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Today, monitoring and classification of hydrogen gas by metal oxide-based sensors are widely studying to improve
their selectivity and stability. In present work, hydrogen sensing properties of magnetron sputtered deposited pure SnO, thin
films have been studied. The pure SnO, thin film was deposited on glass substrate and as-deposited film was annealed at 450 °C for
6 hrs. The annealed SnO, thin film has crystalline tetragonal structure, granular surface morphology and non-stoichiometry
elemental composition of tin and oxygen vacancies. A higher gas sensing response is obtained for annealed SnO, thin film
as compare to as-deposited SnO, thin film.A limit of detection (LOD) ~175 ppb is estimated for annealed SnO, thin film-
based sensor. This sensor exhibits fast response and recovery time of 42 s/52 s for 50 and 500 ppm hydrogen gas,
respectively. The sensor is found highly selective towards H, gas in compare to different gases such as methane, carbon

monoxide and nitrogen dioxide.
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1 Introduction

Now adays, there is wide attention in evolving
consistent hydrogen (H,) gas sensors for noticing ppm
level volume with a great response and a fast working
time. Semiconductor oxide nanostructures like as
SnO, and ZnO are the most frequently used because
of their non-stoichiometry properties, which perform
the adsorption of air oxygen onto their structure,
which are suitable for searching to different
combustible and poison gases'. Thin film morphology
dependent gas sensors, such as nanorod, nanowires
and nanotubes have broadly great sensitivity response,
but currently their manufacturing rate in laboratories
or industry for commercialization very expensive and
large time consume because manufacturing technique
limited and expensive’. The most studied hydrogen
gas sensors are based on 2D-thin film because of their
simple structure, conformation and accessible
manufacturing for commercialization and low
fabrication cost and time. These type of gas sensors
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are generally manufactured by different techniques,
for examples, atomic layer deposition’, e-beam
evaporation® and sputtering”’. The sputtering route
has some advantages such as uniformity, adhesive and
purity, etc®. The SnO, based nanostructured perform
low sensitivity at low temperatures’ . Mostly, these
types of sensors work in the operating temperature
range of 200-250 °C>''*. The higher response was
achieved at even or beyond 300 °C"'®. There are
several reports available in literature on the SnO,
based nanomaterial with good sensing response
towards various gases and organic vapors. Yamazoe
& Shimanoe have reported structural quality of the
nanomaterial such as grain size, sensing layer
thickness, porosity and morphology etc. for
optimization MOS nanostructures to increase
sensitivity and selectivity'®. Masuda reported that the
SnO, film thickness is a important factor to detect
low-ppm amount of gas, small thickness (few nm) of
sensing layers detect low ppm of gas easily.
Therefore, the development of SnO, sensors has been
interesting devotion since last few years with
enhanced gas sensing performance®. Yang et al., and
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others achieved higher hydrogen gas sensing response
for annealed MOS-based sensors' >,

In this present work, the effect of annealing
temperature on structural, morphological and gas
sensing properties of SnO; thin film is investigated.

The annealed SnO, thin film shows high selectivity
and stability towards low concentration of H, gas. The
H, gas sensing mechanism of SnO, thin film sensor is
also explained.

2 Experimental Section

2.1 Materials

The SnO, thin film was deposited on a cleaned
glass (soda lime) substrate using RF- reactive
sputtering with Tin (2 inch diameter, 4 mm thickness)
sputtering targets with 99.99% purity. All the
materials were procured from Soleras Advanced
Coatings, Shanghai, China. Argon (Ar), oxygen (O,),
synthetic air, Hydrogen (H,), Nitric oxide (NO,),
Ammonia (NH;) and Carbon mono oxide (CO), all
99.99% pure gases were purchased from Sigma
Gases, India.

2.2 Sensor Fabrication Process

The as-deposited SnO, thin film was prepared on
glass substrates. The substrate was cleaned with
laboratory reagents and ultrasonically cleaned for 30
minutes at room temperature and dried at 100 °C for
20 minutes. The glass substrate was placed in the
sputtering chamber at a distance of 8cm from the Tin
(Sn) target. The sputtering chamber was evacuated to
a pressure of 6.6x10° mbar by a turbo molecular
pump backed by a rotary pump. The constant flow of
Ar and O, gases was introduced into the chamber in
the required manner. During the sputtering deposition
process, working pressure was kept fixed at 4.1x107
(mbar). The SnO, thin film was deposited on glass
substrate (1x 1 mm?size) at room temperature, the
as-deposited film was annealed at 450 °C for 6 hours
in a tubular furnace to achieve crystalline film
structure. The as-deposited SnO, and annealed SnO,
thin film samples are named as T1 and T2 sensor,
respectively. The detailed deposition parameters are
given in Table-1.

2.3 Characterization

The structure of as-deposited and annealed SnO,
thin film was analyzed using an X-ray diffractometer
(Bruker AXS, D8 Advance) with (20) geometry. The
morphology was analyzed by field emission scanning
electron microscope (FE-SEM) (Carl Zeiss). The

elements in percentage (%) was analyzed by energy
dispersive X-ray analysis (EDAX).

2.4 Sensor Gas Testing

Hydrogen gas sensing tests were carried out in a
stainless-steel, custom made (Excel Instruments
Mumbai, India) chamber, equipped with a PID
controlled electric heater, allowing measurements in
controlled  atmosphere.  Before the sensing
measurements, the chamber of sensing setup was
evacuated to 7 mbar with a rotary pump. The desired
concentration of H, gas and other gases were
introduced for the sensing measurement. The response
of sensors were measured using source-current-meter
and voltmeter (Keithley 2450) with two probes as
shown in Fig. 1. The sensor response was calculated
by following Eq. 1:

=Za (D)

Here,R, and R, are the measured resistances of the
sensors in air and target gas, respectively.

3 Results and Discussion

3.1 Structures Analysis

The XRD patterns as-deposited and annealed SnO,
thin films are shown in Fig. 2. It is found there is
structural transition from an amorphous structure
phase to a tetragonal crystal structure phase upon
annealing of as-deposited SnO, thin film. For the
annealed SnO, thin film, diffraction peaks are
observed corresponding to (110), (111), and (211)
planes at angles of 27.36°, 38.8°, and 52.46°,
respectively, as per JCPDS ICDD no. 41-1445%.
Remarkably, the average -crystallite size of the
annealed SnO, thin film was calculated using the
Scherrer formula Eq. 2*°.

0.94% A

(D)= Bxcos@ - (2)
Table 1 — Deposition and annealing parameters.

1. Target Sn

2. Substrate Glass

3. Base Pressure (mbar) 6.6x10°

4. Working Pressure (mbar) 4.1%x107

5. Power (RF) 100W

6. Ar +0O, flow (sccm) 30:5

7. Target to Substrate Distance 8 cm

8. Time of Deposition 30 minute

9. Post thermal annealing 450°C for 6 hour
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Table 2 — Grain size, lattice strain, dislocation density, inter-planar distance, lattice constant of T2 sensor.
Sensor  Crystallites Lattice Dislocation density Interplanar Lattice constant Lattice Lattice
size (nm) strain (€) (8) Line/m? distance d (A) (a=b) constant (¢)  deformation a/c
T2 10 1.27 0.019 3.03 4.792 3.479 1.377
Gas testing Chamber
Contact measurement
Keithley 2450 Source meter
Gas Cylinder
To Software based Measurement
Computer System
Rotary Pump
PID Temperature controller Substrate holder
Fig. 1 — The gas sensing system.
thereby providing more active sites for oxygen
molecules to interact with target gas. The lattice
(110) constant of T2 sensor was found to near the standard
PR value a = 476 A, and ¢ = 3.21A and lattice
=) deformation very less 1.37A%" Deepa et al., said that
S less lattice deformation sensor show higher response
I to a selective gas’>. The crystallite size, strain, and
g (200) T~ dislocation densities of T2 thin film sensor are
Q *(112) —§ (T2) tabulated in Table 2.
2 (101) ]
q ~
— (310) (301) )
(321) 3.2 Surface morphology and EDAX analysis
The high-magnification FE-SEM images of the
(T1) as-deposited and annealed SnO, thin film, are shown
—_— — in Fig. 3(a,c), respectively. A cross-sectional view is
20 30 40 60 70 80

-
26 (°)
Fig. 2 — XRD patterns of SnO,thin films-based sensors: (T1)
as-deposited and (T2) annealed.

and it was found to be ~10 nm. The strain of thin film
was calculated by Eq. 3°".

(g) —L .. (3)

4tané

This strain arises due to structural transformations
that can introduce defects such as dislocations and

grain boundaries®®. The dislocation densities (3) =

1
D%’
significantly depend on the grain size and the
presence of strains in the film which can have a
detrimental effect on the sensing properties. A lower

density of dislocations results less surface roughness,

shown in Fig. 3(b) and thickness of T2 thin film
sensor was found to be~334 nm. These SnO, thin
films exhibit a uniform, dense and nano-granular
morphology”. The Fig. 3(d,e), show element
distribution of Sn and O in SnO, thin films. The
presence of Sn and O elements in SnO; thin films are
also confirmed by EDAX spectra as shown in
Fig. 4(a,b). It is noteworthy that both thin films
exhibit a non-stoichiometric composition of Tin
and Oxide', as the atomic percentage ratio of
[0)/[Sn] = 5.74 were observed'.

3.3 Sensor Characteristics

The operating temperature of n-type semiconductor
gas sensors not only determines the species and
existing forms of oxygen ions adsorbed on their
surfaces, but it also has a direct impact on the reaction
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Fig. 3 — FESEMimages of: (a) As-deposited (T1) sensor, (b) cross-sectional view, (c) T2 sensor. EDS element distribution pattern of T2

sensor: (d)Sn element-dark blue and (e) oxide element-dark red .

Full Scale 1011 cts Cursor: 0.000

Spectrum 1 |Element

Weight%  Atomic%

87.89 9.8

12.11 1.82

100.00

Spectrum 1 |Element JAGER VAW

462 8516

WP 5638 14.84

100.00

Fig. 4— EDAX spectra: (a) T1 sensor and (b)T2 sensor.

and desorption process when the gas sensors come
into contact with the target gas®. The power
consumption, gas sensitivity and selectivity are
strongly dependent on their working temperature.
Fig. 5(a), depicts the sensor's response as a function of
temperature. The H, gas sensor response was
examined at operating temperature range 100 to 350 °C.
The higher sensing response was noticed at 300 °C for
both T1 and T2 sensors, which is defined as sensor
working temperature. At lower temperature,the
energy available at the surface is insufficient for the
adsorption and dissociation of H, molecules. Also, the
adsorption and conversion of atmospheric oxygen into

(0~ or03) requires sufficient energy to occur™. At
higher operating temperatures (>300 °C), the
adsorbed gas has more energy to escape the surface
before reacting with other adsorbed species to
contribute to response.

Hence, the response decreases at much higher
temperatures. T1 sensor has a very low response at all
operating temperatures. The T2 sensor provides
higher response. Many factors, including small grain,
granular shape, and nonstoichiometric contribute to
this sensing behavior’**’. The sensor T2 has a small
grain size that results in higher initial resistance
without exposure to H,, which enhances the response
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Fig. 5— (a). Sensors response to H, gas 500 ppm concentration at variation of temperature (100-350 °C), (b). Transit response of sensor
T2 at different ppm H, gas (temperature 300 °C), (c). Voltage-current (V-I) plot of T2 sensor at 300 °C in air and H, gas atmosphere, (d).
Response Vs. H, gas concentration curve, (e). Transit response and recovery time plot of T2 sensor, (f). T2 sensor selective response in

different gases.
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Fig. 6 — (a&b). Cyclic repeatability of T2 sensor at 500 ppm H, gas concentration for 30 days duration.

due to high active surface area. The T2 sensor's transit
response to H, gas concentration curve for the gas
concentration range of 50 to 500 ppm Vs. time (sec.) at
300 °C present 90% recovery as shown in Fig. 5(b).
The sensor V-I curve shown linear behavior before and
after H, gas, 500 ppm introduced (shows in Fig. 5(c)).
The Fig. 5(d) shows relation between response and H,
gas concentration (50 to 500 ppm). The Fig. 5(d),
shows the linearity behavior (R nearer to 1) and linear
equation.The least detection limit (LOD) of T2 sensor
is estimated ~175 ppb®. The Fig 5(e), shows the
response/recovery time of the sensor T2, and it was
found to be 42 s/52 s and 61 s/165 s at 50 and 500ppm
H, gas, respectively. The sensor's response and
recovery times, increase as Hp-gas concentration
because conductance of the sensor increases as the

number of free charge carriers grows®. Fig. 5(f) depicts
the selectivity to hydrogen gas in the other gases
atmosphere. The sensor response for gases, such as
CO, NH;, and NO,, at 500 ppm concentration are
found much lower than the response towards H, gas.
The results analyzed and show that SnO, sensor
exhibits a high response to hydrogen gas. This is
because of lower instigation energy, size and weight of
H, molecules. Thus H, gas is highly reactive to SnO,
sensor and making it highly selectivity for hydrogen
gas™®. The result of repeatability test with three cycles
at 500 ppm H, gas concentration, after 30 days duration
is shown in Fig. 6. It is found that T2 sensor has strong
stability with several cycles®’.

Table 3, presents a comparative analysis of several
MOS-based hydrogen sensors*®*.
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Table 3 — Comparable study of different MOS-based hydrogen gas sensors.
Sensors Fabrication Operating Maximum Concentration Response and Ref.
Temp. (°C) response (ppm) recovery time (sec.)

1 Micro-sized Pd/SnO, sputtering 180 3 100 50/50 (50 ppm) (38)
2 Aunanoparticles @ZnO  sputtering,Heat treatment 400 60%* 600 252/639 39)
3 PYTiO; thin film flame-spray-made 300 470 10,000 8/~1000 (40)
4 Graphene-NiO thin films modified hummers method 300 1.50 2000 57/28 41)
5 NiO thin films sputtering 175 1.68 3000 1000/1400 (42)
6  Pd/CuO thin film sputtering 300 3.01 1000 10/50 (43)
7  Pd/SnO, nanoparticles spin coating RT. 1.2 1000 214/51.5 (44)
8  Pd/SnO, nanowires thermal CVD/sputtering 150 4.5 100 >5/>6 min (45)
9  WOs thin film HFCVD 250 87* 100 3—4min/8-9 min (46)
10 SnO, thin film sputtering 300 3.04 50 42/52 This work
4 Sensing mechanism Air Atmosphere H: gas Atmosphere

Figure 7, explains the mechanism of n-type SnO,
gas sensor to detect reducing gas environment, such
as hydrogen gas. The change in the -electrical
resistance of as-deposited and annealed SnO, thin
films with and without gas are examined”’. The
chemisorptions process of oxygen molecule types 05,
02~ and 20~ occurs by trapping electron on the SnO,
surface (Fig. 7) at different temperature ranges,
resulting in the creation of Schottky potential barrier
height”’. The chemisorptions process of oxygen
molecule kinds of O, and 20~ takes place by
capturing electron on the SnO, surface (Fig. 7) at
different temperature ranges, which leads to Schottky
potential barrier height formation. The reactions are
represented by the following equations (eqns. 4-6)*:

02(gas) - 2O(adsorbed) . (4)
20(adsorbed) +e - 02_(adsorbed) (T<100 °C) ... (5)
.. (6)

When H, gas is introduced into the gas chamber, it
reacts with surface adsorbed oxygen species (O),
releasing an electron and the form a water molecule
and barrier height down wards. This caused, as a
result, the electrical resistance downward, which
shows as a chemo-resistive response of sensor
towards the gas. The reaction (7) take place as
follows:

0y (adsorbed) te - 20(_adsorbed) (TNIOO'3OO OC)

Hy + Ozasorpeay = H20 + e~ (T=100~300 °C)
. (7)

The small crystallite of SnO, thin film offers a
higher surface area to perform effective reaction with
the reducing gas. As a result, the interaction
probability of gas molecules with active surface sites
increases and provides a higher response.

? -w . rd
Hi H: molecule Sn0:  Adsorbed Oxygen Oxygen molecule e-

4 Barrier Height
Ec
Ef

Depletion region
Ev

Ev

Sensor surface

Sensor surface

Fig. 7— Schematic representation of T2 sensor in air and H, gas
atmosphere.

In the air environment, oxygen atoms are adsorbed
on the surface of the SnO, thin film, establishing an
electron depletion region. Under exposure to H, gas,
the electrons transferred from the oxygen adsorbed on
the SnO, surface to the H, molecules, decreases the
electron  depletion  width®”.  Several reports
recommend that the electron depletion length should
be around 3 to 3.25 nm for SnO, to initiate
chemisorption. In this study, the sensor shows higher
response due to the lower average crystallite of 10

m”"**°. Another important factor for improvement
in the H, gas sensing properties is related with
improvement in the non-stoichiometry ratio of the
sensing materials after annealing™.

5 Conclusion

The magnetron sputtered pure SnO, thin film was
annealed to obtain its crystalline structure with granular
morphology. The annealed SnO, thin film sensor
presents excellent hydrogen gas sensing response. The
sensor shows fast response/recovery time of 42/52 and
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61/165, respectively for 50 and 500 ppm concentration
of hydrogen gas. The sensor was found selective
towards hydrogen gas and stable for longer duration of
one month. The studied pure SnO, thin film can be
utilized to design H, gas sensor even without using any
expensive catalytic layer (Pd, Pt, Au).
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