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Abstract
We report the gas-sensing properties of pristine and SnS2 functionalized T
 eO2 nanowires (NWs). TeO2 NWs were synthesized by a vapor–liquid–solid growth method, and S
 nS2 functionalization was performed using an atomic layer deposition
technique followed by thermal treatment. Structural and morphological analyses verified the formation of pristine and S
 nS2
functionalized TeO2 NWs with desired composition, phase, and morphology. Interestingly, sensing results showed that the
pristine TeO2 NW gas sensor had better sensing properties relative to the SnS2 functionalized TeO2 NW gas sensor. An
underlying sensing mechanism is explained in detail, and reasons for the decrease of sensing performance with the S
 nS2
functionalized TeO2 NW sensor was attributed to the coverage of TeO2 surface by the SnS2 nanoparticles.
Keywords TeO2 · SnS2 · NO2 gas · Sensing mechanism · Gas sensor

1 Introduction
Recently, one-dimensional (1-D) materials such as nanorods
[1], nanofibers [2], nanotubes [3], nanobelts, and nanowires (NWs) [4] have gained a lot of attention for utilization
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in different areas owing to their distinctive characteristics
like large surface area and unique physical and chemical
properties [5]. One important application of 1-D compounds
is as conductometric gas sensors, where a variation of the
sensor`s resistance is the underlying sensing mechanism [6].
Accordingly, much work has been devoted to the synthesis
and sensing studies of 1-D semiconducting compounds such
as metal oxides [7] and metal sulfides [8].
Even though most of today`s resistive-based gas sensors
are based on n-type metal oxides, p-type materials are also
becoming important due to having good catalytic properties in most cases [9]. However, p-type metal oxides have
attracted less attention. Among the different p-type metal
oxides, p-TeO2 with a wide band gap (2.58 eV) [10] and
unique optical and electrical properties [11] is one of the
most interesting metal oxide, which is used extensively in
lasers [12], deflectors [13], energy storage materials [14]
and gas sensors [15]. In particular, in the gas sensing area,
there are few reports of T
 eO2 gas sensors with a NW morphology, due to difficulty in the synthesis of TeO2 in a 1-D
morphology.
In addition to metal oxides, metal sulfides can also be
used for sensing studies [16]. Tin sulfide is one potentially
useful sulfide compound for sensing studies [17]. Tin sulfide
has three stable phases: SnS, SnS2, and Sn2S3 [18]. Among
these, SnS and SnS2 have interesting properties for advanced
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applications. SnS2 with a band gap of 2.2 eV, is an n-type
semiconductor on which SnS2 monolayers are connected
through weak van der Waals forces [19]. It is inexpensive,
nontoxic, chemically stable, and has a high electronegativity
and good electrical and optical properties [20, 21]. Accordingly, it is used in different fields such as electrochemical
sensors [22], batteries [23], photocatalysts [24], biosensors
[25], and gas sensors [26]. For gas sensing studies using
SnS2, Gu et al. [27], reported N
 O2 gas sensing properties of
SnS2 nanosheets decorated with SnO2 nanocomposites. The
SnO2/SnS2 gas sensor showed its best sensing performance
at 80 °C and the higher response of S
 nO2/SnS2 gas sensor
compared with pristine S
 nS2 based was due to formation
of heterojunctions barriers between S
 nS2 and S
 nO2. Giberti
et al. [28], fabricated gas sensors based on nanosized SnS2
powder to sense of acetone. It was found that the SnS2 films
had a good sensitivity and selectivity to acetone along with
good stability at 300 °C.
Different deposition techniques including plasma
enhanced chemical vapor deposition (PECVD) [29], spray
pyrolysis [30], solvothermal [31], and successive ionic layer
adsorption and reaction (SILAR) [32] have been used for the
preparation and deposition of S
 nS2. Atomic layer deposition (ALD) is a well-known technique for depositing different materials from the vapor phase [33]. By this method, it
is possible to precisely control over material thickness and
composition, originating from the cyclic and self-saturating
nature of this process [34].
Since there is a few literature about deposition of metal
sulphides on metal oxides for gas sensing applications and
further expansion of our knowledge about combination of
metal sulphides and metal oxides is urgently needed, we
have chosen T
 eO2 and S
 nS2 system. Accordingly, in this
study, we first prepared pristine TeO2 NWs and then functionalized them by SnS2 using an ALD technique. Different
characterizations of the synthesized NWs were performed,
and their gas sensing properties were evaluated at different
temperatures. It was found that the S
 nS2 functionalized gas
sensor had weaker sensing performance relative to the pristine TeO2 gas sensor. A possible underlying sensing mechanism to account for this difference is discussed in detail.

 eO2 crystals nucleate at the liquid/solid interface and furT
ther condensation/dissolution of Te vapor will increase the
amount of T
 eO2 crystal precipitation from the alloy. The
incoming Te species prefer to diffuse to and condense at
the existing solid/liquid interface, because of lower energy
involved with the crystal step growth as compared with secondary nucleation events in a finite volume. As a result, no
new solid/liquid interface will be formed and the interface
is pushed to form a T
 eO2 NW. After the system completely
cools, the alloy droplets solidify on the TeO2 NWs tips.
Figure 1 schematically shows the mechanism of T
 eO2 NWs
growth by VLS method [35, 36].
First, a 3 nm-thick Au layer was coated on Si wafer by
a sputtering method as a catalyst for the VLS process. The
Au thickness was estimated by the deposition rate of the
system. Highly pure metallic Te powders (> 99.9%) were
used starting materials for the growth of TeO2 NWs. TeO2
NWs were grown on the silicon wafer in a vertical furnace.
The furnace was programmed to increase the temperature
from 30 to 370 °C over 34 min. The growth temperature was
performed at 370 °C for 1 h in air and then the reactor was
allowed to naturally cool to room temperature.

2 Experimentation

The phase and crystal structure of obtained products were
studied using X-ray diffraction (XRD). Patterns were
recorded using a Philips X’pert diffractometer with Cu
Kα1 radiation (λ = 1.5408 Å). The microstructure and morphology of synthesized products were investigated using
scanning electron microscopy (SEM Hitachi S-4200) and
transmission electron microscopy (TEM-Philips CM 200).
Energy-dispersive X-ray spectroscopy (EDAX) incorporated
in TEM was employed to obtain elemental color mapping
analyses of the products.

2.1 Synthesis of TeO2 NWs
TeO2 NWs were fabricated using an Au-catalyzed vapor–liquid–solid (VLS) growth method. In this process, ultrafine
Au NPs are deposited on Si substrate on which TeO2 NWs
will be grown. With increasing amount of Te vapor condensation and dissolution, Te and Au will form a liquid. With
decrease of temperature and in the presence of oxygen, the

13

2.2 ALD Deposition of SnS2
SnS2 was deposited by an ALD process. Tetrakis (dimethylamino) tin (TDMASn ((CH3)2N)4Sn) and H
 2S were used as
Sn and S sources, respectively. The detailed process is as follows. The first half-cycle was comprised of TDMASn injection for 1 s and Ar purging for 40 s, and the second half cycle
was comprised of H
 2S gas injection for 3 s and Ar purging
for 50 s. Thirty such cycles were repeated for S
 nS2 deposition. The pressure of ALD was maintained at 1.4 torr with
Ar gas, and the temperature of the substrate was maintained
at 150 °C. To improve the crystallinity of S
 nS2, deposited
samples were annealed in the presence of H
 2S gas in a quartz
tube furnace. The annealing temperature was increased from
100 to 350 °C at intervals of 50 °C annealing for 1 h at each
temperature. Figure 1 schematically shows the process used
for preparation of SnS2 functionalized TeO2 NWs.

2.3 Characterization
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Fig. 1  Schematic representation
of synthesized pristine T
 eO2
NWs and ALD deposition of
SnS2

2.4 Sensor Fabrication and Gas Sensing
Measurement
Details of gas sensing measurements can be found in our
previously published papers [37–40]. For this purpose, bilayer electrodes comprised of an Au layer (300 nm-thick)
and a Ti layer (50 nm-thick) were sequentially deposited on
top of the samples. The fabricated gas sensors were put into
the gas chamber, where using mass flow controllers, the gas
flow was nicely controlled by changing the mixing ratio of
dry air to target gas with a total stream of 500 sccm. Sensor`s
resistance in the presence of air ( Ra) and target gas ( Rg) were
collected using a Keithley 617 source meter and the sensor`s
response (R) was calculated as R = Ra/Rg (for NO2 gas) and
R = Rg/Ra (for reducing gases).

3 Results and Discussion
3.1 Structural and Morphological Studies
Figure 2a shows the XRD pattern of pristine T
 eO2 NWs.
All observed peaks are related to crystalline TeO2 with
orthorhombic structure (JCPDS Card No. 52-1005) [41]. For
SnS2 functionalized TeO2 NWs (Fig. 2b), some additional
peaks related to SnS2 appeared (JCPDS Card No. 23-0677)
[42]. Accordingly, based on XRD patterns, both crystalline
TeO2 and SnS2 were formed.
Figure 3a indicates a SEM image of synthesized T
 eO2
NWs, which demonstrates the formation of long and continuous TeO2 NWs. From the inset of this figure, which

Fig. 2  XRD patterns of a pristine TeO2 NWs and b SnS2 functionalized TeO2 NWs
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Fig. 3  SEM images of a pristine
TeO2 NWs, b SnS2 functionalized TeO2 NWs. (Insets show
high magnification images)

shows a higher magnification SEM image, the diameter of
synthesized TeO2 NWs was estimated to be on the order of
100–120 nm. Figure 3b shows a SEM image of SnS2 functionalized TeO2 NWs, where after functionalization, TeO2
still shows one dimensional morphology. The inset of this
figure clearly shows rough surfaces of SnS2 functionalized TeO2 NWs, where due to functionalization by S
 nS2
the surface morphology is changed from smooth to rough.

Fig. 4  a TEM image of SnS2
functionalized TeO2 NWs. b
Lattice-resolved TEM image, c
corresponding SAED pattern
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Further analyses were performed using TEM. Figure 4a
represents a TEM image of SnS2 functionalized TeO2 NWs
with a grainy structure and an approximate diameter of
110–130 nm. The lattice-resolved TEM image provided in
Fig. 4b shows fringes with spacings of 0.323 and 0.316 nm,
which are related to the (120) plane of T
 eO2 and (100) plane
of SnS2, respectively. The corresponding selected area electron diffraction pattern (SAED) is shown in Fig. 4c, where
ring patterns of (011) and (021) belonging to T
 eO2 can be
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seen along with spots of SnS2 showing (102) and (110)
planes of SnS2.The spotty pattern in the SAED pattern demonstrates that the S
 nS2 is in single crystal form [43]. To
gain insight into the chemical composition and distribution
of elements on the S
 nS2 functionalized T
 eO2 NWs, EDAX
color mapping was performed. Figure 5 shows EDS analysis
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of SnS2 functionalized T
 eO2 NWs, in which all expected
elements, namely Sn, Te, O, and S, were detected.
In order to reveal the effects of sensing process on the
morphology of T
 eO2 NWs, we compared the SEM investigation, revealing that the sensing at 150 °C does not significantly change the morphology (Fig. 6).

Fig. 5  EDS color mapping of
SnS2 functionalized TeO2 NWs
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Fig. 6  SEM images of T
 eO2
NWs, a prior to and b after the
sensing process at 150 °C

3.2 Gas Sensing Studies
Figure 7a provides the dynamic response curve of pristine TiO2 NWs towards 10 ppm N
 O2 gas at 50 °C. Upon
Fig. 7  Dynamic response curves
towards 10 ppm N
 O2 gas for
TeO2 NW sensor at different temperatures: a 50 °C, c
100 °C and e 150 °C. Dynamic
response curves towards 10 ppm
NO2 gas for SnS2 functionalized
TeO2 NW sensor at different
temperatures: b 50 °C, d 100 °C
and f 150 °C
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exposure to NO2 gas, the resistance decreased, demonstrating p-type behavior of the T
 eO2 gas sensor, with a response
(Ra/Rg) of 1.106, which is higher than the response of the
sensor at higher temperatures. In fact, the response of the
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sensor at 100 and 150 °C was 1.022 and 1.005, respectively,
as shown in Fig. 7c, e. Decrease of sensing performance
at higher temperature is due to very high desorption rate
of NO2 gas molecules, not allowing the sufficient adsorption and reaction on the surface of the sensor. In previous
experiments, we obtained the negligible response at a lower
temperature of 25 °C. Accordingly, it is possible that 50 °C
is close to the optimal temperature. However, since we did
not precisely determine the optimal sensing temperature
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in the present work, further investigation is necessary. For
the SnS2 functionalized TeO2 NW sensor, as represented in
Fig. 7b, d, f, the gas response (Ra/Rg) at 50, 100, and 150 °C
was 1.018, 1.004, and 1.003, respectively. Thus, similar to
the case of pristine TeO2 NWs, the best sensing temperature for the S
 nS2 functionalized T
 eO2 NW gas sensor was
50 °C. It should be noted that at all tested temperatures, the
response of pristine T
 eO2 NWs was higher than that of the
SnS2 functionalized TeO2 NW sensor. Selectivity of both
sensors was investigated by exposing the sensors to N
 H 3,
SO2, and H2S gases. Figure 8 shows selectivity patterns of
both pristine TeO2 and the S
 nS2 functionalized TeO2 NW
sensor towards 50 ppm interfering gases at 50 °C. As can be
seen, the sensors had not a noticeable response to interfering
gases. However, the response of the pristine TeO2 NW gas
sensor was much higher for NO2 than other interfering gases,
indicating good selectivity of this sensor.
Figure 9a, b show the results of repeatability tests for
 nS2 functionalized T
 eO2
pristine TeO2 NWs gas sensor and S
NWs gas sensor at 50 °C to 10 ppm NO2 gas, respectively.
As it can be seen, both gas sensors have good repeatability.
For example for pristine T
 eO2 NWs gas sensor the responses
for first, second and the third cycles are 1.106, 1.106, and
1.105 respectively and those for S
 nS2 functionalized T
 eO2
NWs gas sensor are 1.108, 1.106, and 1.018 respectively.
These values demonstrate good repeatability of both gas
sensors.

3.3 Gas Sensing Mechanism

Fig. 8  a Response versus sensing temperature for pristine and S
 nS2
functionalized TeO2 NW gas sensors towards 10 ppm NO2 gas. b
Selectivity pattern of pristine and SnS2 functionalized TeO2 NW sensors towards 10 ppm N
 O2, H2S, NH3, and SO2 gas at 50 °C

The sensing mechanism in resistance-based gas sensors is
based on the modulation of resistance in the presence of
the target gas [44]. Since the TeO2 surface is continuous,
whereas SnS2 NPs are discrete and discontinuous, it can be
easily assumed that sensing current will dominantly flow
through the TeO2 nanowires. When the pristine TeO2 NW
sensor is in air, oxygen molecules are adsorbed onto the
surface of the sensor, and in a temperature dependent process, adsorbed molecules are converted to oxygen ions (O2−,

Fig. 9  a Repeatability tests for
(a) pristine T
 eO2 NWs gas sensor and b SnS2 functionalized
TeO2 NWs gas sensor at 50 °C
to 10 ppm NO2 gas
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Fig. 10  Decrease of HAL
thickness in pristine T
 eO2 NW
sensor as a result of exposure
to NO2 gas. (Black and yellow
circles are adsorbed oxygen and
NO2 species, respectively)

O− or O
 2−) by abstraction of free electrons from the conductance band of the TeO2 NWs [45]:

O2 → O2 (ads)

(1)

O2 (ads) + e− → O−2 (ads)

(2)

O−2 (ads) + e− → 2O− (ads)

(3)

(4)
O− + e− → O2− .
Due to the extraction of electrons, a hole accumulation
layer (HAL) forms on the surfaces of T
 eO2 NWs, as shown
in Fig. 10. When N
 O2 is injected, the N
 O2 gas is adsorbed
on the surfaces of TeO2 NWs, and due to the higher electron affinity of NO2 (220 kJ mol−1) compared to oxygen
(42 kJ mol−1) [27], electrons can be directly adsorbed by
NO2 molecules [43, 46]:

NO2 (g) + e− ↔ NO−2 (ads)

(5)

NO2 (g) + e− ↔ NO(g) + O− (ads)

(6)

NO−2 (ads) + O− (ads) + 2e− → NO(gas) + 2O− (ads).

(7)

Consequently, the width of the HAL increases, and the
resistance of the sensor increases. This modulation of resistance in the presence of N
 O2 gas is the main cause of gas
response for the pristine T
 eO2 NW gas sensor. For S
 O2 gas
and reducing gases, a lower response was observed, which
is mainly related to the very strong oxidative nature of N
 O2
gas and more suitable sensing temperature for this gas.
Based on Fig. 8b, SnS2 functionalized sensor exhibited
a lower response to N
 O2, H2S, and S
 O2 gases, in comparison to pristine TeO2 NWs. We discuss the possible reasons
for obtaining the lower response of the SnS2 functionalized
sensor in comparison with pristine TeO2 NWs. In SnS2
functionalized TeO2 NWs, since the work function of S
 nS2
(4.2–4.5 eV) [27] is lower than that of T
 eO2 (5.64-6.93 eV)
[10], electrons from S
 nS2 will transfer to T
 eO2 to equate
the Fermi levels in both sides. Accordingly, the width of
the HAL in TeO2 decreases owing to combination of electrons from SnS2 with holes in TeO2. First, it is possible
that smaller initial hole concentration will contribute to the
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increase of sensor response, because the same amount of
increase/decrease of the hole concentration by the introduction/removal of sensing gases, in case of smaller initial hole
concentration, will turn out to be a higher senor response.
Since the initial hole concentration of SnS2 functionalized
TeO2 NWs is lower than that of pristine T
 eO2 NWs, this
mechanism cannot explain the lower sensor response of
SnS2 functionalized TeO2 NWs. Second, SnS2 functionalized TeO2 NWs have a lower hole concentration. In this case,
oxidizing gas, such as NO2 and S
 O2, provide holes to T
 eO2
surface and this process will be more efficient in S
 nS2 functionalized TeO2 NWs with lower initial hole concentration.
However, reducing gas, such as H
 2S and N
 H3, take out holes
from TeO2 surface and this process will be more difficult
in SnS2 functionalized TeO2 NWs with lower initial hole
concentration. Since SnS2 functionalized TeO2 NW is not
favorable for both oxidizing and reducing gases, the above
mechanism cannot be applied in the present case. Third,
relative to pristine TeO2, in the functionalized SnS2 sensor,
less adsorption sites are available in T
 eO2 due to partial coverage by SnS2. Since T
 eO2 surface plays a dominant role in
sensing, it is possible that coverage of TeO2 surface by SnS2
NPs will decrease the sensor response.

4 Conclusions
In summary, pristine and S
 nS2 functionalized T
 eO2 NWs
were successfully synthesized using VLS and VLS/ALD
methods, respectively. XRD, SEM, TEM, and EDS characterization demonstrated desired morphological, phase, and
chemical composition of synthesized NWs. Gas sensing tests
showed that the pristine TeO2 NW sensor had better sensing
performance relative to the S
 nS2 functionalized T
 eO2 NW
sensor. The degradation of sensing performance by the SnS2
functionalization was thought to be related to coverage of
TeO2 surface by the SnS2 NPs.
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