
Journal of Engineering, National Chung Hsing University, Vol. 25, No. 3, pp. 95-106 95

COMPARATIVE STUDY ON PHYSICAL PROPERTIES OF 
ZnO:Al THIN FILMS BY IN SITU HYDROGEN DOPING AND 

HYDROGEN PLASMA POST-TREATMENT

Fang-Hsing Wang*  Hung-Peng Chang  Jui-Yao Wu  Han-Wen Liu

ABSTRACT
ZnO:Al (AZO) thin films were prepared on glass substrates by radio frequency magnetron sputtering 

at 300°C. Effects of H2/(H2 + Ar) flow rate ratio (RH) during sputtering and post-deposition hydrogen 
plasma treatment on structural, electrical, and optical properties of AZO thin films were investigated and 
compared. For the films deposited with different RH, all the films exhibited a (0 0 2) preferred orientation 
only along the c-axis and their 2θ angles decreased with increasing RH. The lowest resistivity was obtained 
for the samples sputtered with RH of 2%. The average optical transmittance in the visible wavelength region 
(400 ~ 700 nm) was over 85% and it slightly increased with increasing RH. For the hydrogen plasma-
treated films, the 2θ position of the (0 0 2) peak shifted to high angle side. The electrical resistivities of 
the hydrogen plasma-treated AZO (RH = 0) and AZO:H (RH = 2%) thin films decreased by 78% and 32%, 
respectively, compared to those without plasma treatment. It reveals that the hydrogen plasma treatment 
improves the conductivity of the non-hydrogen-doped AZO film more effectively than the hydrogen-doped 
one. Besides, hydrogen plasma treatment nearly did not change the optical transmittance in the visible 
wavelength region but broadened the optical bandgap of the film. These results suggest that the post-
deposition hydrogen plasma treatment is more effective than in situ hydrogen doping in improving electro-
optical properties of the AZO thin films.
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1. INTRODUCTION

Transparent conductive oxide (TCO) films were 
extensively used in optoelectronic devices such as solar 
cells [1], flat-panel displays [2], light emitting diodes [3], 
gas sensors [4], and waveguide devices [5]. Indium tin 
oxide (ITO) thin films are the commonly used transparent 
conductive oxide at present [6]. However, ITO films act 
unstably in high-temperature application and indium 
is rare and with toxicity; substitutive materials for ITO 
films, therefore, are unceasingly studied and discussed. 
Zinc oxide (ZnO) has attracted attention because of its 
non-toxicity, abundant, and relatively low cost [7-9]. 
ZnO has an n-type wide bandgap with wurtzite crystal 
structure. The electrical conductivity of ZnO is primarily 
dominated by electrons generated by oxygen vacancies 
and zinc interstitial atoms. However, an intrinsic ZnO 
film has unstable electrical properties because its 
resistivity varies under either oxygen chemisorption or 
desorption. Further improvement of resistivity of ZnO 
can be achieved by doping group IIIa metals such as 
Ga, In and Al [10-13]. Al-doped zinc oxide (AZO) thin 
films have superior stability under hydrogen plasma 
environment in comparison with ITO films. Besides, 
the electrical and optical characteristics of AZO films 
are close to those of ITO films so that there have been 
many people involving in the study in recent years [12-
17]. Several methods such as chemical vapor deposition 
(CVD) [18], spray pyrolysis [13], pulsed laser deposition 
[19], sol-gel process [14], and magnetron sputtering [15-
17] have been used to prepare ZnO films. 

Radio-frequency (RF) magnetron sputtering is one 
of the most commonly applied technologies, with which 
even films with better crystallinity, at the relevant low 
process temperature, can be obtained. Comparing with 
other deposition methods, some have to be proceeded 
at high temperature that limits the choice of substrate 
materials. Besides, sputtering possesses inherent ease 
with which the deposition conditions can be controlled 
[12]. The physical properties of AZO films are influenced 
by sputtering parameters and post-treatments [15-17,20-
25]. Das and Ray [25] developed AZO films under Ar + H2 
ambient by RF magnetron sputtering and concluded that 
the lowest resistivity, 4.5 × 10-4 Ω-cm, and high visible 
transmittance above 90% were achieved at deposition 
temperature of 300°C with the H2/(Ar + H2) ratio of 10%. 
Lee et al. [23] investigated the characteristics of hydrogen 
co-doped AZO thin films prepared by sputtering ZnO 

targets containing 1 wt% Al2O3 at 150°C. They obtained 
the low resistivity, 4.14 × 10-4 Ω-cm, for the samples 
prepared with the H2/(Ar + H2) ratio of 6%. Among these 
studies regarding the hydrogen doping on AZO films, the 
optimal hydrogen content for enhancing electro-optical 
properties of AZO films is inconsistent. In addition, a few 
literatures introduced a post-treatment such as hydrogen 
annealing [26,27], hydrogen plasma exposure [9,28-
32], and hydrogen ion implantation [33] to improve the 
characteristics of TCO films. Oh et al. [27] proposed 
that improved electrical conductivity of AZO films 
by hydrogen annealing were ascribed to desorption of 
negatively charged oxygen species from grain boundary 
surfaces. Major et al. [34] studied the effects of hydrogen 
plasma exposure on ITO, fluorine-doped tin oxide (FTO), 
and indium-doped zinc oxide (IZO) films and concluded 
that both ITO and FTO surfaces were reduced to yield 
elemental indium and tin, respectively, while IZO 
showed no changes in electrical and optical properties 
after plasma treatment. Our earlier work has investigated 
the effects of H2 plasma treatment on physical properties 
of AZO films sputtered with different RF power [20]. 
The above-mentioned results motivated us to further 
study the characteristics of hydrogen-incorporated AZO 
films and detailed mechanism of improvement on their 
electro-optical properties. 

The aim of this work is to investigate and compare 
the effects of H2/(H2 + Ar) flow ratio in sputtering 
process and post-deposition hydrogen plasma treatment 
on structural, electrical, and optical properties of AZO 
films. The H2 plasma treatment was performed using a 
plasma-enhanced CVD (PECVD) system because it was 
more convenient and practical for large area applications 
such as thin film solar cells and flat-panel displays.

2. EXPERIMENTAL

AZO thin films were deposited on Corning 1,737 
glass substrates by using an RF magnetron sputtering 
system with a ceramic target made of 98 wt% ZnO 
(99.999%) and 2 wt% Al2O3 (99.999%) powders. The 
glass substrates with an area of 25 × 25 mm2 were cleaned 
ultrasonically with isopropyl alcohol (IPA) and deionized 
(DI) water, and then dried under a blown nitrogen gas. 
The distance between the target and the substrate was 
fixed at 10 cm. The substrate holder spun at 40 rpm to 
obtain a better uniformity. The working pressure was 
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maintained at 5 × 10-2 Torr. The deposition temperature 
was kept at 300°C. The chamber was preserved under 
various H2/(H2 + Ar) flow ratios ranging from 0 to 5%. All 
of the films were about 100 nm-thick. After deposition, 
the AZO films were treated by hydrogen plasma for 15 ~  
120 min with an RF power of 10 W at 300°C using a 
parallel-plate PECVD system. The working pressure was 
maintained at 1 Torr.

The structure of the AZO film was examined by 
X-ray diffraction (XRD) (PANalytical) analysis with Cu-
Kα radiation (λ = 1.54056 Å). The morphology of the 
AZO film was observed using a field emission scanning 
electron microscope (FE-SEM) (JEOL, JSM-6700) and 
an atomic force microscope (AFM) (Digital Instrument,  
NS4/D3100CL/Multimode). The resistivity, Hall mobility, 
and carrier concentration were measured using a four-
point probe apparatus (Napson, RT-70/RG-5) and the  
Van der Pauw method (BIO-RAD, HL5500IU). The 
optical transmittance was measured using a UV/VIS/
IR spectrophotometer (Jasco V-570) in the 220 ~ 
2,500 nm wavelength range. The temperature of all the 
measurements is kept at room temperature (RT).

3. RESULTS AND DISCUSSION

3.1 Effects of in Situ Hydrogen Doping on 
Properties of AZO Films
Figure 1 exhibits the XRD spectra of the AZO thin 

films with various H2/(H2 + Ar) flow ratios (RH). The 
AZO films deposited with different hydrogen contents 
had only (0 0 2) preferential orientation along the c-axis 
at diffraction angle (2θ) around 34°, indicating a typical 
hexagonal wurtzite structure in the prepared AZO films 
[27]. No metallic Zn or Al characteristic peaks or Al2O3 
peaks were observed. The observed c-axis orientation 

in AZO films can be understood by the ‘survival of the 
fastest’ model proposed by Drift [35]. Table 1 depicts 
the parameters of the XRD patterns shown in Figure 1. 
The crystalline plane distance (d) is 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 constants, 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 [36]. The 2θ angle of the (0 0 
2) peak of the AZO film prepared without H2 was close 
to that of the standard ZnO crystal (34.45°) [24]. Park 
et al. [37] reported that substitution of Al3+ to Zn2+ site 
would lead to the decrease of lattice constant because the 
radius of Al3+ was smaller than that of Zn2+. In this study, 

Figure 1. XRD spectra of the AZO films with 
various H2/(H2 + Ar) f low ratio.

Table 1. Parameters estimated from the XRD patterns of the AZO thin f ilms with various H2/(H2 + Ar) 
f low ratios

H2/(H2 + Ar) 
f low ratio (%)

2θ (°) FWHM (°) Grain size (nm) d (nm) c (nm) Strain (× 10 –3)

0 34.41 0.342 24.3 0.2604 0.5208 0.262
1 34.19 0.288 28.9 0.2621 0.5241 6.504
1.5 34.18 0.301 27.6 0.2621 0.5242 6.790
2 34.14 0.317 26.2 0.2624 0.5248 7.934
2.5 34.13 0.344 24.2 0.2625 0.5250 8.221
5 34.13 - - 0.2625 0.5250 8.221
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it is likely that most Al atoms were not in ZnO crystalline 
but segregated at grain boundaries [38]. With hydrogen 
addition in the AZO films, the 2θ angle of the (0 0 2) 
peak shifted from 34.41° (RH = 0%) slightly to the lower 
angle of 34.13° (RH = 5%). Meantime, the c-axis lattice 
parameter increased from 0.5208 to 0.5250. This result 
reveals that hydrogen atoms insert into the bonding of 
zinc and oxygen to expand lattice so as to lead to the 
lower diffraction angle [21,39]. It is in agreement with 
the results predicted by the first principle study, in which 
hydrogen incorporation into ZnO would cause lattice 
expansion despite bonding state of the incorporated 
hydrogen [40]. Besides, the intensity of the (0 0 2) peak 
decreased as RH increased. Especially, as RH increased 
beyond 2.5%, the peak intensity decreased markedly. This 
also reveals hydrogen atoms could be situated in the ZnO 
bond center, so the crystallinity of the film deteriorates 
as more hydrogen atoms are mixed in sputtering gas 
[21,24]. When RH exceeds the saturation condition, the 
increased defects at grain boundaries caused by excess 
hydrogen atoms lead to poor crystal quality. 

Figure 2 shows the full-width at half-maximum 
(FWHM) and grain size of the AZO thin films as a 
function of H2/(H2 + Ar) flow ratio. The grain size is 
estimated using Scherrer’s formula [41],

  (1)

where λ = 1.54056 Å, D is grain size and β is FWHM. 
The calculated grain sizes were 24.3, 28.9, 27.6, 26.2, and 

24.2 for RH = 0, 1%, 1.5%, 2%, and 2.5%, respectively. 
The minimum FWHM value and the maximum grain size 
were achieved as RH was 1%. Then the grain size began 
to decrease for further addition of hydrogen. It is believed 
that during sputtering, excess hydrogen may be adsorbed 
on the growing surface, hindering further growth of the 
ZnO grain with preferred orientation [23]. This would 
lead to small grain size in the AZO films. Liu et al. [21] 
also indicated that the H2-flow should be controlled in a 
small range of 0.4 ~ 1.0 sccm (i.e., RH = 0.66% ~ 1.64%) 
to grow good crystallinity AZO thin films. However, Tark 
et al. [42] reported that the estimated grain size decreased 
monotonically from 24.88 to 18.44 nm with increasing 
H2/(H2 + Ar) flow ratio from 0 to 10%. Our results are 
similar with that of Liu et al. rather than that of Tark et al.

Figure 3 (a ~ f) displays the FE-SEM images of the 
AZO thin films with various H2/(H2 + Ar) flow ratios. The 
findings in Figure 3(a) showed that the arrangement of 
grains for the film without hydrogen addition displayed a 
continuous and dense hexagonal phase. From Figure 3(b 
~ c), one can see that some surface grains seemed to be 
enlarged at RH = 1% ~ 1.5%. It is possible for the reaction 
of Al replacing substitutional Zn by adding appropriate 

Figure 2. Full-width at half-maximum (FWHM) 
and grain size of the AZO films as a function of 

H2/(H2 + Ar) f low ratio.

Figure 3. FE-SEM images of the AZO films with 
various H2/(H2 + Ar) f low ratios: (a) 0%; (b) 1%; 

(c) 1.5%; (d) 2%; (e) 2.5%; (f ) 5%.
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hydrogen in the process. The decrease of Al in grain 
boundaries causes the thin film to crystallize into larger 
grains. From Figure 3(d ~ f), the structure of the film 
gradually transformed from hexagon into globularity with 
the increase of RH. It is believed that the excess hydrogen 
worsen the crystallinity of the film due to erosion of grain 
boundaries at 300°C. Sun et al. [24] also found similar 
surface morphology for AZO films sputtered at 300°C in 
H2 + Ar ambient. The observations from SEM images are 
approximately agreeable to the XRD data. 

Figure 4 shows the resistivity, Hall mobility, and 
carrier concentration of the AZO thin films as a function 
of H2/(H2 + Ar) flow ratio. The film prepared with 
RH of 2% achieved the lowest resistivity, 9.17 × 10-3 
Ω-cm. The lower or higher RH than 2% made resistivity 
increase. As RH exceeded 5%, the films resistivity was 
too high to be measured. On the other hand, one could 
note that the achieved minimum resistivity is larger than 
those reported by Lee et al. [23] and Liu et al. [21]. It is 
attributed to high deposition pressure in our experiment. 
At higher chamber pressure, the mean free path of the 
precursors for deposition are shorter, so the precursors 
collide several times with other gas molecules before they 
reach the substrate surface. However, at lower chamber 
pressure the precursors have a higher momentum and 
can diffuse longer on the growing surface to produce 
a film with better crystal quality. Therefore, at high 
deposition pressure, film resistivity is usually high [25]. 
The Hall mobility of the hydrogen-doped film increased 
as RH increased from 1% to 2.5%, but all of them were 
smaller than that of the non-hydrogen-doped film (RH 
= 0) due to worse crystallinity. The increased mobility 

may be attributed to the reaction of Al replacing Zn 
by hydrogen doping, which decreases Al and related 
defects in grain boundaries. The carrier concentration of 
the hydrogen-doped films increased and the maximum 
value was obtained at RH = 2%. The tendency that the 
carrier concentration increases first and then levels off or 
decreases for a further increase in hydrogen has also been 
reported in the previous literatures [23,39,42].

Figure 5(a) shows the optical transmittance spectra 
of the AZO thin films with different H2/(H2 + Ar) flow 
ratio. Form Figure 5(a), the average optical transmittance 
in the visible wavelength region (400 ~ 700 nm) slightly 

Figure 4. Resistivity, Hall mobility, and carrier 
concentration of the AZO films as a function of 

H2/(H2 + Ar) f low ratio.

Figure 5. (a) Optical transmittance spectra and; 
(b) graph of α2 vs. photon energy of the AZO 
films with various H2/(H2 + Ar) f low ratio.
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increased with increasing RH and all of them were over 
85% (including glass substrate). The earlier literatures 
also reported that the transmittance in the visible region 
increased with the increasing H2/(H2 + Ar) flow ratio 
[23,42]. However, in the study of Liu et al. [21], the AZO 
film prepared with relative high H2-flow rate, 2.2 sccm 
(i.e., RH = 3.5%) showed bad transparency due to the 
increase of intergranular zinc atoms caused by hydrogen. 
On the other hand, a different tendency was observed in 
long wavelength region. For the film prepared with RH = 0, 
the transmittance at 2,200 nm was 86.1%, whereas for the 
films prepared with RH = 0.5 ~ 2.5%, it decreased to 77.8% 
~ 80.4%. Since AZO is a degenerate semiconductor, this 
behavior can be explained by the classical Drude model 
[43], which indicates the decrease of transmittance in 
the IR region is attributed to free carrier absorption. In 
the UV wavelength region, the absorption edge shifted 
towards the short wavelength side with increasing RH. 
Figure 5(b) shows the graph of α2 vs. photon energy (hν), 
where α is the optical absorption coefficient [23]. The 
optical bandgaps (Eg) of all the AZO films were larger 
than that of the undoped ZnO (3.3 eV) regardless of RH. 
Moreover, Eg increased from 3.658 to 3.772 eV as the RH 
increased from 0 to 5%. The Eg broadening phenomenon 
is known as the Burstein-Moss effect, which specifies the 
Fermi level inside the conduction band moves upward 
with increasing carrier concentration due to the filling of 
conduction band by the increase of electron carriers [44].

For applications as transparent electrodes of solar 
cells, the films must have a low resistivity and a high 
transmittance in the visible wavelength region. Haacke 
[45] proposed a way for evaluating this compromise by 
means of the figure of merit (FOM). FOM is defined by

  (2)

where T is the average optical transmittance in the visible 
wavelength region (400 ~ 700 nm) and RS is the sheet 
resistance. Figure 6 shows the figures of merit of the 
AZO thin films as a function of RH. As RH was 2%, FOM 
achieved the maximum value due to low resistivity and 
high optical transmittance of the film. Therefore, this 
result suggests RH of 2% is the optimal gas flow ratio for 
the developed transparent conducting AZO:H thin films.

3.2 Effects of Hydrogen Plasma Treatment 
on Properties of Non-Hydrogen-Doped 
AZO and Hydrogen-Doped AZO Films 
In this section, we treated the AZO (RH = 0) and 

AZO:H (RH = 2%) thin films by hydrogen plasma to 
study the influence on their physical characteristics. 
Figure 7 shows XRD data of the plasma-treated AZO and 
AZO:H thin films. All of the films exhibited only (0 0 2) 
peak around 2θ ~ 34° regardless of plasma treatment. For 
the AZO film, its (0 0 2) peak slightly shifted towards 
the low diffraction angle side after plasma exposure. The 
decreased 2θ angle may be due to that hydrogen atoms 
diffuse into the AZO films and are situated in the Zn-O 
bond center during plasma exposure [21]. Contrarily, the 
(0 0 2) peak of the AZO:H film noticeably shifted towards 
the high diffraction angle side, implying large shrinkage 
in c-axis lattice parameter. Oh et al. [27] presented that 
the (0 0 2) peak of the AZO films shifted towards a high 
diffraction angle as the sample annealed in hydrogen 
atmosphere. They explained that is due to relaxation of 
residual strain introduced in the film during annealing 
process. Lee et al. [46] reported that the 2θ angle of 
the (0 0 2) peak of the vacuum-annealed AZO:H films 
increased very much. They attribute the phenomenon 
to hydrogen removal from the films upon annealing. In 
this work, the increased 2θ angle for the plasma-treated 
AZO:H film may result from that hydrogen atoms diffuse 
out of the film during the plasma treatment, leading the 
strain relaxation in the film. Table 2 lists the parameters 
estimated from the XRD patterns shown in Figure 7. 

Figure 6. Figures of merit (FOM ) of the AZO 
films as a function of H2/(H2 + Ar) f low ratio.

04-Fang-Hsing.indd   100 2014/12/8   上午 02:20:00



Journal of Engineering, National Chung Hsing University, Vol. 25, No. 3        101

It can be seen that the calculated strain of the AZO:H 
film considerably decreased after plasma treatment. In 
addition, the FWHM value slightly decreased and the 
grain size slightly increased after plasma treatment for 
both the AZO and AZO:H films.

Figure 8(a) ~ (d) exhibits the FE-SEM images of 
the AZO and AZO:H thin films without and with plasma 
treatment. As compared to the as-deposited films, the 
surface morphology of the plasma-treated films did not 
noticeably change. The estimated surface grain sizes of 
the films shown in Figure 8(a) ~ (d) were about 41, 48, 39 
and 41 nm, respectively. It indicates that the H2 plasma 
treatment slightly increases the surface grain size. This 
result agrees with the XRD data and can be explained 
by etching effect on small grains growing among large 
grains and rearrangement of surface atoms due to 
activated hydrogen radicals. Baik et al. [26] also reported 
that the grain size of the AZO film slightly increased after 
hydrogen treatment using photo-CVD for 30 min. 

Figure 9(a) shows the resistivity of the AZO 
and AZO:H films as a function of plasma exposure 
time. For the AZO film (RH = 0), the film resistivity 
significantly decreased after a 15 min plasma treatment 

and it decreased by 78% (from 1.09 × 10-2 to 2.38 × 10-3 
Ω-cm) after a 60 min plasma treatment. By contrast, the 
resistivity of the 60 min-plasma treated AZO:H film (RH = 
2%) merely decreased by 32% (from 9.17 × 10-3 to 
6.27 × 10-3 Ω-cm). After a 60 min plasma treatment, the 
reduction in film resistivity of the AZO film is apparently 
larger than that of the AZO:H film. Figure 9(b) shows 
the Hall mobility and the carrier concentration of 
the plasma-treated AZO and AZO:H films. The Hall 
mobility of the AZO film increased upto about two 
times after plasma treatment, while that of the plasma-
treated AZO:H thin film slightly increased after a 15 
min plasma exposure and then gradually decreased for 
the longer plasma exposure time (30 ~ 120 min). The 
increase in mobility for the plasma-treated AZO films 
may be attributed to desorption of weakly bound oxygen 
species and passivation of acceptors and defects at grain 
boundaries, which decreases barrier potential and carrier 
scattering, thus improving mobility [26,47]. However, 
for the plasma-treated AZO:H films, the excess hydrogen 
atoms could result in electron-electron or electron-
impurity scattering and thus decrease the Hall mobility 

Figure 7. XRD data of the AZO and AZO:H films 
without and with plasma treatment.

Table 2. Parameters estimated from the XRD patterns of the AZO and AZO:H films without and with 
plasma treatment

Sample 2θ (°) FWHM (°) Grain size  (nm) d (nm) c (nm) Strain ( × 10 –3)
as-deposited AZO (0%) 34.41 0.342 24.3 0.2604 0.5208 0.262
plasma-treated AZO (0%) 34.39 0.322 25.8 0.2606 0.5211 0.826
as-deposited AZO:H (2%) 34.14 0.317 26.2 0.2624 0.5248 7.934
plasma-treated AZO:H (2%) 34.38 0.313 26.6 0.2606 0.5213 1.109

Figure 8. FE-SEM images of the AZO and AZO:H 
thin f ilms without and with plasma treatment.
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[48]. Thus, the Hall mobility increases for the first 15 
min plasma exposure and decreases for further increasing 
plasma exposure time. The carrier concentrations of 
both the AZO and AZO:H films increased after plasma 
treatment. The increase in carrier concentration may 
be ascribed to desorption of negative charged oxygen 
species and formation of shallow donors generated 
by incorporated hydrogen during plasma exposure 
[27,29,47]. It is also worth noting that the increment of 
the carrier concentration of the AZO thin film was larger 
than that of the AZO:H film. It may be ascribed to that 
the incorporated hydrogen atoms during sputtering are 
removed from the AZO:H films upon plasma exposure. 
In the study of Lee et al. [46], they also indicated that 
the carrier concentration apparently decreased as AZO:H 
films were annealed in vacuum or air ambient at 300 ~ 
310°C due to hydrogen removal.

Figure 10(a) ~ (b) shows the optical transmittance 
spectra and the optical bandgap (Eg) of the AZO and 
AZO:H thin films before and after hydrogen plasma 
treatment. All the films had high optical transmittances 
(≥ 85%) in the visible wavelength range and strong 
absorption in the UV region. In Figure 10(a), the 
transmittances of the plasma-treated AZO and AZO:H 
films nearly did not vary in the visible region as compared 
to those of the as-deposited ones. Das et al. also reported 
the transmission of both the ZnO films prepared with Ar 
and Ar + H2 remained unaltered after hydrogen plasma 
exposure [25]. However, it has been reported that the 
plasma-treated ITO and SnO2 thin films showed only 

Figure 9. (a) Resistivity; (b) Hall mobility and 
carrier concentration of the AZO and AZO:H 
films as a function of plasma exposure time.

Figure10. (a) Optical transmittance spectra and; 
(b) graph of α2 vs. photon energy of the AZO and 
AZO:H films without and with plasma treatment.
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60% transmission in the visible range [49]. It is attributed 
to that ZnO has stronger bond than ITO and SnO2, hence 
it can resist the reduction caused by hydrogen radicals 
during plasma treatment. In Figure 10(b), the calculated 
Eg broadened after plasma treatment and the increments 
of Eg for the AZO and AZO:H films were 0.09 and 0.01 eV, 
respectively. The Eg broadening is proportion to the variation 
of the carrier concentration, as shown in Figure 9(b).

Figure 11 shows FOM of the AZO and AZO:H 
films before and after hydrogen plasma treatment. One 
could see that FOM of both the as-deposited AZO and 
AZO:H films raised after hydrogen plasma treatment, 
while it is of interest to note that the extent of increase 
was different for these two kinds of films. After plasma 
treatment, the FOM of the AZO film (without hydrogen 
addition) increased to about 4 times of the original 
value, while it was only about 1.5 times for the AZO:H 
films. The highest FOM, 8.13 × 10-4 Ω-1, was obtained 
for the plasma-treated AZO films. This result reveals 
that the post-deposition hydrogen plasma treatment is 
more effective technique for enhancing electro-optical 
properties of AZO films than in situ hydrogen doping 
during sputtering. Moreover, the method of combining 
in situ hydrogen doping with hydrogen plasma treatment 
can not achieve twofold enhancement in electro-optical 
properties of AZO films. 

4. CONCLUSIONS

The effects of H2/(H2 + Ar) flow ratio in sputtering 
process and post-deposition hydrogen plasma treatment 

on the structural, electrical, and optical properties of 
the AZO thin films were investigated. All of the AZO 
films exhibited the (0 0 2) c-axis preferred orientation 
perpendicular to the substrate in spite of hydrogen 
doping and plasma treatment. A small addition (1%) 
of hydrogen during sputtering increased grain size but 
a further increase of hydrogen resulted in a decrease of 
grain size. According to the calculated figure of merit, 
the optimal H2/(H2 + Ar) flow ratio for preparing low 
resistivity and high transmittance AZO films was 2%. For 
the plasma-treated AZO film, the 2θ angle of the (0 0 2) 
peak shifted towards the high diffraction angle, implying 
relaxation of the residual strain during plasma process. 
For the non-hydrogen-doped AZO film, the resistivity 
decreased by 78%, which is much larger than 32% of the 
hydrogen-doped film after a 60-min plasma treatment. 
The average optical transmittances of the plasma-treated 
films in the visible wavelength region were above 85% 
and had no significant change as compared to that of the 
as-deposited ones. This work concludes that the post-
deposition hydrogen plasma treatment is more effective 
than in situ hydrogen doping in improving electro-
optical properties of the AZO thin films. Especially, the 
extent of improvement is more pronounced in the AZO 
film without hydrogen incorporation. Along the above-
mentioned results, the developed technique can be used 
to produce highly transparent conductive windows for 
photovoltaic devices.
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