films in air ambient.

2. Experiments

Zinc oxide powder mixed with 2 wt.% aluminum oxide was
sintered to be used as a sputter target. Glass substrates (Corning
1737) with an area of 33×33 mm2 were cleaned ultrasonically with
isopropyl alcohol (IPA) and deionized (DI) water, and then dried
under a blown nitrogen gas. A 13.56 MHz RF magnetron sputtering
source was installed in the deposition chamber to deposit ceramic
thin films. AZO films with a thickness of about 100 nmwere deposited
on the glass substrates at various temperatures at an RF power of
100 W. The base pressure was 5×10−6 Torr and the working press-
ure was maintained at 5×10−2 Torr in Ar (99.995%) gas. During
deposition, the sample holder was spun at 40 revolutions per min to
obtain a better uniformity. After deposition, the AZO thin films were
treated by H2 plasma at a temperature of 300 °C and an RF power of
10 W for 60 min. The deposition and post-treatment temperatures
were no more than 300 °C due to compatibility with typical
optoelectronic device processes in industry [15].

The structure of AZO filmswas examined by X-ray diffraction (XRD)
(PANalytical) analysis with Cu-Kα radiation (λ=1.54056 Å). The
morphology of AZO films was observed using a field emission scanning
electron microscope (FE-SEM) (JEOL, JSM–6700F) and an atomic force
microscope (AFM) (Digital Instrument, NS4/D3100CL/Multimode). The
resistivity, Hallmobility and carrier concentrationweremeasured using
a four-point probe apparatus (Napson, RT–70/RG–5) and the Van der
Pauw method (BIO-RAD, HL5500IU). The chemical bonding states of
oxygen, aluminum and zinc in AZO films were investigated using an
X-ray photoelectron spectroscopy (XPS) (ULVAC-PHI, PHI 5000
Versaprobe). The content of hydrogen in AZO films was detected
using secondary ion mass spectrometer (SIMS) (Cameca, IMF–6 F).
The optical transmission spectrum was measured using a UV–VIS
spectrometer (JASCO, V–570) in the wavelength ranging from 200 to
800 nm. The temperature of all the measurements is kept at room
temperature (RT).

3. Results and discussion

3.1. Structural characterization

Fig. 1 shows the XRD spectra of the as-deposited and plasma
treated AZO thin films, respectively, deposited at substrate temper-
atures of RT, 100, 200, and 300 °C. All patterns showed only a (0 0 2)
preferential orientation along the c axis at a diffraction angle (2θ) near
34°, indicating a hexagonal wurtzite structure in both the as-deposited
and plasma treated AZO films [23,29]. The ‘survival of the fastest’model
proposed by Drift explains the c-axis orientation in the AZO films [41].
The peak intensity of the as-deposited films increased as the substrate
temperature increased from RT to 200 °C and then slightly decreased at
300 °C. The enhancement of c-axis orientationwith increasing substrate
temperature is due to an increase in the surfacediffusionof the adsorbed
species, and agrees with earlier studies [27]. The decrease in the peak
intensity at 300 °C results from misorientation between the (0 0 2)
planes and the substrate surface [42]. This result is similar to most
results seen in earlier literatures [25–27,42]. Table 1 lists the
parameters of the XRD patterns shown in Fig. 1. The crystalline
plane distance (d) was estimated according to the Bragg formula:
λ=2dsinθ, where λ is the X-ray wavelength (1.54056 Å) and θ is the
diffraction angle of the (0 0 2) peak. The lattice constant, c, is equal to
2d for the (0 0 2) diffraction peak. The strain (ε) of the films along c-
axis is given by the equation: ε=[(cfilm−cbulk) /cbulk], where cbulk is
the unstrained lattice parameter measured from bulk ZnO [26]. The
diffraction angle shifted from 34.03° to 34.43° as the substrate
temperature increased from RT to 300 °C. This shift in the 2θ angle is
similar to, but slightly larger than, that in previous studies [25,26].
The difference between this study and earlier research may be due
to different sputtering systems and deposition parameters. The
crystalline plane distance and the lattice constants both decreased
as the temperature increased. These results reveal that more Al
atoms replaced substitutional Zn at a high deposition temperature
because the ionic radii of Zn2+ and Al3+ are 72 and 53 pm,
respectively [36].

For the plasma treated films, the (0 0 2) peak positions slightly
shifted toward smaller diffraction angles compared than those of the
untreated films at deposition temperatures ranging from 100 to
300 °C. This phenomenon indicates an increase in the interplanar
distance, d002. On the contrary, for films deposited at RT, results
showed that the 2θ value shifted toward a higher diffraction angle
after plasma treatment, indicating a decrease in d002. The decreased 2θ
angle for plasma treated films prepared at 100–300 °C is due to
hydrogen atoms diffusing into the AZO films and occupying the Zn\O
bond center [36,43]. Liu et al. [36] reported an increase in the lattice
parameter of ZnO films, indicated by the smaller diffraction angle for
the sample deposited with additional H2. On the other hand, Oh et al.
[29] presented that the (0 0 2) peak of the AZO films shifted towards a
high diffraction angle when the sample was annealed in a hydrogen
atmosphere. They explained that this is due to relaxation of the
residual strain in the film during the annealing process. Cai et al. [33]
treated the ZnO films with hydrogen or oxygen plasma and indicated
that the ZnO crystallinity is not influenced after plasma treatment. The
increase in lattice parameters caused by hydrogen incorporation
competes with the relaxation of the residual strain in the film caused
by thermal annealing. For a film deposited at a lower temperature
(RT), the effect of strain relaxation dominates, and thus the (0 0 2)
peak shifts right and d002 decreases. For a film deposited at higher



Table 1
Parameters of XRD patterns: 2θ, FWHM, d, c and strain of the as-deposited and the hydrogen plasma treated AZO thin films grown at different substrate temperatures.

Substrate temperature 2θ FWHM d (nm) c (nm) Strain Crystallite size (nm)

As-dep. RT 34.03° 0.43° 0.26323 0.52645 1.11×10−2 19.3
100 °C 34.16° 0.41° 0.26223 0.52445 7.23×10−3 20.1
200 °C 34.37° 0.39° 0.26074 0.52148 1.52×10−3 21.1
300 °C 34.43° 0.34° 0.26025 0.52050 −3.61×10−4 24.3

Plasma-treated RT 34.16° 0.52° 0.26223 0.52445 7.23×10−3 15.9
100 °C 34.10° 0.41° 0.26273 0.52545 9.14×10−3 20.0
200 °C 34.30° 0.39° 0.26123 0.52247 3.42×10−3 21.2
300 °C 34.37° 0.32° 0.26074 0.52148 1.52×10−3 25.8
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temperatures (100–300 °C), the effect of hydrogen incorporation
dominates, and thus the (0 0 2) peaks shift left and d002 increases.

Fig. 2(a)–(d) presents the FE-SEM images of the as-deposited
AZO films deposited at various substrate temperatures. These figures
show that the substrate temperature had a significant influence on
the morphology and microstructure of AZO films. The surface grain
size increased significantly as substrate temperature increased from
RT to 300 °C. A higher substrate temperature provided surface
adatoms with higher mobility to diffuse, thus improving the surface
grain size of the film [26,44,45]. This result agrees with previous
research [46,47].

Fig. 3(a)–(d) presents the FE-SEM images of the plasma treated
AZO films deposited at various substrate temperatures. Compared
to Fig. 2, the film surface morphology did not obviously change
after plasma treatment. However, the calculated surface grain size
increased slightly after H2 plasma treatment. This phenomenon
can be explained by the etching effect of small grains growing
among large grains and a rearrangement of surface atoms due to
the bombardment of activated hydrogen radicals. Therefore, the
surface grain size of the plasma treated film appeared larger than
that of the as-deposited film. Baik et al. [28] reported that the
grain size of AZO film slightly increased after hydrogen treatment
using photo-CVD for 30 min.
Fig. 2. SEM micrographs of the as-deposited AZO films deposited at de
Fig. 4(a)–(d) shows the AFM images of the as-deposited and
plasma treated AZO films deposited at RT and 300 °C. Table 2 shows
the root mean square (RMS) roughness of the films. For the as-
deposited films, the RMS roughness increased from 1.96 to 8.70 nm
as the substrate temperature increased from RT to 300 °C. The
rougher film is attributed to larger surface grains grown at higher
substrate temperature, as Fig. 2 shows. This result is different from
previous studies [26,48]. Fu et al. [48] reported that the surface
roughness of the AZO film remained unchanged as the substrate
temperature increased. Li et al. [26] reported that the surface
roughness of the AZO films decreased as the substrate temperature
increased from RT to 200 °C. They concluded that the oxygen in the
plasma gas during the deposition process could cause a re-sputtering
effect, thus improving film roughness. However, the experiment
in this study did not use oxygen gas during the sputtering process.
The RMS roughness of plasma treated AZO films increased slightly
compared to the as-deposited samples, regardless of deposition
temperature. This increase in surface roughness may be attributed
to the etching effect of hydrogen radicals, and is consistent with
the findings in Figs. 2 and 3. The AFM observations in these figures
reveal that H2 plasma treatment using a PECVD system may be an
attractive method for achieving textured transparent electrodes for
solar cells.
position temperatures of (a) RT, (b) 100, (c) 200 and (d) 300 °C.
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Fig. 3. SEM micrographs of the plasma treated AZO films at deposition temperatures of (a) RT, (b) 100, (c) 200, and (d) 300 °C.
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3.2. Electrical properties

Fig. 5 illustrates the dependence of the electrical properties of the
as-deposited and plasma treated AZO films on substrate temperature.
Fig. 4. AFM images of the as-deposited and the plasma treate
Table 3 lists the electrical and optical properties of these films. The
resistivity of the as-deposited sample decreased by two orders of
magnitude when the substrate temperature increased form RT to
300 °C. The film deposited at 300 °C possessed the minimum
d AZO films deposited at temperatures of RT and 300 °C.
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Table 2
RMS roughness of the as-deposited and the plasma treated AZO thin films deposited at
different substrate temperatures.

Deposition temperature RT 100 °C 200 °C 300 °C

As-deposited films (nm) 1.96 2.42 2.96 8.70
Plasma treated films (nm) 2.26 2.59 4.15 10.05
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resistivity. The resistivities of all the plasma treated films decreased to
below 3.03×10−3 Ω cm, regardless of the substrate temperature.
That is, the resistivities of the plasma treated films were decreased by
97.6% to 22.7% at deposition temperatures of RT–300 °C, respectively.
The improvement in resistivity was strongly dependent on the
deposition temperature of AZO films. The resistivity is the combined
result of the Hall mobility and the carrier concentration. In the as-
deposited films, the Hall mobility and the carrier concentration both
increased with the substrate temperature due to better crystallinity
and more intrinsic donors at a higher deposition temperature [44].
The Hall mobility increased by 642% to 28% after plasma treatment,
and the carrier concentration increased by 457% to 8.7% for the
samples deposited at the substrate temperatures of RT–300 °C. These
results indicate that the lower deposition temperature, the greater the
improvement in the electrical characteristics of the AZO films.
However, the plasma treated films deposited at high temperatures
still had better electrical characteristics than those deposited at low
temperatures. The increase in carrier concentration may be due to
desorption of negatively charged oxygen species, which increases
oxygen vacancies or interstitial zinc atoms, and the formation of
shallow donors generated by incorporated hydrogen [29–31,44]. The
increase in mobility for the plasma treated films may be attributed to
desorption of oxygen species and passivation of acceptors and defects
at grain boundaries, which decreases the barrier potential and grain
boundary scattering, thus improving mobility [28,44]. These results
are consistent with the previous findings [44,49].
Fig. 5. Resistivity (ρ), Hall mobility (μ) and carrier concentration (n) of the AZO films as
a function of the substrate temperature.
The content of hydrogen in the films was measured by SIMS to
identify the hydrogen incorporation in the plasma treated AZO films
Fig. 6 shows the secondary H+ content in the as-deposited and the
plasma treated AZO films as a function of etching time. Results
indicate that hydrogen atoms penetrated throughout the entire AZO
films and the secondary H+ count for the plasma treated film was
approximately 50% higher than that for the as-deposited film. The
incorporated hydrogen atoms in the AZO films may form Zn\H\Zn
and OH…O species, leading to passivation of grain boundary surfaces
[2,37]. In addition, oxygen vacancy in ZnO films causes decrease of
d002 spacing while hydrogen donor increases it [50,51]. The left shift
of the (0 0 2) peak for the plasma treated AZO films in Fig. 1(b)
suggests that hydrogen donors contribute to the increase of the carrier
concentration more than oxygen vacancies [30]. Thus, the H2 plasma
treatment effectively improves carrier concentration and Hall mobil-
ity and reduces film resistivity.

To clarify the mechanism of the improvement in resistivity, the
chemical structure of the as-deposited and the plasma treated AZO
films was investigated by XPS. Fig. 7(a)–(d) shows the XPS spectra
and their Gaussian-resolved components of (a) O 1s (b) Al 2p3/2 (c) Zn
2p3/2 and (d) Zn 2p1/2 for the as-deposited and plasma treated films.
As Fig. 7(a) shows, the bonding states of O 1s spectra are resolved into
three components centered at 530.2±0.2, 531.1±0.1 and 532.4±
0.1 eV, respectively [52]. After plasma treatment, the O 1s peaks
slightly shifted to the high energy side and were located at 530.75,
531.89, and 532.71 eV. The high bonding energy component centered
at 532.4±0.1 eV is attributed to the existence of negatively charged
oxygen species, such as\CO3,\OH, adsorbed H2O or adsorbed O2, on
the surfaces of the AZO films [52,53]. After plasma treatment, the
area ratio of the high energy peak decreased from 24.4% to 14.7%,
indicating desorption of the negatively charged oxygen species from
the film during the plasma exposure. This result would increase the
carrier concentration in the plasma treated AZO films. The low
bonding energy component centered at 530.2±0.2 eV is attributed to
O2− ions on the wurtzite structure of the hexagonal Zn2+ ion array,
surrounded by Zn atoms with their full complement of nearest
neighbor O2− ions [52]. After plasma treatment, the area ratio of the
low energy component increased from 22.3% to 28.8%, indicating an
increase in the amount of oxygen atoms in a fully oxidized
stoichiometric surrounding. The medium bonding energy component
centered at 531.1±0.1 eV is attributed to O2− ions in the oxygen
deficient region within the ZnO matrix [54]. After plasma treatment,
the area ratio of the medium energy component increased from 53.3%
to 56.5%, indicating an increase in the concentration of oxygen
vacancies in the films. This result also contributed to the increase of
the carrier concentration in the plasma treated films. Oh. et al. [54]
reported that the area ratio of the low bonding energy component
increased and the area ratio of the high bonding energy component
decreased when the AZO film was annealed in H2 atmosphere at
300 °C for 1 h. However, the phenomenon that the area ratio of the
medium bonding energy component remained unchanged after
hydrogen annealing is different from the current results.

Fig. 7(b) shows the XPS data of the Al 2p3/2 for the as-deposited
and the plasma treated AZO films. The low binding energy component
centered at 72.7±0.1 eV is due to the presence of metallic Al [37,52].
After plasma treatment, the area ratio of this component decreased
from 21.7% to 13.7%, indicating that metallic Al decreased and
segregated at the grain boundaries. The high bonding energy
component centered at 73.7±0.1 eV suggests an oxygen-deficiency
in the ZnO matrix [52]. This energy component is slightly shifted
toward a lower binding energy than 74.6 eV, the peak position of
stoichiometric Al2O3. After plasma treatment, the area ratio of this
component increased from 78.3% to 86.3%, indicating that more Al
atoms were bound to O ions as a result of the plasma exposure.

Fig. 7(c) and (d) presents the XPS data of the Zn 2p3/2 and the Zn
2p1/2 for the AZO films, respectively. The Zn 2p3/2 peak can be split
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Table 3
Resistivity, Hall mobility, carrier concentration, average transmittance, and optical bandgap of the as-deposited and the hydrogen plasma treated AZO thin films deposited at
different substrate temperatures.

Deposition
temperature (°C)

Resistivity
(Ω cm)

Hall mobility
(cm2/V s)

Carrier concentration
(cm−3)

Average
transmittance (%)

Optical
bandgap (eV)

As-dep. RT 1.25×10−1 0.52 9.61×1019 81.0 3.345
100 2.33×10−2 1.27 2.11×1020 81.1 3.365
200 3.07×10−3 3.63 5.60×1020 82.5 3.420
300 1.32×10−3 6.89 6.89×1020 85.0 3.520

Plasma-treated RT 3.03×10−3 3.86 5.35×1020 82.6 3.421
100 2.53×10−3 3.26 7.59×1020 83.8 3.440
200 1.47×10−3 6.07 6.99×1020 82.2 3.484
300 1.02×10−3 8.80 6.95×1020 84.9 3.531
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into two components at 1021.2 eV and 1022.2 eV. The low bonding
energy component is due to the presence of metallic Zn and the high
bonding energy component exhibits the Zn in the oxidized state
(Zn\O) [52]. After plasma treatment, the area ratios of these
components remained almost unchanged. However, their bonding
energies shifted slightly toward the higher energy side. The Zn 2p1/2
peak can be split into two components at 1044.4 (metallic Zn) and
1045.4 eV (Zn\O). The area ratio of the low bonding energy
component almost disappeared in the plasma treated films, and
both components shifted slightly toward the high energy side as
compared to the as-deposited films. The right shift of the bonding
energy component reveals formation of Zn\H bonds [51,55]. These
results agree with the observations in Figs. 1 and 5.

This study investigates film resistivity as a function of air exposure
time to determine the electrical stability of the AZO films, as Fig. 8
shows. Results showed that the resistivities of all films gradually
deteriorated when exposed to air ambient for 500 h. A lower
deposition temperature led to increased aging deterioration. The
film deposited at a lower temperature had a smaller grain size and
greater defect density on the grain boundary surface, which
obstructed carrier transport when the AZO film was exposed to air
ambient [54]. Moreover, the plasma treated films exposed to air
ambient for 500 h exhibited better electrical stability than the as-
deposited films. This result supports that H2 plasma treatment may
passivate the grain boundary surface and suppress the generation of
oxygen species, leading to better electrical stability in the AZO films.

3.3. Optical properties

Fig. 9(a) and (b) shows the optical transmittance spectra of the as-
deposited and plasma treated AZO films, respectively, at various
deposition temperatures. All films had high transmittances in the
visible region (400–700 nm) and a strong absorption in the UV region.
Fig. 6. Secondary H+ content in the AZO films as a function of etching time.
The average transmittances of the as-deposited films, as Table 3 listed,
slightly increased with the deposition temperatures. The increase of
optical transmittance with increasing deposition temperature can be
attributed to the weakening of scattering and absorption of light due
to better crystallinity and a flatter film surface. Li et al. [26] reported
that the optical transmittance of the AZO films deposited by DC
reactive magnetron sputtering increased slightly with the deposition
temperature. The defects in grain boundaries also decreased [26].
After plasma treatment, the transmittance of the AZO films deposited
at low substrate temperatures (RT–100 °C) increased, while those
deposited at high substrate temperatures (200–300 °C) did not vary
significantly. Chung et al. [37] reported that AZO:H films had better
transmittance than AZO films at a sputtering temperature of 50 °C.
The absorption edges for the plasma treated samples shifted toward
the short wavelength side more than those without plasma treatment
did.

The dependence of optical absorption coefficient (α) on photon
energy (hv) was examined to determine optical bandgap energy (Eg)
of the AZO films [56]. Fig. 10(a) and (b) shows the graph of α2 vs.
photon energy for the as-deposited and plasma treated AZO films,
respectively. The calculated Eg values, as Table 3 listed, ranged from
3.345 to 3.520 eV for the as-deposited AZO films. The film deposited at
a higher temperature exhibited a stronger blue shift phenomenon.
Fig. 10(b) shows that the Eg values ranged from 3.421 to 3.531 eV for
the plasma treated samples. In contrast to the as-deposited films, the
Eg of the plasma treated samples broadened and even more so for
films deposited at a lower temperature. The broadening in the
bandgap was known as the Burstein–Moss effect [57]. The following
equation shows that the bandgap widening (ΔEg) is related to carrier
concentration (ne) in a degenerate semiconductor:

ΔEg =
h2

8m�
3
π

� �2=3
n 2=3
e ; ð1Þ

where h is Planck's constant and m* is the electron effective mass in
conduction band. Eg broadening supports the previous result that the
carrier concentration of the AZO film is increased after hydrogen
plasma treatment, as Fig. 5 shows.

Fig. 11 shows the blueshift (ΔEg) as a function of carrier
concentration for the as-deposited and plasma treated AZO films.
It was found that ΔEg was approximately proportional to ne. To
estimate the relation between ΔEg and ne quantitatively, set
m*=0.28 m0, where m0 is the free electron mass [58] and substitute
measured valuesofΔEg andne into Eq. (1). The calculated corresponding
exponent is about 0.64 for all the AZO films regardless of plasma
treatment, which approximately follows Eq. (1). Oh et al. [20] also
reported that the exponent is 0.655 from their Burstein–Moss shift
measurement of the AZO films. However, other research [27,59] shows
that the exponent was in the range from 1/3 to 2/3. They explained
that the electronic state of the films can be calibrated by electron–
electron or electron-impurity scattering as the film has a high
carrier concentration (~1020 cm−3). Namely, the many-body effect
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Fig. 7. XPS spectra and their Gaussian-resolved components of (a) O 1 s (b) Al 2p3/2 (c) Zn 2p3/2 and (d) Zn 2p1/2 for the as-deposited and the plasma treated AZO films.

Fig. 8. Resistivity of (a) the as-deposited and (b) the plasma treated AZO films as a
function of the air exposure time.
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such as Coulomb interaction or exchange interaction makes the
bandgap decrease [27]. Obviously, such a scattering phenomenon is
slight in our developed AZO films.

4. Conclusions

This study demonstrates the effects of H2 plasma treatment on
properties of the AZO thin film deposited by RF magnetron sputtering
on glass substrates at different substrate temperatures ranging from
RT to 300 °C. The H2 plasma treatment did not significantly change the
crystallinity of the film but slightly increased its surface roughness
and surface grain size. The H2 plasma treatment markedly improved
film resistivity. The resistivities decreased by from 22.7% to 97.6% as
the deposition temperature fell from 300 °C to RT. The plasma treated
film deposited at 300 °C achieved the minimum resistivity of
1.02×10−3 Ω cm. The H2 plasma treatment improved the aging
deterioration phenomenon in air. Moreover, the optical transmit-
tances of the AZO films with low deposition temperatures (RT–
100 °C) increased slightly by 2%–3%, while those with a high
deposition temperatures (200–300 °C) did not change markedly

image of Fig.�7
image of Fig.�8


Fig. 9. Optical transmittance spectra of (a) the as-deposited AZO films and (b) the
plasma treated AZO films with various substrates temperatures.

Fig. 11. Blueshift (the difference of the bandgap between AZO and ZnO film) as a
function of carrier concentration for the as-deposited and the plasma treated AZO films.
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after plasma treatment. The plasma treatment also caused Eg
broadening and ΔEg increased monotonically from 0.011 to 0.076 eV
as the deposition temperature decreased from 300 °C to RT. The Eg
broadening in all the AZO films is proportional to a 0.64 power of the
Fig. 10. Plot of α2 versus photon energy for the as-deposited and plasma treated AZO
films.
carrier concentration. The improved electrical properties of the
plasma treated AZO films were ascribed to the incorporated hydrogen
atoms acting as shallow donors and passivating surface and defects at
the grain boundaries and the desorption of negative charged oxygen
species at the grain boundaries.
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