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Abstract
Because of their favorable sensitivity in chemical environments, zinc oxide (ZnO) materials are widely used in gas sensing. 
This study performed deposition of aluminum-doped ZnO nanofilms through radiofrequency magnetron sputtering. Oxygen 
flux and power during sputtering were altered to adjust the films’ surface morphology, produce a highly porous structure, 
and increase sensitivity to carbon monoxide. For sensitivity testing, the film was encapsulated in a gas sensor by sputtering 
copper electrodes and fixing wires to the copper electrodes with silver glue. Field-emission scanning electron microscopy 
and x-ray diffractometry were used to analyze the films’ surface microstructure and crystallinity. Ultraviolet–visible spectro-
photometry was used to measure the film surface’s light absorbance and porousness. Sensitivity to carbon monoxide (CO) 
under lower temperatures was tested using our gas-sensing circuitry, which involves a Keithley 2400 source meter used to 
monitor changes in impedance in real time. The results demonstrate that an oxygen flux of 10 sccm and sputtering power of 
175 W produced films with favorable surface morphology and increased the maximum CO response value. Thus, the surface 
structure of the films can be adjusted by optimizing sputtering parameters, which increases sensitivity to CO gas reactions. 
This study demonstrated the films’ potential application in gas sensors.
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Introduction

Rapid technological advancement has exacerbated human 
effects on the environment, particularly those of indus-
trial development, thermal power generation, and auto-
mobile dependency. To maintain ecological equilibrium 
and ensure the health and safety of the human popula-
tion, the detection of harmful gases has become impera-
tive. Carbon monoxide (CO) and methane are examples 
of undetectable lethal gases because they are colorless 
and odorless. The most lethal part of a fire is the CO 
and carbon dioxide it generates.1–3 When indoor water 
heaters have incomplete combustion, they generate CO, 
which is incredibly dangerous because it bonds with red 

blood cells and reduces the ability of blood to carry oxy-
gen. The resulting lack of oxygen to tissues in the body 
produces symptoms of CO poisoning. The research and 
development of gas sensors can help detect and minimize 
harm as quickly as possible. The first gas sensor was cre-
ated in 1923 and involved heating tin dioxide  (SnO2) to 
several hundred degrees Celsius with a platinum wire and 
using catalysis to detect a target gas in the air. Nowadays, 
semiconductor CO sensors are most frequently used.4–6 
Unlike earlier models, semiconductor CO sensors oper-
ate not through a direct reaction between CO and a metal 
oxide, such as zinc oxide (ZnO) but by reacting with the 
surrounding oxygen; this slight difference in the detec-
tion process increases the sensor’s lifespan. Because 
metal–oxide–semiconductor (MOS) CO sensors are low 
cost and can be miniaturized and mass produced, they 
may be applicable as wearable devices; thus, research on 
semiconductor CO sensor technology has begun to receive 
attention. Gas sensors come in a wide range of models 
that operate under various principles and can be grouped 
into five categories: semiconductor sensors, infrared 
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absorption sensors, electrochemical sensors, thermal con-
ductivity detectors, and catalytic combustion sensors.7–9 
Semiconductor gas sensors can be further divided into 
n-type and p-type semiconductors. CO sensors on the 
market are mainly electrochemical. To lower costs and 
expand production to a mass scale, research teams have 
increasingly invested in the development of semiconduc-
tor gas sensors, which have high response values and 
low production costs and can be easily combined with 
other components to form a gas detection device. These 
characteristics enable the design and structure of a gas 
detector to be streamlined.10–12 Thus, semiconductor gas 
sensors are more applicable than conventional optical gas 
sensors and chemiresistive-type sensors. Semiconductor 
gas sensors are based on conductivity, which changes in 
response to gas absorbance (in this case, the redox reac-
tion). Unsaturated oxygen levels produce unbonded free 
electrons, creating electron holes in the aluminum-doped 
ZnO (AZO) lattice.13,14 When gas molecules or atoms 
attach to the surface of AZO, an n-type semiconductor, 
the release or absorbance of electrons as a result of the 
redox reaction can increase or decrease the density of 
electron holes and thereby alter the electrical impedance 
value. This change in impedance value enables the detec-
tion of gas reactions.15–18  This detection mainly involves 
the semiconductor surface-type reaction, so the structural 
shape and surface morphology of the semiconductor are 
very important. Semiconductor sensors have been widely 
researched and applied to the detection of toxic gases.19–21 
The parameters that affect surface absorbance are the sur-
face structure and the composition of the metal oxide film. 
Changing a film from a two-dimensional metal oxide to 
a three-dimensional metal oxide or doping the surface of 
the metal oxide with catalytic  elements22–24 can increase 
film sensitivity and selectivity. However, doping compli-
cates the gas-sensing mechanism so that the main cause of 
improved sensor characteristics will not be easily identi-
fied.25,26 MOS sensors can be p-type or n-type sensors. 
Common p-type sensor materials include ceric oxide, 
nickel oxide, and cupric oxide. Common n-type sensor 
materials are ZnO, indium oxide  (In2O3), and  SnO2. Gas 
sensors made from these materials, such as AZO,  In2O3, 
and  ZnO27–30, have demonstrated favorable sensitivity in 
gas sensing.31–35 In 1991, Chaonan et al. discovered that 
reducing the grain size of a material benefits the gas-
sensing response by increasing its value.36–38 Research 
has revealed that, when the SnO grain size decreases, 
the gas-sensing effect improves. Chaonan et al. also pro-
posed a model for examining the effects of grain size on 
gas sensing, with D as the grain size and L as the thick-
ness of the depletion region of the material surface.39–41 
When the grain size is much larger than twice the thick-
ness of the depletion region, the electrical changes caused 

by the depletion region are negligible, resulting in a low 
response value.42–44 When D was substantially greater 
than or equal to 2L, the electrical changes caused by the 
depletion region were more pronounced. When D was 
less than 2L, the electrical change caused by the depletion 
region occupied the majority of the material and resulted 
in a considerable change in the response value. In a 2012 
study on the CO-sensing properties of flower-like ZnO 
microstructures, Rai and Yu referenced the findings 
of  Takata45–47: oxygen ions exist stably in the form of 
 O2

− when the sensing temperature is lower than 100°C 
(1), as  O−on a ZnO surface when the sensing temperature 
is 100–300°C (2), and again as  O2

− on the ZnO surface 
when the sensing temperature is higher than 300°C (3). 
The CO and oxygen reaction formulae are:

In the third reaction formula, when CO reacts with the 
oxygen ions, more electrons are released, which causes an 
increase in current or decrease in impedance to become 
more evident. The response value also increases as a result. 
However, situations that require higher sensing temperatures 
are not conducive to the continued use of sensor compo-
nents.48–50 Consequently, the main goal of this study was 
to develop a gas sensor that can perform in lower tempera-
tures and maintain its response value. ZnO materials have 
received attention in research on gas sensor chips because of 
their favorable optical and electrical properties, low cost, and 
relative lack of harm to the environment. Incorporating an 
appropriate amount of aluminum can form a heterostructure 
with ZnO and provide carriers to improve the structure and 
morphology of the energy band.51–53 These changes in turn 
help to increase the reaction sensitivity and response value 
of the film to CO. In addition, the sputtering process enables 
the creation of thinner films and more precise control of film 
thickness than does the chemical bath deposition used in 
other studies. This creation process can also be conducted at 
lower temperatures and is therefore more likely to be applied 
to flexible components and devices. Therefore, this study 
used radiofrequency (RF) magnetron sputtering to deposit 
AZO nanofilms with various powers to modulate the surface 
morphology. Various amounts of oxygen were introduced 
during deposition to alter the concentration of the oxygen 
vacancies (VO) in the film.54–56 The purpose of modulating 
the porousness of the film surface was to identify the AZO 
nanofilm surface structure with the greatest surface absorb-
ance area and to increase the sensitivity of the CO-sensing 
elements.

(1)2CO(g) + O−

2
(ads) → 2CO2(g) + e−

(2)CO(g) + O−(ads) → CO2(g) + e−

(3)CO(g) + O−

2
(ads) → CO2(g) + 2e−
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Experiment Process

Gas sensor analysis was directly performed on 
1 cm × 1 cm × 0.2 mm glass substrates under a working 
temperature of 100°C. The AZO target was ZnO doped 
with 2 wt%  Al2O3 and radio frequency magnetron sputter-
ing was used to deposit thin films. After cleaning, the glass 
substrates and were placed on platforms in a chamber, the 
background pressure of which was 3.75 ×  10−4 kPa. The 
working gases pumped into the chamber were argon and 
oxygen; the argon was 15 sccm, and the oxygen flux alter-
nated between 0, 10, and 15 sccm. Various amounts of oxy-
gen flux were used to adjust the  VO concentration in the film 
and the porousness of the film surface. The deposition of the 
AZO film was performed for 1 h at a fixed power of 150 W. 
After deposition, sensor film packaging was performed to 
facilitate gas sensing. The gas sensor film was placed on a 
heating platform within a vacuum sphere, and crocodile clips 
were used to secure and connect four wires to the power 
supply, a Keithley 2400. Nitrogen and the target gas—in this 
case, CO—were introduced to the vacuum sphere to perform 
gas sensing at a working temperature of 100°C. The Keithley 
2400 was used to perform real-time impedance monitoring 
while the gas-sensing response values were measured. After 
the optimal oxygen flux was identified, the power of the 
film deposition was altered to 125 W, 150 W, and 175 W to 
modulate the porousness of the AZO film surface. The work-
ing gas amounts were 15 sccm argon and 10 sccm nitrogen, 
and sputtering was conducted for 1 h. Scanning electron 
microscopy (SEM) and x-ray diffractometry (XRD) were 
used to analyze the porousness, crystallinity, and grain size 
of the film surface. Ultraviolet–visible (UV-Vis) spectrom-
etry was used to analyze the absorbance rate of the film and 
to provide indirect insight into the porous properties of the 
film surface. These measurements were analyzed to deter-
mine the optimal parameters of oxygen flux and sputtering 
power. Finally, to determine the optimal working tempera-
ture range, the working sensor temperature was changed to 
90°C, 95°C, 100°C, and 105°C while the gas-sensing data 
were measured and analyzed.

Results and Discussion

Figure 1a, b and c shows the impedance in the AZO nano-
films during CO sensing when oxygen flux was 0, 10, and 15 
sccm, respectively. All three films reacted to CO and exhib-
ited decreases in impedance after CO was introduced. The 
lowest impedance was observed at 270 s when the oxygen 
flux was 10 sccm and at 300 s when the oxygen flux was 0 or 
15 sccm. When CO was introduced, the film produced using 
an oxygen flux of 10 sccm showed the fastest impedance 
drop. This shows that, when the oxygen flux is 10 sccm, the 

surface morphology of the AZO film shows higher sensitiv-
ity. Table I presents the highest CO response values of the 
AZO thin films with various amounts of oxygen flux. Thin 
film with an oxygen flux of 10 sccm not only exhibited faster 

Fig. 1  Resistivity change rate of AZO films during CO sensing over 
time: (a) no oxygen flux, (b) 10 sccm, (c) 15 sccm.
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response speeds but also the highest CO response values. 
Figure 2 shows the CO response values of the AZO thin 
films at different time intervals. The 10-sccm oxygen flux 
films outperformed the 0- and 15-sccm oxygen flux films in 
terms of response sensitivity and response values. Analysis 
of the CO-sensing properties of the AZO thin films revealed 
that the 10-sccm oxygen flux resulted in a response value of 
1.0257, the highest parameter at this stage of the process. In 
the subsequent processes, the oxygen flux was fixed to 10 
sccm, and the sputtering power was modulated to study its 
effects on film surface morphology. 

The optical energy band of ZnO materials is approxi-
mately 3.37 eV wide, which is in the wavelength range of 
ultraviolet light. Light absorbance by the AZO film was 
measured using UV-Vis spectrophotometry; the UV light-
absorbing properties of the film can indirectly reveal the 
porousness of the film surface. Figure 3 shows the optical 
absorbance of AZO films under different oxygen fluxes. 
Films with oxygen fluxes of 0 and 15 sccm have similar 
light absorption rates, while films with oxygen flux of 10 
sccm exhibit higher light absorption rates. These results are 
consistent with the analysis of the CO-sensing properties 
of AZO films, showing that the 10-sccm oxygen flux film 
has higher surface porosity than the 0- and 15-sccm films, 
making it favorable for gas reactions. As part of the exami-
nation of the effects of different oxygen flux amounts on 

the surface structure and morphology of the AZO thin film, 
top and cross-sectional views of the thin film were taken 
through SEM after oxygen flux processing. Figure 4a, b, 
and c presents the SEM top view of the AZO films. The thin 
film with 0-sccm oxygen flux had larger grain sizes than did 
the thin films with 10- and 15-sccm oxygen flux, and the 
grain size of the thin film decreased with the introduction of 
oxygen. When the oxygen flux was 10 sccm, the grain size 
of the thin film shrank considerably, but some larger grains 
remained. The gaps between the particles increased because 
of the small granules. Increasing the oxygen flux to 15 sccm 
did not lead to noticeable changes in grain size, but the spo-
radically appearing larger grains disappeared; the main dif-
ference between the two oxygen flux amounts was that the 
15-sccm oxygen flux film had more evenly sized grains. 
Figure 4d, e and f presents the SEM cross-sectional images 
of the thin films of different oxygen flux amounts. The 50-K 
magnification of the SEM image reveals that, when the oxy-
gen flux was 0 sccm, the thin film had a thickness of 550 nm 
and a compact columnar structure. Cross-sections indicate 
a smooth surface. When the oxygen flux was 10 sccm, the 
thickness of the film was lower, therefore, the SEM mag-
nification was increased to 100 K to reveal larger particles 
and more pores on the film surface. When the oxygen flux 
was 15 sccm, the film thickness was consistent, and the lack 
of noticeably larger particles resulted in a flat film surface. 

The purpose of modulating oxygen flux was to alter the 
VO of the AZO thin film, which simultaneously affects the 
rate of film deposition. The further increase in oxygen flux 
also led to a noticeable decrease in the film deposition rate 
because the influx of oxygen chemically attaches to the sur-
face of the target to form an oxygen absorbance layer, which 
inhibits the sputtering of atoms on the target surface and 
results in slower deposition. In addition, because oxygen has 
lower ionization energy than does argon, when the oxygen 

Table I  Response values of AZO thin films during CO sensing with 
various oxygen flux

Oxygen flux Ra (Ω) Rg (Ω) S = Ra/Rg

0 sccm 1.4318 K 1.4187 K 1.009
10 sccm 3.791 M 3.696 M 1.026
15 sccm 2.493 K 2.456 K 1.015

Fig. 2  Response values of AZO films during CO sensing with various 
oxygen flux.

Fig. 3  Light absorbance of AZO thin films surface with various oxy-
gen flux.
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flux increases, the number of argon ions in the sputtering 
environment decreases; as a result, the sputtering speed also 
decreases. The microstructural analysis demonstrated that 
introducing oxygen during deposition can produce changes 
in the surface structure of the thin films and increase their 
porousness. SEM demonstrated that an oxygen flux of 10 
sccm is the most appropriate parameter for this stage of the 
processing. The power of the sputtering was modulated to 
optimize the surface morphology of the thin films for CO 
sensors. 

Figure 5 presents the XRD graph of the AZO films with 
different oxygen flux amounts. The main diffraction maxi-
mum in the lines represents the main direction of crystal-
lization. At 2θ, 33.6° and 62.8° were the preferred direc-
tions for (002) and (103) in ZnO, respectively, with (002) 

exhibiting a more prominent characteristic diffraction peak. 
The graph demonstrates that thin films deposited through an 
oxygen flux process have less intense main diffraction peaks 
than do thin films deposited without oxygen flux, reveal-
ing that introducing oxygen during the sputtering process 
results in thin films with low crystallinity. When oxygen 
was not introduced to the sputtering process, the resulting 
thin films had the highest main diffraction maximum and 
the lowest full width at half-maximum (FWHM) at 0.42. 
The lower the FWHM, the larger the crystals on the surface 
of the thin film. The average grain size of the thin film with 
no oxygen flux was 20 nm. These data demonstrated that an 
oxygen flux of 0 resulted in the best thin film crystallinity, 
that is, with the minimum defects in internal structure and 
compact deposition. However, the porousness of the thin 

Fig. 4  SEM images of AZO thin films with different oxygen flux: top views from (a) 0 sccm, (b) 10 sccm, (c) 15 sccm; cross-section views from 
(d) 0 sccm, (e) 10 sccm, (f) 15 sccm.
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film was also low, which reduced its applicability for gas 
sensing. When 10 sccm of oxygen was introduced during the 
sputtering process, the main diffraction maximum notice-
ably decreased, indicating that the introduction of oxygen 
decreased crystallinity and increased the FWHM from 0.42 
to 0.476. The average grain size also decreased from 20 nm 
to 17 nm. When the oxygen flux was increased to 15 sccm, 
the main diffraction peak was similar to that of the thin film 
with an oxygen flux of 10 sccm, and the FWHM increased 
slightly, from 0.476 to 0.486. This thin film also had the 
smallest grain size, which was 15 nm on average. Analysis 
of the crystalline properties of the thin film revealed that 
introducing oxygen to the sputtering process not only alters 
the oxygen vacancies in the thin film structure but also the 
oxygen chemically attaches to the surface of the target to 
form an oxygen absorbance layer. This layer inhibits the 
sputtering of atoms on the target surface, slowing deposi-
tion. Increasing the oxygen flux results in an increase of the 
FWHM and a reduction in the main diffraction peak and 
average grain size. A reduction in grain size is consistent 
with the  literature38 and can increase the reaction of the thin 
films to gas and therefore the gas-sensing response value, 
indicating that introducing oxygen during the sputtering pro-
cess not only alters the oxygen vacancies in the film structure 
and slows deposition but also alters the CO-sensing proper-
ties of the thin film by affecting porousness and crystallinity. 
At this stage, although the 15-sccm oxygen flux resulted in 
the smallest grain size, after considering all the measure-
ments, we proceeded to the next stage with 10 sccm as the 
oxygen flux parameter.

Figure 6a, b, and c shows the change in impedance during 
CO sensing for the AZO films when the sputtering power 
was 125 W, 150 W, and 175 W, respectively. All three types 
of thin films exhibited decreases in impedance as a reac-
tion to the introduction of CO. For all three powers, the 

lowest impedance value was observed at 270 s, indicating 
that all three films had similar reaction speeds. However, the 
noticeable difference in the decreasing impedance indicates 
substantial differences in response values. Table II presents 

Fig. 5  XRD spectra of AZO thin films with various oxygen flux.

Fig. 6  Resistivity change rate of AZO films during CO sensing with 
various sputtering powers: (a)125 W, (b)150 W, (c)175 W.
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the highest CO-sensing response values of the AZO films 
by sputtering power. The greatest change in impedance 
occurred when the power was 175 W; the highest response 
value also increased by 11% from that when the sputtering 
power was 150 W. Figure 7 shows the CO-sensing response 
values over time; 175 W resulted in higher response val-
ues than did the other two powers, indicating the optimal 
reaction duration. Therefore, the sputtering power of 175 W 
is the most suitable parameter for processing gas-sensitive 
films at this stage. To further determine the most appropriate 
power treatment parameters, the super-absorbance of AZO 
films was analyzed using UV-Vis spectrophotometry to indi-
rectly understand the surface morphology. On the basis of 
light absorption (Fig. 8), when the power increases, the light 
absorption of the film also increases. When the power was 
increased to 175 W, the absorbance was higher than when 
the power was 150 W; however, there was no significant 
difference in light absorbance between 175 W and 200 W 
sputtering power. Figure 9a, b, and c shows the SEM top 
view of the AZO film when the sputtering power was 125, 
150 and 175 W, respectively. When the power is 125 W, the 
pores in the film are not obvious, the particle size is uneven, 
and large particles exist. When the sputtering power is 150 
W, some larger grains remain on the film surface, but fewer 
grains are observed on the 125-W film; the surface pores 

were also more visible. When the power was increased to 
175 W, the surface morphology of the thin film did not differ 
considerably from that of the 150-W thin film; some larger 
grains were present, but the overall grain sizes were smaller 
than those in the 125-W film, and the surface pores visibly 
increased. The SEM cross-sectional images also demon-
strate that, when the sputtering power was increased, the 
surface pores became more noticeable, and the grain size 
decreased accordingly. However, differences between sput-
tering powers of 150 W and 175 W were not easily observed 
in the analysis of the surface structures of the thin films; the 
structure of the thin films was determined in the subsequent 
analysis of crystallinity. Figure 10 presents an XRD graph of 
the AZO films processed under different sputtering powers. 
The main diffraction maximum in the lines represent the 
main direction of crystallization. At 2θ, 33.6° and 62.8° were 
the preferred directions for (002) and (103) of ZnO, respec-
tively, with (002) as the obvious characteristic diffraction 
peak. A sputtering power of 125 W resulted in an FWHM 
of 0.382 and an average grain size of 22 nm. When the sput-
tering power was increased to 150 W, the main diffraction 
peak decreased slightly in intensity, whereas the FWHM 
increased to 0.476. This indicates a reduction in grain size 
to approximately 17 nm. When the sputtering power was fur-
ther increased to 175 W, the intensity of the main diffraction 
peak began to increase slightly, and the FWHM continued 
to increase to 0.587. The grain size continued to decrease to 
15 nm on average, but the shrinkage rate decreased gradu-
ally. Increasing the sputtering power to 200 W resulted in a 
stark increase in the intensity of the main diffraction peak 
and another visible diffraction peak in the (103) direction. 
This indicates that a sputtering power of 200 W resulted 
in thin films with more favorable crystallinity. Despite the 
slight difference in grain size, the FWHM decreased to 

Table II  Response values of AZO thin films during CO sensing with 
different sputtering power.

Sputtering power Ra (Ω) Rg (Ω) S = Ra/Rg

125 W 59.793 K 59.475 K 1.005
150 W 3.791 M 3.696 M 1.026
175 W 4.9 M 4.307 M 1.138

Fig. 7  Response values of AZO films during CO sensing with differ-
ent sputtering powers.

Fig. 8  Light absorbance of AZO thin films surface with various sput-
tering powers.



2417Improving Surface Structures of Al‑Doped Zinc Oxide Thin Films to Apply in CO Gas‑Sensing Property…

0.572, demonstrating an increase in film crystallinity when 
the sputtering power was 200 W. Increasing the sputter-
ing power resulted in more intense XRD diffraction peaks. 
Therefore, the increase in crystallinity of AZO films is due 
to the higher sputtering power, which provides more energy 
to the argon ions, which then collide with the target surface 
at a higher speed. As a result, atoms on the film surface have 

better mobility, thereby increasing the sputtering power and 
film crystallinity. However, despite the increased crystallin-
ity when the sputtering power was 200 W, the resulting thin 
film was not suitable for use as a gas detector. The reduction 
in FWHM indicates an increase in grain size, which does not 
satisfy the gas-sensing requirements. Although the 150-W 
film had a slightly lower diffraction peak, the 175-W film 
had smaller grain sizes, indicating that the 175-W sputter-
ing power was the most suitable for processing sensor films.

Figure 11a, b, c, and d shows the impedance from CO 
sensing at different working temperatures. In Fig. 11a, 
which involves a working temperature of 90°C, the imped-
ance increased prior to the introduction of CO and con-
tinued to increase until 90 s after CO was introduced. It 
then decreased slightly, indicating a low response inten-
sity. When the working temperature was increased to 95°C 
(Fig. 11b), the impedance began to decrease noticeably 
60 s after the CO introduction, indicating that, when the 
temperature slowly increased, the surface of the thin film 
gradually reacted more intensely to the gas. Figure 11c 
and d presents working temperatures of 100°C and 105°C, 
respectively. When the temperature rose to above 100°C, 
the reactions become visibly more intense. Setting 100°C 
as the critical reaction temperature led to visible differ-
ences in response values (Fig. 12). Studies have typically 
involved gas-sensing temperatures between 200°C and 
400°C, but, because higher working temperatures limit 
the subsequent application and development of the com-
ponents, lower working temperatures were used in this 
experiment. Temperatures of 105°C and 100°C resulted 
in little difference in sensitivity and response value 
(Fig. 12). When the temperature dropped below 100°C, 
the response value decreased substantially; at 95°C, 

Fig. 9  SEM top view of AZO thin films with different sputtering 
powers: (a)125 W, (b)150 W, (c)175 W.

Fig. 10  XRD spectra of AZO thin films with different sputtering 
powers.
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despite the considerable decrease in reaction intensity, 
the response value remained above 1, and when the tem-
perature decreased to 90°C, the decrease in reaction inten-
sity became even more apparent, and the response value 

decreased to less than 1. This result can be attributed to the 
fact that oxygen on the surface of the film exists stably in 
different ionic forms at different temperatures. Therefore, 
the amount of CO consumed as the surface oxygen ions 
reacted with CO to release one electron when the working 
temperature was lower than 100°C was twice that when the 
working temperature was 100–300°C, as demonstrated by:

On the basis of the change in impedance exhibited by 
the AZO thin films under different working temperatures, 
lower temperatures affect the intensity of the reaction 
between the thin film surface and the gas. In addition, low-
ering the temperature to below 100°C causes the reaction 
intensity to decrease by a considerably larger magnitude, 
which is due to the different stable forms of oxygen ions 
on the film surface. An analysis of the feasibility of the 
gas sensors in lower working temperatures revealed that 
100°C is the critical working temperature in gas sensing.

(4)2CO(g) + O−

2(ads)
→ 2CO2(g) + e−

(5)CO(g) + O−

(ads)
→ CO2(g) + e−

Fig. 11  Resistivity change rate of AZO films during CO sensing under different working temperature: (a) 90°C, (b) 95°C, (c) 100°C, (d) 105°C.

Fig. 12  Response values of AZO films during CO sensing under dif-
ferent working temperatures.
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Conclusions

Thin films deposited by RF magnetron sputtering were 
applied to gas sensing, Oxygen flux and sputtering power 
were altered to increase the porousness of the thin film 
surface for use in a CO sensor. The optimal parameters 
for depositing AZO thin films were determined to be an 
oxygen flux of 10 sccm and a sputtering power of 175 W. 
These parameters produced maximum response values of 
1.138, a 13% increase from that without treatment. This 
indicates that introducing oxygen to the sputtering pro-
cess and increasing the power appropriately can increase 
the porousness of the thin film surface, which increases 
the gas-sensing response value. In addition, the working 
temperature is critical to gas sensing. Compared with other 
studies, this study achieved gas-sensing properties at oper-
ating temperatures as low as 100°C. The designed AZO 
thin films were deposited by RF magnetron sputtering, 
which demonstrated the films’ potential application in gas 
sensors. Regarding the lower operating temperature in this 
study, a more in-depth analysis of the film microstructure 
after the optimized process has been conducted will pro-
vide further explanations in future publications.
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