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In this work, sputtered tin oxide films, decorated with silver nanoparticles were

fabricated as hydrogen sensors. The fabricated thin films were characterized for

their structural, compositional, morphological properties using various characterization

techniques including X-ray photoelectron spectroscopy, UV-Vis absorption, X-ray

diffraction, field emission scanning electron microscope, and atomic force microscopy.

The morphological characterization confirmed the formation of nanoparticle-decorated

SnO2 thin films. X-ray photoelectron spectroscopy analysis established the presence

of silver/silver oxide on SnO2 thin films. The gas sensing properties of the fabricated

sensors were investigated at different concentrations of hydrogen gas, over an operating

temperature range of room temperature to 500◦C. It was found that the prepared sensor

can detect a low hydrogen concentration (50 ppm) at high operation temperature,

while the higher concentration (starting from 600 ppm) can be detected even at room

temperature. Furthermore, on the basis of the electronic interaction between the SnO2

and the Ag nanoparticles, we propose a reaction model to explain the qualitative findings

of the study.

Keywords: tin oxide, silver, silver oxide, thin film, gas sensor, hydrogen

INTRODUCTION

Intense research is ongoing for green “future fuel” due to its extraordinary abilities including
availability in the natural resources and zero CO2 emission (Crabtree et al., 2004). Since hydrogen
(H2) has these characteristics, research is taking place in order to produce H2-fueled engines,
in order to reduce atmospheric pollution and harmful emissions (Crabtree et al., 2004; Pal and
Agarwal, 2018; Tsujimura and Suzuki, 2019). In addition, H2 is used in petrochemical processes,
including the hydrocracking process (Lippke et al., 2018) for example.

H2 is tasteless, colorless, and odorless. With a very low ignition energy of 0.02 mJ, it inflames
easily in the air at volume concentrations ranging from 4 to 75%. Therefore, detecting H2 by
a proper sensor prevents the threat of fire and explosions. So far, several different types of H2

sensors have been established such as optical fibers (Wu et al., 2018) and surface acoustic wave
(D’amico et al., 1982). Metal oxide sensors (Moseley, 1997) have been widely studied as H2 sensors
due to their excellent qualities in terms of low cost, high sensitivity, fast response, and compact
size. Furthermore, their non-stoichiometric nature allows them to absorb the ambient oxygen and
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exchange electrons during the adsorption and desorption
processes. However, these metal oxide gas sensors have some
limitations such as their inability to detect extremely low
concentrations of the target gas and their requirement to
operate at high temperatures. This usually puts restrictions on
their portability.

Currently, a lot of research focuses on improving the sensing
features of the metal oxide gas sensors. Doping of the metal oxide
sensors with noble metal nanoparticles is a powerful method
that improves selectivity and sensitivity, even at low operation
temperatures (Kohl, 1990; Ippolito et al., 2005). Among the
various metal oxide sensors, tin oxide (SnO2), which is an n-
type semiconductor, is one of the most promising materials for
gas sensing applications, and especially for H2 detection. H2

sensors based on SnO2 nanowires, nanorods, and nanotubes
have good sensitivity, but they are still unsuitable for commercial
purposes due to limitations in their fabrication techniques (Van
Duy et al., 2012). Indeed, for commercialization purposes, thin
films are the most investigated gas sensor nanostructures due to
their simplicity in configuration and scalability of fabrication. As
sensitivity is one of the most important parameters in H2 gas
sensing, many efforts have been made to enhance the sensitivity
of the SnO2 thin-film sensors. The decoration of SnO2 with noble
metals leads to charge transfer between their two surfaces, hence
modifying the Fermi level of the metal oxide and affecting the
charge depletion layer. This leads to increasing the electrons in
the metal oxide conduction band, which in turn increases the
surface interaction between the sensor and the ambient oxygen,
and hence enhancing the performance of the sensor.

FIGURE 1 | Experimental setup used for sensing hydrogen.

Korotcenkov et al. (2007) reported that by doping SnO2

with Pd, both response time and sensitivity to CO and H2

increase. Kocemba and Rynkowski (2011), in addition, noticed
that sputtered SnO2 thin-film doping with Pt as a catalyst gives
a high sensitivity to H2 as a function of different operating
temperatures. Chen et al. (2011) reported that the synthesis of
SnO2 and Ag2O nanocomposites demonstrate an enhancement
in their gas sensing properties. Wu et al. (2013) formed Ag/SnO2

core shells and noticed an improvement in the sensor response to
ethanol at room temperature.

For improved H2 gas sensing properties, such as higher
sensing and stability capabilities, we have developed an H2 sensor
using catalytic particles (a noble metal loading). In particular,
we decorated the surface of sputtered SnO2 thin films with
Ag nanoparticles. More specifically, to maximize the catalytic
effect of the sensor, the Ag nanoparticles were homogeneously
decorated, covering the whole area of the surface of SnO2 thin
films through a new synthetic method. The details about H2-gas
sensing mechanism are discussed in the results section.

EXPERIMENTAL

Synthesis of Ag Nanoparticle-Decorated
SnO2 Thin Films
Three steps were used to prepare Ag nanoparticle-decorated
SnO2 thin films for fabricating H2 sensors. Firstly, a target
of 99.995% SnO2 (purchased from ACI Alloys INC) was
utilized to fabricate SnO2 thin films using the RF sputtering
technique (model NSC-4000, Nanomaster). Before deposition
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of the thin films, the deposition chamber and targets were
cleaned with acetone and isopropanol while the substrates were
sonicated in ethanol for 30min. For sputtering deposition, the
base pressure and deposition pressure were adjusted at 6 ×

10−6 and 4.8 × 10−3 torr, respectively. The SnO2 thin films
with 250 nm thickness were deposited at 60 standard cubic
centimeters per minute (sccm) argon and 10 sccm oxygen gas
flow rate using 100W RF sputtering power for 120min. The

film was deposited on SiO2 substrates with pre-interdigitized
Au electrodes (IDEs) to be used as hydrogen gas sensor,
and also deposited on glass substrate to study the structural,
compositional, morphological, and optical characterization of the
fabricated films. The IDEs have 22 electrodes that are 200 nm
thick, with 250µm interspacing distance, connected to two pads
used for electrical measurements. Secondly, a metallic target of
99.995% Ag (purchased from Semiconductor wafer) was used

FIGURE 2 | (a–c) FESEM images of as-deposited SnO2, annealed SnO2, and AgNPs/SnO2, respectively. (d–f) AFM images of as-deposited SnO2, annealed SnO2,

and AgNPs/SnO2, respectively.

FIGURE 3 | XRD spectra of (a) as-deposited SnO2, (b) annealed SnO2, and (c) AgNPs/SnO2.
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to deposit a thin layer of Ag using 20W DC sputtering power
for 30 s. The Ar flow was kept at 70 sccm during the Ag
layer deposition. Finally, the obtained thin films were heated
at 600◦C in a sealed tubular furnace (OTF-1200X from MTI
corp.) with a temperature ramp rate of 20◦C/min in a flowing
argon atmosphere for 2 h to convert Ag layer into nanoparticles
in the case of the Ag nanoparticle-decorated SnO2 film and to
enhance the crystallinity and stabilize the based SnO2 deposited
film for both pure SnO2 film (termed as annealed SnO2) and Ag
nanoparticle-decorated SnO2 film (termed as AgNPs/SnO2). In
addition to these two samples, one sample was left as-deposited
(termed as as-deposited SnO2) in order to study the effect of the
annealing process.

Characterization
The synthesized thin films were characterized using different
techniques. X-ray diffraction [Rigaku Miniflex 600 X-Ray
Diffraction (XRD), with Cu K irradiation at λ = 1.5406 Å]
was used to examine the crystalline phases, lattice parameter,
and the crystalline size. X-ray photoelectron spectroscopy
(Model: ESCALAB250Xi, XPS) was utilized to determine
the chemical composition of the fabricated thin films.
The structural morphology was investigated using a field-
emission scanning electron microscope (FE-SEM; Tescan
Lyra 3) and atomic force microscopy (AFM; Dimension
Icon, Bruker). Optical transmittance and optical band gap
measurements were carried out using double beam UV/Vis
spectrophotometer (Jasco V-570) in the wavelength range of
200–1,400 nm.

Gas Sensing Measurements
The H2 sensing measurements of the thin-film sensors were
conducted by a flow-through technique. The measurement
system consists of a gas sensing chamber (Linkam stage, Model
HFS-600E-PB4, UK). It contains two metal needles as electrical
connections between the IDE pads (i.e., the sensor) and the
electrical measurement setup. In addition, the Linkam stage
involves a heating unit that has the ability to reach up to 600◦C. A
mass flow controller (MFC, Horiba, USA) was utilized to control
the gas injection into the testing chamber. The sensor resistance
wasmeasured through anAgilent B1500A Semiconductor Device
Analyzer (SDA) using I/V-t measurements. Dry air, from a
cylinder, was used as the background reference gas. H2 gas
cylinder (1% H2-bal. N2) was used as the test-gas source. The
resistance across the IDE pads would change depending on the
H2 concentration changing inside the Linkam stage. The gas
sensing system layout is shown in Figure 1.

RESULTS AND DISCUSSION

Structure, Morphology, and Composition
Test
FE-SEM and AFM imaging techniques were used to investigate
the morphological properties of the fabricated thin films.
Figures 2a,b shows the FE-SEM micrograph of the as-deposited
SnO2 and the annealed SnO2 thin films. Both micrographs show
the uniformity of the SnO2 thin film though there seems to be

a slight difference in the roughness of SnO2 surface before and
after the annealing. Figure 2c displays the annealed AgNPs/SnO2

films at 600◦C. The Ag nanoparticles were nearly uniformly
distributed over the SnO2 film surface with different particle sizes
(Drmosh et al., 2015).

Figures 2d,e are 2µm×2µmAFM topography images of the
as-deposited SnO2 and annealed SnO2 thin films. As presented
by SEM, the AFM images show a rough surface for the pristine
film, and a more mild roughness for the film after annealing. This
accentuates that annealing the SnO2 thin filmmakes it denser and
smoother. This is a result of the film obtaining sufficient energy
from the annealing process enabling the atoms to rearrange
their position, and hence become closer packed and crystalline
(Shinde et al., 2005), as confirmed below by the XRD results.
The AFM image of the AgNPs/SnO2 film (Figure 2f) shows the
growth of large, separated, and spaced Ag particles over the
smooth SnO2. The AgNPs size ranged approximately from 50
to 250 nm.

Figure 3 shows the XRD patterns of the pure SnO2 thin
film before and after the heat treatment and the annealed
AgNPs/SnO2. The wide peaks that appear at ∼24◦C correspond
to the substrate (Chakraborty et al., 2010). All XRD peaks
identify the standard crystal planes of tetragonal SnO2 (Ansari

FIGURE 4 | (A) The UV–Vis transmittance spectra of as-deposited SnO2,

annealed SnO2, and AgNPs/ SnO2 films. (B) Optical band gap of

as-deposited SnO2, annealed SnO2, and AgNPs/SnO2 films.
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et al., 1997). From Figure 3a, the observed low and wide peaks
correspond to the diffractions peaks (110), (101), and (200)
(Ansari et al., 1997). This confirms the amorphous nature of
the as-deposited SnO2. After heating the as-deposited SnO2 to
600◦C, it is observed that the peaks become sharper, as displayed
in Figure 3b. This is attributed to the transformation of the
SnO2 from an amorphous to a polycrystalline structure. No
diffraction peaks were found related to Ag nanoparticles as there
is no change in the diffraction pattern between Figures 3a,c. This
might be due to the random distribution and low concentration
of Ag nanoparticles at the surface of the SnO2 film (Yang
et al., 2014). No impurity peaks or other phases were observed,
confirming the purity of the prepared films.

UV-Vis spectra of the synthesized thin films were obtained
within a wavelength range of 200–1,400 nm, as shown in
Figure 4A. In the IR and visible region, the optical transmittance
fluctuated due to the interference of light being sandwiched
inside the thin film between the substrate and air (Cho, 2014).
It can be observed that the transmittance of the AgNPs/SnO2

slightly decreased below the pure and annealed SnO2. Certainly,
this is attributed to the existence of Ag nanoparticles on the
SnO2 surface (Dasgupta et al., 2010) which has considerable
absorption to electromagnetic radiation. Tauc relation (αE)2 =

A (E − Eg) was used to calculate the optical band gap of these
films by plotting the values of (αE)2 against E and extrapolating
the linear portion of the curves, where E and Eg are the photon

energy of incident light and optical band gap, respectively, A
is a constant, and α is the absorption coefficient (Kumar et al.,
1999). As can be seen from the extrapolation in Figure 4B, the
optical band gap of the both annealed SnO2 and AgNPs/SnO2

increased in comparison with the as-deposited SnO2 sample, and
hence, the absorption edge was shifted to shorter wavelength as

TABLE 1 | Surface element composition of the as-deposited SnO2, annealed

SnO2, and AgNPs/SnO2.

Name Sample Peak binding

energy (eV)

FWHM

(eV)

Area

(×103)

Atomic

%

Sn3d As-deposited SnO2 483.9 2.37 85 3.4

485.9 1.62 2425 96.6

Annealed SnO2 485.8 1.66 1508 100

AgNPs/SnO2 486.3 1.63 2303 100

O1s As-deposited SnO2 529.6 1.51 448 78.1

530.4 1.92 126 21.9

Annealed SnO2 529.6 1.53 447 77.1

530.4 2.03 133 22.9

AgNPs/SnO2 530.0 1.56 449 81.5

530.9 2.01 102 18.5

Ag3d AgNPs/SnO2 367.4 1.06 62 44.4

368.0 1.47 42766 55.6

FIGURE 5 | XPS spectra of AgNPs/SnO2 (A) survey spectrum, (B) XPS peaks of Sn3d, (C) XPS peaks of Ag 3d, and (D) XPS peaks of O1s.
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FIGURE 6 | (a,b) Dynamic responses of annealed SnO2 and AgNPs/SnO2 (respectively) gas sensor to different H2 concentrations (50–1,800) ppm at 500◦C. (c) Gas

responses of AgNPs/SnO2 sensor toward different H2 concentrations (50–1,800) ppm as a function of operating temperature ranging from room temperature to

500◦C. (d) A comparison between the as-deposited SnO2, annealed SnO2, and AgNPs/SnO2 at different H2 concentrations (200, 600, 1,200, and 1,800) at 100◦C.

shown in Figure 4A (Reddy et al., 2013). As an effect of the
annealing process, the Ag diffuses into the SnO2 crystal. As a
result, the band gap of the Ag/NPs/SnO2 sample is smaller than
the annealed SnO2 (Hwang et al., 2011).

XPS analysis provided information about the thin film’s
composition. It also determined the oxidation states of the
elements. From example, Figure 5 relates to the annealed
AgNPs/SnO2 sample. The survey scan (Figure 5A) confirms the
presence of the Sn 3d, O 1s, and the Ag 3d. The binding energy
and atomic ratio of each element are demonstrated in Table 1.
Figure 5B shows two peaks in the range from 483 to 489 eV
and from 492 to 498 eV. These relate to the binding energies
of the Sn 3d5/2 and Sn 3d3/2, respectively (Wang et al., 2005).
Figure 5C shows the Ag 3d5/2 and Ag 3d3/2 located in the range
of 365 to 370 eV and 372 to 376 eV, respectively. In each of
the two peaks, two Ag oxidization states are identified; the Ag0

peaks are centered at 367.8 and 373.8 eV, while the Ag+ peaks
are centered at 367.5 and 373.4 eV (Zielinska et al., 2010). The
Ag+ peak is due to the presence of the Ag2O layer on top of Ag
nanoparticles that are exposed to ambient oxygen (Matsushima
et al., 1988). The O 1s spectrum is shown in Figure 5D. The
convolution peak centered at 529.9 eV is ascribed to surface
lattice oxygen O−

2 , while the Oads peak, centered at 530.8 eV, is

attributed to water species adsorbed on the surface of the film
(Wang et al., 2016).

Gas Sensing Studies
The gas sensing performance of the AgNPs/SnO2 thin film was
tested toward H2, and the results were compared with that of
the annealed SnO2. Figures 6a,b shows the response of annealed
SnO2 and AgNPs/SnO2 for different H2 concentrations (50–
1,800 ppm) at 500◦C operation temperature. The comparison of
H2 sensing performance of the two sensors reveals that addition
of Ag nanoparticles to the SnO2 thin film results in a remarkable
enhancement in the sensitivity of the sensor. For example, the
response of the SnO2 decorated by Ag toward 50 ppm of H2

is around 21% while that for pure SnO2 is 14%. That is, Ag
decoration improved the sensitivity by about 67%.

The synthesized Ag-decorated sensor was studied at wide
range of operating temperatures starting from room temperature
(RT = 29◦C) and up to 500◦C as shown in Figure 6c. For
low concentrations (i.e., 50 and 200 ppm), the film showed no
response at RT and only a small response at 100 and 200◦C for
200 ppm. At higher concentrations (600, 1,200, and 1,800 ppm),
the films gave an acceptable response at RT, with the response
increasing by increasing the operating temperature to 500◦C.
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FIGURE 7 | (a) Repeatability test at 600, 1,200, and 1,800 ppm of H2 for

AgNPs/SnO2. (b) Staircase behavior of AgNPs/SnO2 sensor.

Figure 6d shows the comparison between the as-deposited
SnO2, annealed SnO2, and AgNPs/SnO2 sensors toward
various H2 concentrations (200–1,800 ppm) at low operation
temperature (100◦C). The annealed AgNPs/SnO2 sensor
exhibits higher response for all H2 concentrations. For
example, at 1,800 ppm, the response of as-deposited and
annealed SnO2 was ∼6 and ∼20%, respectively, while the
response reached ∼42% from the AgNPs/SnO2 sensor. On
the other hand, at low concentration (200 ppm), both as-
deposited and annealed SnO2 had no response and yet
AgNPs/SnO2 gave an acceptable response of ∼7%, which
confirms the value of using Ag to boost the sensitivity of the
hydrogen sensor.

The reproducibility of measurements was tested in order
to study the stability of the AgNPs/SnO2 sensor, which
is one of the vital properties for H2 sensors. Figure 7a

shows that two cycles of three different concentrations (600,
1,200, and 1,800 ppm) were used in this test. Clearly,
the sensor has the ability to recover to the same initial
response (600 ppm) after introducing different amounts of
H2 concentrations (1,200, 1,800 ppm), which confirms the
stability of the fabricated sensor. The staircase behavior was
also obtained, as shown in Figure 7b. The AgNPs/SnO2 sensor

TABLE 2 | A comparison between the fabricated AgNPs/SnO2 sensor with the

different sensors reported in the literature.

Sensor Optimum

operation

temperature

Response H2

concentration

(ppm)

References

Co/SnO2 175 47.2 a 1,000 Zhang et al., 2019

Polyaniline/SnO2 30 42 a 6,000 Sonwane et al., 2019

SnO2@rGO 80 1.58 b 1,000 Ren et al., 2018

SnO2 150 5.5 a 1,000 Shen et al., 2015

SnO2/Au-SiO2 100 11.5 b 1,000 El-Maghraby et al.,

2013

CNT/SnO2 350 95 c 40,000 Majumdar et al., 2014

Pd-SnO2/MoS2 RT 8 c 1,000 Zhang et al., 2017

Pt-loaded SnO2 200 10 a 1,000 Liewhiran et al., 2014

Ce doped SnO2 200 80 c 500 Deivasegamani et al.,

2017

Er-doped SnO2 360 28a 100 Singh and Singh, 2019

AgNPs/SnO2 300 80 c 600 This work

a: response =
Ra
Rg

, b: response =
Ra−Rg
Rg

× 100, c =
Ra−Rg
Ra

× 100.

shows excellent resistance descending mode from 200 to
2,400 ppm besides its ability to recover the initial resistance
level, as it should for a stable sensor, when decreasing the
concentration back to 200 ppm. Table 2 compares the H2

sensing properties of the fabricated AgNPs/SnO2 sensor with the
different sensors, operating in the dynamic mode, reported in
the literature.

Sensing Mechanism
SnO2 was used as a gas sensor-based material that has the ability
to sense reducing gases such as H2. In the atmosphere, the
surface of the SnO2 film interacts with the oxygen molecules
in the air. The adsorbed oxygen molecules form O−, O−2,
and O−

2 moieties, resulting in the formation of depletion
layers at the surface of the SnO2 film (Chang, 1980). As
a result, the SnO2 becomes more resistive (due to lack of
electrons in the film conduction band). Figure 8A describes
the resulting band bending and the formation of the electron
barrier at the SnO2 film surface. In the presence of H2, the
H2 molecules capture the oxygen moieties and release electrons
back into the conduction band of the SnO2 thin film, therefore
decreasing its resistance. This process is described by the
following equation:

H2 +O−
−→ H2O+ e−

The enhanced gas-sensing performances of the AgNPs/SnO2

sensor can be explained by the electronic sensitization
mechanism, which is based on the controlled carrier
concentration (Yamazoe et al., 1983). The surface region of
Ag nanoparticles contains two oxidation states Ag0 and Ag+

(Ag2O), as confirmed by the XPS analysis. This mixture leads
to the production of the redox couple Ag+/Ag0 (Matsushima
et al., 1988). The couple has an electronic potential of 5.3 eV
(Matsushima et al., 1988). When a contact is formed between Ag
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FIGURE 8 | Schematic diagram describes mechanism underlying enhanced H2 sensing by AgNPs/SnO2 nanocomposites. (A) Formation of the electrons barrier at

the SnO2 film surface. (B) Formation of the electrons barrier at the AgNPs/SnO2 film surface. (C) Formation of the electrons barrier at the AgNPs/SnO2 film surface in

the ambient air. (D) Formation of the electrons barrier at the AgNPs/SnO2 film surface after introducing H2 gas.

NPs and n n-type semiconductor oxide whose electron affinity is
<5.3 eV, the Fermi level of the n-type semiconductor is pinned to
the Ag+/Ag0 potential. This leads to the increase of the electron
depletion region and to a decrease of the semiconductor oxide
conductivity. In our case, the electron affinity (8s) of the SnO2

is 4.60 eV (Li et al., 2016). Therefore, the Fermi level of the
SnO2 becomes aligned with the work function and electron
affinity of Ag0 and Ag+, respectively. As a result of electron
flows from the SnO2 surface, the energy bands of the SnO2 will
bend downward to reach the equilibrium level with the energy
of the Ag+/Ag0, and hence, the AgNPs/SnO2 film will have a
higher resistance than that of pure SnO2 as shown in Figure 8B.
The electron barrier at the surface of the SnO2 film now
depends on the energy of the barriers eV1 and eV2, which result
from oxygen adsorption and Ag decoration, respectively, as in
Figure 8C. Nevertheless, the significance conurbation would
be from the larger energy eV2. Now, when H2 is introduced,
and following the same mechanism mentioned above as a result
of oxygen removal, the Ag2O changes into metallic Ag, which
has a work function of 8Ag 4.33 (Luth, 1993). Consequently,
the energy bends upward to reach the level of the metallic
Ag Fermi energy as a result of restoring electrons from Ag to
SnO2 surface as described in Figure 8D. Thus, the resistance of
the SnO2 film is more significantly decreased as an indication
of H2 presence.

CONCLUSION

Pristine and post-annealed SnO2 thin films as well as
silver-decorated SnO2 thin films were fabricated using the
DC/RF sputtering system. The structural, morphological, and
compositional properties of the as-deposited SnO2, annealed

SnO2, and AgNPs/SnO2 were studied by various characterization
techniques. The gas sensing properties of the silver-decorated
tin oxide film were tested at different operating temperatures
(RT to 500◦C), and with varying H2 concentration (50 to
1,800 ppm), in order to investigate the sensor sensitivity effect.
It was found that the addition of the Ag nanoparticles has
significantly increased the sensitivity by 67% compared with
annealed SnO2 at 500◦C operation temperature. The observed
improvement in H2 sensing was explained according to an
electronic sensitization mechanism.
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