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Branched nanowires (NWs) are a novel class of composite materials with increased surface area relative to their
pristine one-dimensional counterparts. Accordingly, they are good choice for gas sensing studies. In this study, pn, TeO2-branched SnO2 NWs were produced by a two-step catalyst-assisted vapor-liquid-solid (VLS) growth
technique for gas sensing studies. First, SnO2 NWs were synthesized from highly pure Sn powders, and TeO2
branches were subsequently added. The fabricated samples were well characterized in terms of morphology,
crystallinity, and chemical composition. Gas sensing results exhibited the enhanced NO2 sensing capability of
TeO2 branched SnO2 NW sensors relative to pristine SnO2 NWs. In particular, the maximum responses (Rg/Ra) of
pristine and TeO2 branched SnO2 sensors to 10 ppm NO2 were 6.34 and 10.25, respectively. Furthermore, dynamics of TeO2 branched sensor at the optimal temperature was faster. Superior sensing properties of TeO2
branched SnO2 NWs were related to the high surface area of the branched sensors and creation of p-n heterojunctions on the surfaces of this sensor. We believe that branching is a good way to realize gas sensors for
practical usages.

1. Introduction

better sensing performance than n-n and p-p homojunctions because of
the larger diﬀerence in work functions of p- and n-type materials and
the catalytic eﬀects of most p-type metal oxides.
Generally, metal oxides should have high stability, high mobility of
charge carriers and a suﬃciently wide band gap to provide good gas
sensing properties [8,9]. Based on the above criteria, SnO2 can be a
good choice. It has a large band gap (Eg = 3.8 eV), high mobility of
electrons (160 cm2/V s), and good chemical and thermal stability [6].
Another promising metal oxide is TeO2, which is a promising p-type
semiconducting material (Eg = 3.65 eV) and good catalytic activity
[10,11]. However, less attention has been paid to it in comparison with
other p-type metal oxides [12].
In this study, with the report on p-type branch-n-type core nanosensors being rare, we employed p-n TeO2 branched SnO2 NWs for gas
sensing purposes. The TeO2 branched NWs were produced by employing a two-step vapor-liquid-solid (VLS) method. In our preliminary
study, TeO2 branches could be eﬃciently formed at a relatively lower
temperature. Accordingly, TeO2 branches were grown at diﬀerent

Branched nanowires (NWs) are a unique class of nanomaterials
where branches of NWs grow on stem of other NWs which have the
same or diﬀerent chemical composition [1]. When the chemical composition of branches and stems are diﬀerent, they are so-called heterojunction branched NWs and are interesting materials for various
applications [2,3].
Heterojunction branched NWs have high surface area along with
numerous heterojunctions, being interested for gas sensing applications
[4,5]. In fact, heterojunction formation in branched NWs is a promising
way to increase the sensitivity of gas sensors [6]. A larger change in the
resistance occurs for heterojunction branched NWs, resulting in enhanced sensing properties. As an example, Kim et al. synthesized cobaltdecorated ZnO branched SnO2 NWs for sensing of NO2 gas [7]. They
reported a response of 7.48 to 10 ppm NO2 gas at 300 °C. Even though
the response of this n-n heterojunction sensor was relatively good, the
sensing temperature was still high. Generally, n-p heterojunctions have
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Fig. 1. Schematic representation of sensor device and gas sensing system.

temperatures (320–420 °C), to ﬁnd the optimal conditions for growth of
fully branched TeO2 NWs. The morphologies and compositions of
samples were explored and then NO2 gas sensing characteristics at the
optimal temperature (100 °C) showed that the sensing characteristics
the SnO2 gas sensor can be enhanced by incorporation of TeO2 branches. The underlying gas sensing mechanism is fully explained.

scanning electron microscopy (SEM, Hitachi S-4200). Chemical composition was studied by employing energy-dispersive X-ray spectroscopy (EDS) incorporated in the TEM.
2.4. Sensor fabrication and sensing tests
Top interdigitated electrodes were applied on the substrate to fabricate gas sensors. A bi-layered electrode consisting of Ti and Au metallic layers (50 nm and 300 nm thick, respectively) was sputter-deposited on the samples. Sensing measurements were done in a gas
chamber inside a horizontal tube, and the sensor resistance values were
continuously measured using a multimeter. Desired amounts of target
gas were injected into gas chamber using mass ﬂow controllers with a
constant ﬂow of 500 sccm. Target gas was continuously injected into
gas chamber as long as the change in sensor resistance was noticeable.
When the resistance becomes almost constant, the target gas ﬂow was
stopped. Therefore, depending on the sensing temperature, gas injection times were varied, since at each sensing temperature and ﬁxed gas
concentration, the time for reaching to an almost constant value of
resistance was diﬀerent.
The resistances of the gas sensor in the presence of target gas (Rg)
and air (Ra) were recorded and the sensor's response (R) was calculated
as R = Rg/Ra, (for NO2) and R = Ra/Rg (for reductive gases). The response time corresponded to the time to reach 90% of the resistance
after injection of target gas and the recovery time was the time needed
for the sensor to reach 90% of its baseline resistance after stoppage of
target gas [14]. Fig. 1 schematically shows sensor device and gas sensing system.

2. Experimental
2.1. Synthesis of SnO2 NWs
SnO2 NWs were grown by a catalyst-assisted VLS technique. The
source materials were pure metallic Sn powders, and Au was employed
as a catalyst on Si substrates. First, a thin layer of gold with an approximate thickness of 3 nm was deposited on Si substrate by a sputtering method. Sputtering was performed using a turbo sputter coater
(Emitech K575X, UK) with an Au target at room temperature. Time and
DC current were ﬁxed to 1 min and 10 mA, respectively. Sn powders
were put into a ceramic crucible, and the substrate was put on top of the
crucible, with the Au side down. Then this system was put in a horizontal tubular quartz furnace. The growth took place at 900 °C for 1 h
in the presence of Ar and air with ﬂow rates of 3000 and 200 sccm,
respectively. More details related to the fabrication of SnO2 NWs can be
found in [13].
2.2. Synthesis of TeO2 branched SnO2 NWs
TeO2 branching on the synthesized SnO2 NWs was also carried out
using a VLS growth technique. First, as-prepared SnO2 NWs were coated
with a thin gold layer (3 nm thickness) at the same conditions described
for the growth of SnO2 NWs. Synthesized SnO2 NWs were used to grow
TeO2 branches. Highly pure metallic Te powders (99.9%) were used for
the growth of TeO2 branches. Branched TeO2 was grown on SnO2 NW
stems in a vertical furnace by employing the same experimental set-up
for growth of SnO2 NWs. The growth temperature was varied between
320, 370, and 420 °C for 1 h in an air atmosphere. During the growth of
TeO2 branches, Te vapor reacted with oxygen gas, and TeO2 branched
NWs were grown on SnO2 NWs.

3. Results and discussion
3.1. Characterization results
To see if a fully branched morphology was obtained, the morphologies of the NWs were studied by SEM. Fig. 2(a) indicates an SEM
micrograph of pristine SnO2 NWs, where tangible NWs with no special
alignment are formed. The inset of Fig. 2(a) shows SnO2 NWs which are
successfully formed. Also, Au NP which was used as a catalyst for
growth of SnO2 NW is observed at the tip of the synthesized NW. In the
Au-assisted VLS growth method, the Au catalyst initiates the growth
[15] and generally the VLS growth technique is associated with the
presence of a metal catalyst (here Au) [13,16]. Fig. 2(b) indicates the
morphology of TeO2 branched SnO2 NWs grown at 320 °C. The morphology is still almost the same as that for pristine SnO2 NWs without
any branching. The inset in this ﬁgure clearly shows that there are no
TeO2 branches on the stems of SnO2 NWs, where only one TeO2 branch

2.3. Material characterization
Diﬀerent characterizations were used to fully explore the nature of
synthesized materials. The crystalline nature of the samples was studied
with X-ray diﬀraction (XRD-Philips X'pert diﬀractometer) using CuKα
radiation (λ = 1.5408 Å). Morphological features were studied by
means of transmission electron microscopy (TEM-Philips CM 200) and
1103
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Fig. 2. SEM images of (a) pristine SnO2 NWs, and TeO2 branched SnO2 NWs annealed at (b) 320, (c) 370, and (d) 420 °C. Insets show corresponding higher
magniﬁcation images.

Fig. 3. TEM analyses of a TeO2 branched SnO2 NWs with annealed at 370 °C. (a) Low-magniﬁcation TEM image, (b) SAED pattern, and (c) Lattice-resolved TEM
image.
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Fig. 4. EDS analysis of TeO2 branched SnO2 NWs.

spotty diﬀractions are related to the (110) and (111) planes of TeO2.
Fig. 3(c) indicates a lattice-resolved TEM micrograph of TeO2 branched
SnO2, where the parallel fringes with a spacing of 0.264 and 0.298 nm
can be related to the (101) and (102) crystalline planes of SnO2 and
TeO2, respectively. Fig. 4 shows the result of EDS analysis, indicating
the availability of Sn, Te, and O elements. Sn is mainly in the core of the
NWs, and Te is mainly located in the branched parts of this image,
conﬁrming the synthesis of TeO2 branched SnO2 NWs.

is grown on the stem of the SnO2 NW. Fig. 2(c) shows successful
branching of TeO2 on the stem of SnO2 NWs at 370 °C, where a quite
diﬀerent morphology was observed relative to the previous samples.
The inset in this ﬁgure clearly shows the formation of highly dense
branches of TeO2 on the stem of a SnO2 NW. As shown in Fig. 2(d) and
the inset, an increase in growth temperature to 420 °C led to the formation of TeO2 NPs on the surfaces of SnO2 NWs.
XRD patterns of synthesized NWs are given in Fig. S1. As presented
in Fig. S1(a) for pristine SnO2 NWs, all peaks are belong to the tetragonal SnO2 phase (JCPDS File # 41-1445) [17]. TeO2 branched SnO2
NWs grown at 320 °C (Fig. S1(b)) produced weak peaks related to orthorhombic structure of TeO2 (JCPDS File # 52-1005) [18]. The intensity of TeO2 peaks increased with an increase in growth temperature
to 370 °C (Fig. S1(c)), demonstrating better crystallinity of TeO2 at
higher temperatures. In TeO2 branched grown at 420 °C (Fig. S1(d))
have some additional peaks which are appeared due to the high crystallinity of TeO2 and the overall intensity of TeO2 peaks increased.
Accordingly, XRD results demonstrated the successful formation of both
SnO2 and TeO2 phases. Even though the sample grown at 420 °C
showed better crystallinity relative to that grown at 370 °C, the latter
sample was selected for further studies, due to its better morphology in
SEM (Fig. 2). In fact, for the sample grown at 420 °C, insuﬃcient
branching with cluster-like structures was found, while for the sample
grown at 370 °C, dense NW branches were formed on the stems of SnO2
NWs.
Fig. 3(a) exhibits a TEM micrograph of TeO2 branched SnO2 NWs,
which demonstrated the formation of TeO2 branches. The diameters of
TeO2 branches were estimated to be in the range of 50–100 nm based
on TEM analysis. Fig. 3(b) exhibits a selected area diﬀraction (SAED)
pattern of TeO2 branched SnO2 NWs along the [111] direction in which

3.2. Gas sensing studies
Because of its highly toxic and dangerous nature, nitrogen dioxide
(NO2) was selected as a main target gas in this study [19]. For gas
sensing studies, we selected the TeO2 branched SnO2 NWs sensor grown
at 370 °C with a highly branched morphology and compared the sensing
results with that of pristine SnO2 NWs.
As a ﬁrst step, we investigated the temperature dependence of the
pristine SnO2 sensor to NO2 gas. Fig. 5(a) gives the response transient
curves of a pristine SnO2 sensor toward 10 ppm NO2 gas at various
temperatures. Gas responses at 30, 50, 100,150 and 200 °C are 2.42,
2.84, 5.26 5.12 and 6.34, respectively. As indicated in Fig. 5(b), the
response tends to increase with increasing the temperature from 30 to
200 °C. This behavior was previously reported by other researchers,
where a maximum response was observed at a particular sensing temperature. There is not suﬃcient energy for NO2 to be adsorbed on the
surface of the sensor at low temperatures while at the optimal temperature, the NO2 gas has enough energy to be adsorbed on the surface
of the sensing layer and the maximum response is observed.
Fig. 5(c) displays the response time and recovery time versus sensing temperature. In both cases, the dynamics of the sensor became
1105
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Fig. 5. (a) Response transient of SnO2 NWs at diﬀerent temperatures. (b) Variation of response by changing the sensing temperature. (c) Variation of response times
and recovery times with changing the sensing temperature.

these gases are 10.25, 4.15, 3.97, 2.09, 1.07 and 1.01, respectively. The
selectivity ratio can be deﬁned as RNO2 to R interfering gas, where the
former is the response to NO2 and the latter is the response of the sensor
to an interfering gas, the selectivity ratios for CO, acetone, ethanol,
toluene, and H2S gases were 2.46, 2.58, 4.90, 9.57 and 10.14, respectively. Accordingly, the sensor has good selectivity, because the response to NO2 gas is at least two times higher than those of other interfering gases. Good selectivity can be related to the highly reactive
nature of NO2 gas with high electron aﬃnity, relative to other tested
gases.
The NO2 sensing capabilities of some metal oxide gas sensors based
on SnO2 with the present branched sensor are compared in Table 1. The
response obtained in this study is higher than that for the sensors reported in this table. Moreover, the optimal sensing temperature in this
work was low, which is a great advantage in energy consumption point
of view. Accordingly, it seems that the designed sensor is a promising
sensor for NO2 sensing for real applications.

faster due to the higher diﬀusion of gases with increasing sensing
temperature. The calculated values of activation energies for adsorption
and desorption of 10 ppm NO2 gas on the surface of TeO2 branched
SnO2 NWs were 0.152 and 0.113 eV, respectively (See Text S1 in supporting Information). 0.152 and 0.113 eV correspond to 14.667 and
10.903 kJ/mol, respectively.
Fig. 6(a) exhibits a dynamic plot of the response of a TeO2 branched
SnO2 NW sensor toward 10 ppm NO2 at various temperatures. Fig. 6(b)
indicates the response of the sensor versus the sensing temperature
derived from Fig. 6(a). Fig. 6(c) displays response times and recovery
times at various temperatures. The gas sensor follows the same trend as
the pristine SnO2 sensor. Fig. S2(a) compares the response of both gas
sensors, where the response of the branched sensor is higher than that
of the pristine sensor at all tested temperatures. Also, while pristine
SnO2 NWs gas sensor shows its optimal sensing temperature at 200 °C,
TeO2-branced NWs gas sensor shows it at 100 °C, which is signiﬁcantly
lower than that of pristine gas sensor, demonstrating promising eﬀect of
TeO2 branching for enhancement of sensing. Regarding response times,
as given in Fig. S2(b), both sensors behaved diﬀerently, where the response times of the pristine sensor were shorter at 30 and 150 °C, and
the reverse is true for other temperatures. However, if we focus on the
optimal sensing temperature (100 °C), the response time of the branched sensor was 242 s, which is much shorter than that of the pristine
sensor (344 s). Fig. S2(c) shows that the recovery time of the branched
sensor is shorter than that of pristine sensor for all temperatures. This
may be due to the presence of TeO2 NWs, for which the desorption
energy may be lower than that of SnO2 NW, allowing the NO2 to desorb
easily.
We also performed a selectivity test for optimized gas sensor. Fig. 7
gives the selectivity pattern of branched sensor to 10 ppm NO2, CO,
acetone, ethanol, toluene, and H2S gases. As shown, the responses to

3.3. Mechanism of gas sensing
The NO2 sensing results of pristine and TeO2 branched NWs showed
that the branched sensor has much better sensing performance than the
pristine gas sensor. We attribute this to (i) the higher surface area of the
branched sensor and (ii) existence of p-n TeO2-SnO2 heterojunctions.
When a metal oxide sensor is in air, the oxygen molecules are adsorbed
onto the surfaces of the sensor [26] and then the adsorption of O2
molecules will eventually accept free electrons [27]:
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Fig. 6. (a) Response transient of TeO2 branched SnO2 NWs at diﬀerent temperatures. (b) Variation of response by changing the sensing temperature. (c) Variation of
response times and recovery times with changing the sensing temperature.

O2− (ads ) + e− → 2O− (ads )

(3)

O− + e− → O−2

(4)

The amount of chemisorbed oxygen greatly depends on the temperature, surface conditions and the surface area and surface conditions
of the gas sensor [28]. The abstraction of electrons from SnO2 will result in the generation of an electron depletion layer (EDL) on the surfaces of the SnO2 NWs, where the resistivity of the sensor in this region
is higher than in the core regions, leading to the formation of a conduction channel inside the inner regions of SnO2 NWs (Fig. 8(a)). In
NO2 gas atmosphere, due to the high reactivity of NO2 gas, electrons are
taken out by to NO2 molecules as illustrated by the following reactions
[5,29]:

NO2 (g ) + e− ↔ NO2− (ads )

Fig. 7. Selectivity histogram of TeO2 branched SnO2 NWs sensor toward
10 ppm of diﬀerent gases at 100 °C.

(5)

NO2 (g ) + e− ↔ NO (g ) + O− (ads )
Table 1
Comparison of the NO2 sensing characteristics of some metal-oxide based gas
sensors reported in the literature with the present sensor.
Material

Conc.
(ppm)

T(°C)

Response (Ra/
Rg)

Ref.

TeO2 branched SnO2 NWs

10

100

10.25

SnO2-ZnO-Co
Au-SnO2
Ni-doped SnO2 nanoparticles
SnO2 thin ﬁlm
SnO2-core/In2O3-shell
nanobelt
SnS2/SnO2
Co3O4-SnO2 NWs

10
30
100
100
10

300
300
200
300
300

7.48
30
41
10
5.35

This
work
[7]
[20]
[21]
[22]
[23]

8
10

80
300

5.5
3.6

[24]
[25]

NO2− (ads )

+

O− (ads )

→ NO (gas ) +

(6)

2O− (ads )

(7)

Consequently, the width of EDL is increased. That means a decrease
of the conduction channel in SnO2 (Fig. 8(b)). Consequently, the conductivity of the SnO2 sensor decreases and a response is resulted. In
addition, it should be noted that the junction between the SnO2 NWs
can act as another means of resistance change. The height of these
barriers increases in the contact area between the potential barriers in
air (Fig. 8(c)) and upon exposure to NO2 gas (Fig. 8(d)), large variations
in the resistance of gas sensor in these regions occur. Therefore, in the
pristine SnO2 NWs sensor, variations in the diameter of conduction
channel as well as the existence of SnO2-SnO2 homojunctions collectively contribute to the sensor's signal.
The surface area of SnO2 exposed to NO2 gas for the TeO2 branched
sensor is lower than that of a pristine SnO2 sensor due to the dense
1107
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Fig. 8. Sensing mechanism in pristine SnO2 NWs. Change of surface electron depletion regions: (a) in air and (b) in NO2. Eﬀects of SnO2-SnO2 homojunction (c) in air
and (d) in NO2.

height of the potential barrier will be reduced by forming SnO2/TeO2
heterojunctions, and electrons in SnO2 will have a greater chance of
escaping into TeO2. This increases the resistance and improves the
sensor response.
Since TeO2 NWs were grown from SnO2, resistance modulation can
also occur on the surface of these NWs. As shown in Fig. 10(a), because
of the presence of the adsorbed oxygen anions, a hole accumulation
layer (HAL) can form on the outer surfaces of the TeO2 [9]. When NO2
gas is adsorbed on the surface of TeO2, the unpaired electrons of the
NO2 molecule react with the dangling bonds on the surface of TeO2 and
trap the lone pair electrons of dangling bonds, to become NO−
2 , which
lead to an increase in the concentration of holes and an expansion of
HAL. Thus, TeO2 NWs become more p-type, presumably contributing to
high modulation in the resistance of TeO2 NWs (Fig. 10(b)) [32].
The generation of defects during the growth of TeO2 branches and
lattice mismatching (δ) between TeO2 and SnO2 can enhance the sensitivity of the sensor. Due to lattice mismatching, the dangling bonds
can be created [33]:

nature of the branching. However, since the sensor behaved as n-type
material, signiﬁcant parts of SnO2 are still exposed to NO2 gas, where
the sensing mechanism is analogous to that of the pristine SnO2 sensor,
i.e., modulation of the conduction channel in SnO2 and SnO2-SnO2
homojunctions.
However, other factors play a role in the branched SnO2 sensor.
Being similar to SnO2 NWs, TeO2 NW branches generate numerous
homojunctions, which can also contribute to the change in resistance in
TeO2 NWs. Another source of resistance modulation in TeO2 branched
SnO2 NWs is the creation of p-TeO2/n-SnO2 heterojunctions and
changes in the potential barriers at the SnO2-TeO2 heterojunctions. As
presented in Fig. 9(a), SnO2 has a diﬀerent work function (Φ) than that
of TeO2. The work functions of SnO2 and p-TeO2 are in the ranges of
4.0–5.7 eV [[30], S2-S16] and 5.64–6.93 eV [31], respectively.
The work function of SnO2 is typically smaller than that of TeO2 and
electrons in SnO2 will transfer to p-type TeO2, and holes in TeO2 will
ﬂow to n-type SnO2. As a result, when SnO2 and TeO2 are in contact, the
electrons will ﬂow from SnO2 to TeO2 (to equalize the Fermi levels)
creating a potential barrier at the heterojunctions with energy band
bending (Fig. 9(b)). With the assumption that the sensor current mainly
ﬂows through the SnO2 core, an EDL will be generated at the SnO2/
TeO2 heterojunctions. Accordingly, the electron conduction volume in
SnO2 will be considerably reduced. Upon introduction of NO2 gas,
electrons are removed, and the electron conduction volume in SnO2 will
be further reduced. Since the decrease in conduction volume is independent to the initial conduction volume, the relative change in
conduction volume by injection/stoppage of NO2 gas will increase if the
initial conduction volume is low. This will bring about an enhancement
in the sensor response. In addition, electrons in SnO2 will be removed in
NO2 atmosphere, and the Fermi level will decrease. In this case, the

δ=

2(a1 − a2 )
a1 + a2

(8)

Here, a1 and a2 are the lattice constants, with a1 > a2. Due to difference between lattice constants of TeO2 and SnO2, dangling bonds can
be created in the heterojunctions and they can facilitate gas adsorption
and lead to a higher gas response.
Due to branching nature of synthesized NWs, the surface area of the
branched NWs is also much higher than that of the pristine SnO2 sensor,
which means there are more adsorption sites on the surface of the
branched NWs gas sensor. This ultimately leads to a larger response for
the branched sensor, presumably due to the spillover eﬀects of the
1108
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branches.
It is widely accepted that the response time is closely related to the
adsorption of gas molecules, whereas the recovery time is closely associated with the desorption phenomena. [34]. The high desorption
energy accelerates the desorption process. The rise of temperature will
thus accelerate desorption process, resulting in a short recovery time.
Helwig et al. postulated that the intrinsic response and recovery time
constant τ follow an exponential temperature dependence τ (T) = τ0
exp.(Ea/kBT), where Ea standing for the activation energies for adsorption and desorption, respectively [35]. M. Karmakar et al. revealed
that reaction of reducing gas with the chemically adsorbed oxygen affected response times [36]. M. Karmakar et al. also mentioned that
activation energy for response and recovery processes, respectively, can
be calculated from the temperature-dependence of response time and
recovery time by the Arrhenius equation. In the present work, the
calculated values of activation energies for response process and recovery process of 10 ppm NO2 gas on the surface of TeO2 branched
SnO2 NWs were 0.152 and 0.113 eV, respectively. Although response/
recovery processes are comprised of many factors (Text S2, Supporting
Information), it has been widely accepted that response time and recovery time are mainly dominated by adsorption and desorption behaviors, respectively. Accordingly, we can assume that the activation
energy for the response process and the recovery process, respectively,
correspond to activation energy for adsorption and desorption of gas
molecules.

4. Conclusions
In brief, p-n heterojunction TeO2 branched SnO2 NWs were fabricated by a two-step gold-assisted VLS growth method for NO2 gas
sensing. We found that the growth of TeO2 NWs at 370 °C resulted in
the formation of highly dense TeO2 branched SnO2 NWs. The optimal
sample was characterized using SEM, TEM, and XRD, and its desired
morphology, crystallinity, and chemical composition were studied. The
responses (Rg/Ra) of pristine and TeO2 branched SnO2 sensors to
10 ppm NO2 at an optimal working temperature of 200 and 100 °C were
6.34 and 10.25, respectively. Accordingly, gas sensing results demonstrated the promising eﬀects of TeO2 branching, i.e. high surface area
and p-n heterojunction formation for NO2 sensing.
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Fig. 9. Band structure in SnO2-TeO2 heterointerfaces, (a) prior to contact and
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Fig. 10. Change of hole accumulation layer in TeO2 branches (a) in air and (b) in NO2.
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