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Abstract: Low emissivity glass (low-e glass), which is often used in energy-saving buildings, has high
thermal resistance and visible light transmission. Heavily doped wide band gap semiconductors
like aluminum-doped zinc oxide (AZO) and tin-doped indium oxide (ITO) have these properties,
especially after certain treatment. In our experiments, in-line sputtered AZO and ITO bilayer
(AZO/ITO) films on glass substrates were prepared first. The deposition of AZO/ITO films was
following by annealing in hydrogen/nitrogen (H2/N2) plasma with different N2 flows. The structure
and optical and electrical properties of AZO/ITO films were surveyed. Experiment results indicated
that N2 flow in H2/N2 plasma annealing of AZO/ITO films slightly modified the structure and
electrical properties of AZO/ITO films. The X-ray diffraction peak corresponding to zinc oxide (002)
crystal plane slightly shifted to a higher angle and its full width at half maximum decreased as the
N2 flow increased. The electrical resistivity and the emissivity reduced for the plasma annealed
AZO/ITO films when the N2 flow was raised. The optimum H2/N2 gas flow was 100/100 for plasma
annealed AZO/ITO films in this work for low emissivity application. The emissivity and average
visible transmittance for H2/N2 = 100/100 plasma annealed AZO/ITO were 0.07 and 80%, respectively,
lying in the range of commercially used low emissivity glass.
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1. Introduction

Low emissivity glass (low-e glass), which owns characteristics of high visible transmittance and
infrared reflectance, has been popularly applied in energy-saving architecture [1,2]. Two kinds of low
emissivity glass exist: metal-based multilayers and heavily doped wide energy gap semiconductors are
reported in the market [3,4]. Silver is the most often used metal for metal-based multilayers. The film
thickness of silver must be carefully controlled to possess highly both visible transmittance and infrared
reflectance [5]. However, silver is easily oxidized and undergoes poor adhesion with a glass substrate.
Some protection and interface layers are usually added on and below the silver films on the glass
substrate. Single-layer silver-based multilayer low emissivity glass has at least five layers of films,
while double-layer silver ones have more than eight layers [6]. Multilayer film preparation increases
production cost. Heavily doped wide energy gap semiconductors which do not need many layers and
which may be considered as a substitute for silver-based multilayers applied in low emissivity glass
were investigated in this work.

Crystals 2019, 9, 310; doi:10.3390/cryst9060310 www.mdpi.com/journal/crystals

http://www.mdpi.com/journal/crystals
http://www.mdpi.com
https://orcid.org/0000-0002-1250-3911
http://www.mdpi.com/2073-4352/9/6/310?type=check_update&version=1
http://dx.doi.org/10.3390/cryst9060310
http://www.mdpi.com/journal/crystals


Crystals 2019, 9, 310 2 of 7

Aluminum-doped zinc oxide (AZO) and tin-doped indium oxide (ITO) are heavily doped wide
energy gap semiconductors. Owing to the favorable optical and electrical properties of ITO and
AZO [7,8], they are commonly applied in solar cells, organic light-emitting diodes, and energy-saving
glass, etc. [9–12]. The Hagen–Rubens relation states emissivity of materials decreases when lowering
their electrical resistivity [13]. Recent studies have shown that post treatment could reduce electrical
resistivity and increase the visible transmission of ITO and/or AZO films [14–19]. The reduction of
electrical resistivity of AZO for H2 plasma treatment possibly results from desorption of oxygen from
the grain boundary or the formation of a complex (such as Zn-H) [14–16]. Muthitamongkol et al.
have reported that a decrease in electrical resistivity of AZO films with Ar plasma treatment may
be attributed to the conversion of the crystal structure orientation [18]. Wu et al. have reported that
a reduction in electrical resistivity for H2/Ar plasma possibly resulted from reducing negatively-charged
oxygens adsorbed on the surface of the grain boundary and providing shallow donor states produced
by doped hydrogens [19].

Our research team has fabricated ITO films post-annealed at different H2/N2 flows [20]. We have
found that optimized H2/N2 annealing on ITO can reduce the electrical resistivity of ITO films 58%
more than that with pure H2 annealing. This could be related to the high thermal conductivity of H2,
which is seven times that of N2 [21]. Plasma energy can be readily dissipated by this high thermal
conductivity media during plasma treatment on ITO.

This work investigated the structure, electrical, and optical properties of AZO/ITO films.
The AZO/ITO films on glass were prepared by in-line sputtering. Later, the AZO/ITO films were
post-annealed in H2/N2 plasma at different H2/N2 flow ratios (100/0, 100/50, and 100/100). The results
indicate that the structure of AZO/ITO films can be modified by H2/N2 plasma annealing. The structure
and electrical and optical properties of the AZO/ITO films were surveyed. The optimized flow ratio in
H2/N2 plasma annealing was obtained from the analysis of the measured results.

2. Materials and Methods

The AZO/ITO films were prepared on glass substrates by in-line sputtering. The film thickness
of both AZO and ITO was 250 nm. The substrate was not intentionally heated during sputtering.
The sputtering target of AZO was ZnO:Al2O3 = 98:2 wt.% in composition and 760 × 136 mm2 in size.
The AZO layer was sputtered using a pure Ar flow of 440 sccm, a working pressure of 3 × 10−3 Torr,
and a sputtering power of 2 kW. The sputtering target of ITO was with In2O3:SnO2 = 90:10 wt.% in
composition and 150 × 1500 mm2 in size. The ITO layer was sputtered under an Ar(85%)/O2(15%)
flow of 40 sccm, a working pressure of 1.6 × 10−3 Torr, and a sputtering power of 9kW. The glass
substrate was rinsed by ultrasonic treatment in acetone, isopropyl alcohol, and pure water sequentially.
After that, the glass was dried with dry N2.

The AZO/ITO films were plasma annealed with different H2/N2 flow ratios of 100/0, 100/50,
and 100/100, and were named samples S1, S2, and S3, respectively. Other process parameters used in
H2/N2 plasma treatment were 25 Torr in gas pressure, 600 W in plasma power and 5 min in process time.

The microstructure and electrical, optical, and emissivity properties of the H2/N2 plasma annealed
AZO/ITO films were investigated. The crystalline structure and surface morphologies of the AZO/ITO
films were explored separately using an X-ray diffractometer (D/MAX-2500 V, Rigaku, Tokyo, Japan)
and a scanning electron microscope (SU8000, HITACHI, Tokyo, Japan). Hall measurements (Ecopia
HMS-3000, Ecopia, Gyeonggi-do, South Korea) were made in order to deduce the carrier concentration,
mobility, and electrical resistivity of the AZO/ITO films. The visible optical transmittance of the
AZO/ITO films was surveyed with a UV/VIS/NIR spectrophotometer (PerkinElmer LAMBDA 750,
PerkinElmer, Waltham, USA) in the 380~780 nm range. The emissivity of the AZO/ITO films was
obtained using an emissivity meter (TSS-5X, Japan Sensor, Tokyo, Japan).
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3. Results and Discussions

Figure 1 shows scanning electron micrographs of S1, S2, and S3, respectively. The crystal grains of
the AZO/ITO films are shown to grow with increasing N2 flow.
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Figure 1. Scanning electron micrographs of the H2/N2 plasma processed aluminum-doped zinc oxide 
(AZO)/tin-doped indium oxide (ITO) films at gas ratios of (a) 100/0, (b) 100/50, and (c) 100/100. 

X-ray diffractometer patterns of S1, S2, and S3 are presented in Figure 2, in which two peaks
corresponding to the (002) of ZnO and the (222) of ITO may be observed. The peak with respect to 
(002) of ZnO is seen to slightly shift to a higher angle and its full width at half maximum (FWHM)
decreases with increasing N2 flow.

The (002) peak of ZnO shifting towards a slightly higher angle implies that the distance between 
the (002) crystal planes of ZnO is decreasing. This phenomenon may be the result of replacing the Zn 
ions with Al ions [22]. Zinc ions have an ionic radius of 0.74 Å, which is similar to but a little bigger 
than the radius of Al ions, which is 0.50 Å [23]. The Scherrer equation points out that the grain size 
of materials increases when the FWMH of the X-ray diffraction peak reduces for the corresponding 
materials [24]. The FWHM of the (002) peak for ZnO narrows with increasing N2 flow during H2/N2 
plasma annealing, as shown in Figure 2, indicating that the grain size of the H2/N2 plasma annealed 
AZO/ITO films increases with N2 flow during annealing deduced from the Scherrer equation, which 
is in agreement with the results of the SEM micrographs observed in Figure 1.  

Figure 1. Scanning electron micrographs of the H2/N2 plasma processed aluminum-doped zinc oxide
(AZO)/tin-doped indium oxide (ITO) films at gas ratios of (a) 100/0, (b) 100/50, and (c) 100/100.

X-ray diffractometer patterns of S1, S2, and S3 are presented in Figure 2, in which two peaks
corresponding to the (002) of ZnO and the (222) of ITO may be observed. The peak with respect to
(002) of ZnO is seen to slightly shift to a higher angle and its full width at half maximum (FWHM)
decreases with increasing N2 flow.

The (002) peak of ZnO shifting towards a slightly higher angle implies that the distance between
the (002) crystal planes of ZnO is decreasing. This phenomenon may be the result of replacing the Zn
ions with Al ions [22]. Zinc ions have an ionic radius of 0.74 Å, which is similar to but a little bigger
than the radius of Al ions, which is 0.50 Å [23]. The Scherrer equation points out that the grain size
of materials increases when the FWMH of the X-ray diffraction peak reduces for the corresponding
materials [24]. The FWHM of the (002) peak for ZnO narrows with increasing N2 flow during H2/N2

plasma annealing, as shown in Figure 2, indicating that the grain size of the H2/N2 plasma annealed
AZO/ITO films increases with N2 flow during annealing deduced from the Scherrer equation, which is
in agreement with the results of the SEM micrographs observed in Figure 1.
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slightly shifting to a higher angle, as observed from Figure 2, hints at the replacement of Zn ions with 
Al ions for the AZO/ITO films. The replacement increases the carrier concentration of the AZO/ITO 
films, which agrees with the measured results of carrier concentration in Figure 3. The mobility of the 
materials increases with decreasing defects of the materials. The measured grain size and the carrier 
concentration of the AZO/ITO films increasing with N2 flow during the H2/N2 plasma process can be 
observed in  Figure 1;  Figure 3, respectively. An increase in grain size reduced surface defects and 
an increase in carrier concentration increased point defects in the AZO/ITO films. This could explain 
why the mobility of the H2/N2 plasma annealed AZO/ITO films reached a maximum at H2/N2 = 100/50, 
not at 100/100. 
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Figure 2. XRD patterns of the H2/N2 plasma processed AZO/ITO films.

The electrical properties of the plasma annealed AZO/ITO films were also investigated. In Figure 3
it is evident that the electrical resistivity of the AZO/ITO films decreases and the carrier concentration
of AZO/ITO films increases with N2 flow. Sample S3 had the lowest resistivity, 2.89 × 10−4 Ω-cm, out of
S1, S2, and S3. The mobility of S1, S2, and S3 was 19.2, 25.0, and 23.2 cm2/Vs, respectively.

The reducing electrical resistivity of the AZO/ITO films with increasing N2 flow during the H2/N2

plasma process could result from replacing Zn ions with Al ions and the increase in grain size of the
AZO/ITO films. Electrical resistivity of the materials is inversely proportional to the product of carrier
concentration and mobility. The XRD diffraction peak corresponding to the (002) ZnO crystal plane
slightly shifting to a higher angle, as observed from Figure 2, hints at the replacement of Zn ions with
Al ions for the AZO/ITO films. The replacement increases the carrier concentration of the AZO/ITO
films, which agrees with the measured results of carrier concentration in Figure 3. The mobility of the
materials increases with decreasing defects of the materials. The measured grain size and the carrier
concentration of the AZO/ITO films increasing with N2 flow during the H2/N2 plasma process can
be observed in Figure 1; Figure 3, respectively. An increase in grain size reduced surface defects and
an increase in carrier concentration increased point defects in the AZO/ITO films. This could explain
why the mobility of the H2/N2 plasma annealed AZO/ITO films reached a maximum at H2/N2 = 100/50,
not at 100/100.
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Table 1 shows the emissivity and average transmittance in visible light of the H2/N2 plasma
annealed AZO/ITO films. Figure 4 reveals the transmission spectra of the AZO/ITO films by plasma
treatment. The average transmittance in the visible region (380–780 nm) for S1, S2, and S3 was 80%.
The emissivity of the AZO/ITO films decreased with increasing N2 flow. The emissivity of S1, S2,
and S3 was 0.10, 0.08, and 0.07, respectively. The emissivity of the materials decreased with their
electrical resistivity according to the Hagen–Rubens relation [13]. The electrical resistivity of the
AZO/ITO films decreased (Figure 3) and the emissivity of the H2/N2 AZO/ITO films also decreased
(Table 1) with increasing N2 flow during the H2/N2 plasma process. Our results are in agreement with
the Hagen–Rubens relation.

Reports on commercial low-e glass products indicate that they have an emissivity of below
0.45 [25]. Taking into account the obtained results, we deduced that the optimum H2/N2 with a flow
ratio 100/100 in plasma annealing can produce AZO/ITO films with an emissivity of 0.07.

Table 1. Average transmittance in the visible region (380–780 nm) and emissivity of the H2/N2 plasma
processed AZO/ITO films.

H2/N2 Flow Ratio 100 sccm/0 sccm 100 sccm/50 sccm 100 sccm/100 sccm

Emissivity 0.10 0.08 0.07
Average transmittance in the visible

(380–780 nm) region (%) 80% 80% 80%
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4. Conclusions

In this study AZO/ITO films were post-annealed in H2/N2 plasma at different N2 flows. Experiment
results showed that the N2 flow in H2/N2 plasma annealing of AZO/ITO films affects the microstructure
and electrical behavior of AZO/ITO films. The crystal grains grow and the electrical resistivity and
emissivity decrease for H2/N2 plasma annealed AZO/ITO films as N2 flow is raised during plasma
treatment. The average transmittance in visible wavelengths of all plasma treated AZO/ITO films was
about 80%. The decreasing of the electrical resistivity of the AZO/ITO films with increasing N2 flow
during the H2/N2 plasma process could be ascribed to the replacement of Zn ions with Al ions and the
increase in grain size for the AZO/ITO films. The optimized flow ratio for H2/N2 plasma treatment was
found to be 100/100. The H2/N2 (with a 100/100 flow ratio) plasma annealed AZO/ITO films were able
to reach an emissivity of 0.07 and a visible transmittance of 80%, which can be applied to low-e glass.
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