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Abstract— Ga doped ZnO thin films have been deposited by 
Radio–Frequency (RF) magnetron sputtering on fused silica 
substrates. The structural analysis of the n-type sensitive 
material showed a preferential orientation in the [00l] direction. 
The microstructure of the thin film indicated an increasing 
grain size with the increase of the thicknesses. The micro sensor 
platforms have been fabricated with ZnO:Ga thin film 
deposited  using a reliable stencil mask onto interdigitated 
electrodes containing micro-hotplates. The as fabricated micro 
sensor allowed to sense sub-ppm concentration (500 ppb) of 
nitrogen dioxide under cycled temperature mode. This system 
revealed promising sensing performance with a response R/R0 
up to 18 at low temperature step (50 °C). 

Keywords - ZnO:Ga, thin film, RF-sputtering, gas sensor, 
micro-hotplate, microsensor, low-cost sensor, NO2.  

I. INTRODUCTION  
ZnO is one of the metal oxide which has been studied 

extensively due to its wide range applications in 
optoelectronics [1], [2], piezoelectricity [3], catalysis [4], [5] 
and gas sensing capability  [6]–[10]. As well as being a well-
known n-type semiconductor with a wide band gap [6], ZnO 
has the benefit of environment friendly, low-cost, abundant 
resource and easy preparation. Thanks to these characteristics, 
ZnO is considered as an ideal gas sensitive material [9], [11] 
and intensively studied for gas sensor application. In 
comparison with all the gas sensing studies done in the 
literature, NO2 is less sensed by doped ZnO thin films. There 
are few studies on Sn [12], F [13], Al [14], Y [15], Fe [8] and 
W [6] doped ZnO for NO2 sensing properties but none of them 
investigated the sensing behaviour when the temperature is 
cycled. Besides, the Ga doped ZnO thin film are almost never 
studied for NO2 sensing properties.  

ZnO thin films are usually prepared using methods like 
sol-gel [16], spray pyrolysis [10], sputtering [3], chemical 
vapor deposition [17], and pulsed laser deposition [18]… The 
physical deposition, especially the RF sputtering [19] seems 
more convenient compared to solution processes in order to 
get high purity thin films. Moreover, by controlling the 

deposition parameters, the optimum microstructure with the 
adapted inter granular porosity can be obtained for better 
sensing properties.   

Therefore, in this work Ga doped ZnO thin films have 
been deposited by RF magnetron sputtering onto a silicon 
micro-hotplate and their structural, microstructural and gas 
sensing properties have been studied. 

II. EXPERIMENTAL 

A. Thin film deposition 
For morphology characterizations, thin films were 

deposited on fused silica substrate by RF-magnetron 
sputtering using a ZnO:Ga (4%at.) ceramic target under 
Argon atmosphere. A 20 min of pre-sputtering under Ar - O2 
mixture was systematically done prior the deposition in order 
to avoid any target reduction. The deposition conditions are 
shown in the TABLE 1.  
TABLE 1: Deposition parameters of ZnO:Ga thin film by RF-
sputtering. 

Target material  
Power (W) 
Magnetron 

Argon pressure P (Pa) 
Target to substrate distance d (cm) 

ZnO:Ga (4 %at)  
30 
Yes 
2 
7 

 

B. Thin film characterization  
The thickness calibrations were performed with a Dektak 

3030ST profilometer and NeoX SENOFAR interferometer. 
The thickness accuracy of the films has been estimated at +/-
3%. The phase of the as deposited thin film was checked using 
X-Ray Diffraction (XRD) using a D4-Endeavor Bruker 
diffractometer equipped with a copper anode and LynxEye 2D 
detector. The microstructure of the films was observed using 
a Nanoscope III Dimension 3000 Atomic Force Microscope 
(AFM). AFM surface views were analysed using the 
Gwyddion software. 
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C. Thin film integration process via stencil mask 
To be able to sense NO2 gas, micro-hotplates were 

developed using photolithographic process. It is basically a 
system composed by a heating element and sensing 
electrodes. They are both integrated in membrane in order to 
have a localized heating and sensing spot onto which the 
sensitive thin film will be deposited. They can operate with 
low consumption and can heat up to 500 °C with a good 
stability. This system was already published in [19]. 

 
FIGURE 1: a) Schematic representation of the system, b) optical 
micrograph of the electrodes and c) picture of the micro-sensor. 

        The FIGURE 1a shows the schematic representation of the 
system composed by a heating electrodes and sensing 
electrodes (165 nm thick) separated by a passivation layer 
onto which the sensitive layer is deposited. 
 
      In micro-fabrication, the localized deposition is 
commonly done by a photolithography and a lift-off process. 
The main disadvantage of the process is the use of photoresist 
and its remover. Indeed the involvement of this solution can 
lead the sensitive layer’s dissolution and/or contamination. 
For these reasons, the photolithographic method was avoided 
and a stencil mask process was used.  
 

 
FIGURE 2: Integration process of ZnO:Ga using stencil mask. 

    The main steps of the integration process of ZnO:Ga thin 
film are described in the FIGURE 2. The shadow mask is a 96 µm 
thick PET film with in one side a thermosensitive adhesive. 
Holes (800 µm radius) were cut by a laser engraver (step 1) to 
fully cover the interdigitated electrodes but to remain smaller 
than the whole membrane. Then, the mask was aligned to have 
the membrane facing holes by using an optical microscope 
and a pick-and-place machine (step 2). After 90 nm deposition 
(step 3), the adhesive mask was peeled off (step 4), leaving a 
localized deposition in the sensing area on the membrane. 
     The wafers were then cleaved in order to get a group of 4 
sensors and were bond in a 16 pin TO5 devices so they can fit 
to the test bench. No annealing treatment of the wafer has been 
carried out after deposition of ZnO:Ga layer, however each 

sensor has been initialized at the first stage of the 
measurement phase by operating the microheater at 350°C for 
2h. 

D. Experiment protocol  
       The test bench is composed by 200 ml gas chamber in 
which different gases with different concentrations can flow. 
The micro-sensor was put into the chamber and linked to a 
SMU in a computer where the whole test bench is managed 
by a LabVIEW program. The total gas flow during the 
sensing measurement is fixed at 200 ml/min. 

 
FIGURE 3: Test protocol for the micro-sensors. 

The FIGURE 3 shows the test protocol used in the test bench. It 
is a cycle of heating and cooling (presented in orange) from 
5 mW to 35 mW with a step of 5 mW for 5 min which 
correspond approximately to 50 °C to 350 °C. In green, the 
presence of the target gas (NO2 at 500 ppb). The tests were 
performed with 50% relative humidity. Prior to each 
measurement experiment the micro-sensor was heated 2 
hours under air with 50% humidity at 35 mW (~350 °C).  

III. RESULTS AND DISCUSSION 

A. Structural analysis of ZnO:Ga thin film 

 
FIGURE 4: XRD pattern of 50 nm thick ZnO:Ga thin film. 

The XRD pattern of the as-deposited 90 nm thick ZnO:Ga 
thin films is shown in the FIGURE 4. The presence of peaks 
related to (002) planes confirms that the ZnO was crystallized 
with a high c-axis orientation perpendicular to the substrate. 
There were no additional phases detected so it confirmed that 
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the experimental conditions used to elaborate the thin film 
provided a pure ZnO:Ga phase. The lattice parameters a = 
3.46(1) Å and c = 5.07(0) Å were calculated from Rietveld 
refinement using Fullprof software and are in good agreement 
with the ZnO:Ga parameters reported in literature [20]. 

B. Morphology and surface state  
    The observation of the surface was done by Atomic Force 
Microscopy (AFM) on 25, 50, 100 and 200 nm thick films 
deposited on fused silica substrate, and reported in FIGURE 5. 
The obtained micrographs show well-defined grains for 
whole thicknesses. The evolution of the grain size is shown 
in FIGURE 6. As proved by previous studies [14] it is clear that 
during the deposition, ZnO grows on the substrate forming 
columns and its grain size increases with increasing film 
thickness. 

 
FIGURE 5: AFM micrographs of a) 25 nm, b) 50 nm, c) 100 nm and 
d) 200 nm thick ZnO:Ga thin films.  

  
FIGURE 6: Evolution of the grain size as a function of the film 
thickness. 

C. Sensing results 
For this preliminary study, the sensing measurements have 

been arbitrary carried out on 50 nm thick film. 

 

 
FIGURE 7: Evolution of the resistance of 50 nm thick ZnO:Ga layer 
under air and air + 500 ppb of NO2 (with 50% relative humidity). 

     The FIGURE 7 shows the behavior of the resistance, in the 
presence/absence of NO2 at different heater power 
(temperature). In presence of air, the resistance is very low 
due the high conductivity of doped zinc oxide (near 300 Ω) 
but increases up to 7 kΩ when the gas is injected and the 
influence of the temperature is clearly visible.  
     For further studies, only the last heating cycle under the 
last NO2 injection will be considered it will be compared with 
the last heating cycle under air before the last NO2 injection. 

 
FIGURE 8: Resistance variation under Air (in black) and under NO2 
(in red). 

The FIGURE 8 shows the overlay of resistance under air and 
under NO2. The temperature influence can be seen by the step 
behaviour of the resistance. The resistance decreases when 
the temperature increases. To estimate the response of the 
material for NO2 sensing, the ratio R/R0 (where R is the 
resistance under NO2 and R0 the resistance under air) has 
been calculated using the last points at each temperature step 
and presented in the FIGURE 9.        
 

A slight difference can be seen in the response when the 
temperature is increased or decreased. Moreover, the 
response is much higher at low temperature. 
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FIGURE 9: Response of ZnO:Ga as a function of the temperature step 
(step duration is 5 minutes). 

       The present results cannot be compared with other 
authors, because to our knowledge there are no paper 
showing studies on ZnO:Ga as NO2 sensing material in 
temperature cycled mode. A response up to 18 for 500 ppb of 
NO2 at 50 °C (R/R0 ~ 36 /ppm) positions our system among 
the more promising ones [11]. However few papers show that 
equivalent or better results have been obtained operating in 
isothermal mode with nanoparticles of ZnO:Ga activated by 
H2 (R/R0 ~ 50 / ppm) [21], sputtered ZnO:W thin films (R/R0 
~ 35 / ppm) [6], ZnO:Fe microflowers (R/R0 ~ 60 / ppm) [8], 
ZnO/(Au-Pd) nanowires (R/R0 ~ 94 / ppm) [22]. Due to the 
low background resistance under air, the electrode design 
should be optimized for the detection of reducing gases which 
lead to a decrease of the resistance. The selectivity of ZnO:Ga 
has not been evaluated in this work. At this early stage, the 
reproducibility and repeatability of this sensor have not been 
yet evaluated.  

IV. CONCLUSIONS 
Ga doped ZnO thin films were deposited on fused silica 

substrates using RF sputtering. The XRD analysis showed a 
visible orientation in the [00l] direction. The microstructure of 
the thin film indicated an increasing grain size with an 
increasing thickness. 

Then 50 nm thick ZnO:Ga thin film was deposited onto a 
silicon based micro-hotplates without any photolithography 
process thanks to a low cost and reliable stencil mask process. 
A localized deposition has been obtained just on the 
interdigitated electrodes spots. Thanks to this process, sub-
ppm sensing (500 ppb) of NO2 gas at low temperature (50 °C) 
has been performed and showed promising responses R/R0 up 
to 18.   
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