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A new gas sensor working in room temperature, which is compatible with silicon fabrication technology is presented. Porous silicon nanowires (NWs) were synthesized by metal-assisted chemical
etching method and then TeO2 NWs branches were attached to their stem by thermal evaporation
of Te powders in the presence of air. Afterwards TeO2 branched porous Si NWs were functionalized
by Pt via sputtering followed by low temperature thermal annealing. Scanning electron microscopy,
transmission electronIP:
microscopy
and energy-dispersive
X-ray2019
spectroscopy
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by Pt nanoparticles. Their gas
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C7 H8 were tested at room temperature, for Si
sensing properties in the presence of Delivered
CO, C6 H6 and
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wafer, pristine porous Si NWs, pristine TeO2 branched porous Si NWs, and Pt functionalized TeO2
branched porous Si NWs sensors. Pt functionalized TeO2 branched porous Si NWs have higher
responses to all tested gases than the other sensors. The origin of high response is discussed in
detail. This new room temperature gas sensor can open a new aperture for development of gas
sensors with minimum energy consumption which are compatible with silicon fabrication technology.
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1. INTRODUCTION
Today most of semiconducting gas sensors work at high
temperatures (150–500  C) [1] that demand high power
consumption thereby reducing the sensor life, selectivity and long term stability [2]. Thus there is an urgent
need to develop nanomaterials for gas sensors that have
good performance at a low temperature, with reasonably
fast response and recovery times. Furthermore, development of sensors with good compatibility with current silicon microelectronic industry is another challenging issue
for researchers. To achieve high performance gas sensors,
a large effective surface area will be preferred. A large
surface-to-volume ratio makes one-dimensional semiconductor nanomaterials as a perfect candidate for gas sensing. A porous Si NWs with large surface area can be
∗
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compatible with the established silicon technology, in
which sensor integration based on Si NWs will allow
a lower manufacturing cost, in addition to the advantageous electronic features of embedded detection and signal
processing in silicon technology [3]. However, gas sensing properties of pristine porous Si NWs are poor and
need to be enhanced in terms of sensitivity and selectivity.
The sensitivity of the Si based chemical sensors can be
tailored by other sensitive nano-materials, such as metal
oxides [4]. One popular strategy is to create heterostructures using Si NWs and other metal oxides. This is due
to the fact that after creating intimate electrical contacts
at the interface between the two different semiconductors,
the Fermi levels across the interface need to reach equilibrium, resulting in charge transfer and the formation of
a charge depletion layer that can lead to increased sensor performance [5]. As an example, Ma et al. reported
NO2 sensor based on heterostructures nanocomposite of
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n-WO3 nanowires/p-porous Si with improved sensitivity
(HF:H2 O = 1:1) for 5 min. To detach porous Si NWs, the
compared to pristine porous Si [6]. We noticed that TeO2
etched Si wafers were immersed in ethanol and continubranched porous Si NWs can be a good choice for gas
ously sonicated for 30 min. The floating porous Si NWs
sensing application. Tellurium dioxide (-TeO2 , which is
were collected and sprayed onto quartz substrates, which
a transparent p-type wide band gap semiconductor, has
were located on a hot-plate at ∼80  C. To remove any
pollutants from their surfaces, porous Si NWs layers were
significant acoustic, electric and optical properties such
kept in a vacuum oven at 50  C for 5 h.
as a high refractive index and good optical quality [7],
with its applications in -ray detectors [8], optical storage material [9], laser devices [10], and propane oxida2.2. Synthesis of TeO2 Branches on Porous Si NWs
tion catalysts [11]. Recently, both Te [12] and TeO2 are
The as-prepared porous Si NWs were coated (3 nm) with
extensively used in gas sensing studies [2, 13, 14]. In
an Au target (2 in diameter with 99.99% purity) by Ar2007, Liu et al. [14] reported gas sensing of the TeO2
plasma sputtering using a turbo sputter coater (Emitech
NWs synthesized by the thermal evaporation of Te metal
K575X, Emitech Ltd., Ashford, Kent, UK). During the
in air for the first time. Their results demonstrated the
sputtering process, the argon gas flow rate was kept at
possibility of making low power consumption gas sensors
20 sccm, the rotational speed of the substrates was mainusing TeO2 NWs. Also, Siciliano et al. used the sputtained at 50 rpm, the sputtering power was 200 W, the
tered TeO2 thin films for room temperature detection of
sputtering time and current were set to 60 s and 10 mA,
NO2 gas [13]. Noble-metal functionalization is another
respectively, and the substrate temperature was kept at RT.
strategy to enhance sensing capabilities of semiconductThen, in a vertical furnace, TeO2 branches were deposited
ing oxides. Many reports demonstrated that Pt functionon the porous Si NWs stems by heating of Te powder at
alization is effective for increasing the sensing behavior
∼370  C.
through catalytic effect and formation of schottcky barriers [15, 16]. Therefore, in this study, to further enhance
2.3. Synthesis of Si NW-TeO2 /Pt
gas sensing characteristics of TeO2 branched porous Si
As-prepared Si-TeO2 branched NWs were coated with
NWs, Pt functionalization was carried out. To the best
Pt by Ar-plasma sputtering using a turbo sputter coater
of our knowledge, there is no report on the study of gas
(Emitech K575X, Emitech Ltd., Ashford, Kent, UK) and
sensor properties of TeO2 branched porous Si NWs funca Pt target (2 in diameter with 99.98% purity) at room
IP: 166.104.133.64
On: Thu, 02 May 2019 23:49:30
tionalized by Pt NPs. Different characterization
techniques
temperature
and a constant DC current of 10 mA. By
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such as scanning electron microscopy Copyright:
(SEM), transmission
Delivered byadjusting
Ingenta the deposition time (1 min), the thickness of Pt
electron microscopy (TEM) and energy-dispersive X-ray
films was set to 3 nm. Finally, samples were annealed in
spectroscopy (EDS) were performed to verify formation of
a tube furnace under flowing Ar gas at 300  C for 1 h
desired morphology and composition. Gas sensing properto convert formed Pt films to isolated Pt NPs on the surties in the presence of CO, toluene (C7 H8 , and benzene
faces of Si-TeO2 branched NWs. The synthesis steps for
(C6 H6  were also tested and positive effect of TeO2 hetthe Pt-functionalization of SiNW-TeO2 branched NWs are
erojunction as well as Pt NPs on the improvement of gas
schematically shown in Figure 1.
sensing properties of Si NWs was demonstrated.

2. EXPERIMENTAL DETAILS
2.1. Synthesis of Porous Si NWs
Porous Si NWs were synthesized using well-known metalassisted chemical etching (MACE). First, to remove native
oxides and pollutants on the surfaces of p-type 100
Si wafer with a resistivity of 0.01  · cm, it was deeply
immersed in HF aqueous solution (HF:H2 O = 1:1) for
5 min and rinsed completely with deionized (DI) water.
Then the wafer was electrochemically etched by immersion into an Ag-coating solution comprising HF (5 ml),
AgNO3 (1–4 ml), and H2 O (42.5 ml). After formation of
a thin layer of Ag NPs, the wafer was rinsed with DI
water to remove silver ions. Subsequently, it was put into
an aqueous etchant solution comprising HF (5 ml), H2 O
(53 ml), and H2 O2 (0.5–2 ml) for 1 h and then washed with
DI water. Afterward, to remove Ag NPs from surfaces,
the wafer was immersed in HNO3 solution for 1 min.
Finally, it was thoroughly cleaned in HF aqueous solution
6648

2.4. Materials Characterization
The morphology of the synthesized products was studied
using a SEM (Hitachi S-4200) and TEM (Philips CM-200)
equipped with an EDS operated at 200 kV.
2.5. Gas Sensing Measurement
For sensor fabrication, double-layer Ti and Au electrodes
were sequentially sputter-deposited on specimens using an
interdigital electrode mask to fabricate gas sensors from
the synthesized SiNW-TeO2 /Pt. For this purpose, a turbo
sputtering system with titanium and gold targets (2-in.
diameter with 99.99% purity) was used. Pure argon was
used as the sputtering gas at a DC power of 90 W, and
the deposition process was performed for 10 min. The
obtained double-layer electrodes were ∼300 nm in thickness and consisted of Ti (∼200 nm) and Au (∼100 nm)
layers. Gas sensing tests were performed at room temperature and during the measurement process, the change in
the electrical resistance (R) of the sensor when gas was
J. Nanosci. Nanotechnol. 19, 6647–6655, 2019
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NWs with micrometer length and diameter of ∼50 nm. As
MACE is a local electrode less chemical reaction process,
the etching morphology of silicon is determined by the
shape and motivation path of the Ag catalyst. If the catalyst
is a continuous thin film with nanoscale porosity on the
silicon substrate, Si NW can be obtained [17]. Figure 2(b)
presents a typical SEM image of TeO2 branched porous
Si NWs and the inset is a higher magnification image,
revealing quite a uniform diameter of ∼50 nm. Figure 2(c)
shows an SEM image of Pt functionalized TeO2 branched
porous Si NWs, showing long and tangible NWs with
some Pt NPs attached. Inset of this figure shows a higher
magnification image. Figure 3 reveals results of TEM
analyses. Figures 3(a) and (b) show TEM images of Pt
functionalized TeO2 branched porous Si NWs with two
different magnifications. Figure 3(c) shows an HRTEM
image, indicating a porous nature of Si NWs. Figure 3(d)
shows a high-resolved TEM image, where the resolved
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Figure 1.
NWs.

Synthesis steps of Pt-functionalized TeO2 branched porous Si

introduced and ejected was monitored continuously and
recorded by a computer. The response was defined as R =
Rg /Ra where Rg and Ra are the resistances of the sensor
in the presence of the target gas and synthetic air, respectively. The response (rec ) and recovery (rec ) times were
defined as the required times for 90% total change in the
resistance upon exposure to gas and air, respectively.

3. RESULTS AND DISCUSSION
3.1. Morphological Study
Figure 2 presents SEM micrographs of synthesized products. Figure 2(a) clearly shows the formation of porous Si
J. Nanosci. Nanotechnol. 19, 6647–6655, 2019

Figure 2. SEM images of (a) porous Si NWs, (b) TeO2 branched
porous Si nanowires; inset is a higher magnification, and (c) Pt
functionalized TeO2 branched porous Si nanowires; inset is a higher
magnification.
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Figure 3. Results of TEM analyses (a and b) TEM image of Pt functionalized TeO2 branched porous Si nanowires. (c) High resolution TEM
image and (d) high-resolved TEM image of Pt functionalized TeO2
branched porous Si nanowires.

spacings of two neighboring parallel fringes were approximately 0.340 nm and 0.226 nm, respectively, corresponding to the (110) lattice plane of tetragonal TeO2 and the
(111) lattice plane of face-centered cubic Pt. The EDS eleIP: 166.104.133.64 On: Thu, 02 May 2019 23:49:30
mental maps of a typical Pt functionalized
TeO2 branched
Copyright:
American Scientific Publishers
porous Si NWs are shown in Figure 4. Elemental
Si, Te by Ingenta
Delivered
and O are very densely distributed whereas Pt NPs are disFigure 4. (a) TEM image of Pt functionalized TeO2 branched porous
tributed less densely over the surface of the TeO2 branched
Si nanowires. Results of EDS analysis; (b) Si, (c) O, (d) Te and (e) Pt.
NWs. Overall, the results of SEM, TEM and EDS confirm
the formation of Pt functionalized TeO2 branched porous
range of 11075–11400 , which is very low in compariSi NWs.
son with other semiconducting materials at room temperature [20]. Figures 5(a)–(c) show dynamic response of Pt
3.2. Gas Sensing Study
functionalized TeO2 branched porous Si NWs sensor to
To investigate the gas sensing properties of Pt functionalCO, C6 H6 and C7 H8 gases and Figure 5(d) shows the corized TeO2 branched porous Si NWs sensor, it was exposed
responding calibration curves. From Figure 5(d) it can be
to the 10, 20 and 50 ppm of CO, C6 H6 and C7 H8 vapors
seen that responses (Rg /Ra  to 10 ppm of CO, C6 H6 and
at room temperature. It is worthy to note that threshold
C7 H8 are 1.00113, 1.0090 and 1.0090, respectively. For
limit values (TLVs) of C6 H6 , C7 H8 , and CO, based on
20 ppm of the tested gases, the values of the responses
previous works, are 1 ppm, 18 100 ppm 18 and 50 ppm,
are 1.0138, 1.0106 and 1.0135, respectively and finally
19 respectively. The transient responses of the sensor to
for 50 ppm gases the responses are 1.0170, 1.0128 and
CO, C6 H6 and C7 H8 show that (not shown here), upon
1.0177 respectively. It is obvious that at a low concenexposure to all of these reducing gases, the resistance
tration of 10–20 ppm, the response to CO gas is higher
will increase and after subsequent stopping of gases, the
than the two other gases. Figures 6(a)–(c) compare the
resistance comes back to its initial value. This behavCO, C6 H6 and C7 H8 sensing properties of Pt functionalior is observed in p-type semiconductors like p-Si NWs
ized TeO2 branched porous Si NWs sensor with Si wafer,
and p-TeO2 , in which holes are their majority carriers.
porous Si NWs and TeO2 branched porous Si NWs senIn TeO2 , the p-type conduction mechanism is described
sors and Table I summarizes the responses of these sensors
using oxygen-interstitial model, which indicated that oxyto different concentrations of tested gases in the present
gen interstitials (Oi  dissolved in TeO2 lattice act as elecwork. It is obvious that the responses of Pt functionalized
tron trapping centers and, as a result, holes are majority
TeO2 branched porous Si NWs sensor to all tested gases
carriers of conduction [14]. Initial resistance of Pt funcare higher than responses of other sensors. For such low
tionalized TeO2 branched porous Si NWs sensor is in the
concentrations, Si wafer and pristine Si NWs did not show
6650
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any response to all tested gases, which is probably due
the p-type Si NWs. The adsorbed oxygen molecules attract
to limited surface area and low working temperature of
electrons in the valence band, producing more holes in the
these sensors. However TeO2 branched porous Si NWs and
NWs. The stable oxygen ions are O2− below 150  C, O−
Pt functionalized TeO2 branched porous Si NWs showed
between 150 and 400  C, and O2− above 400  C [21]. In
responses to these gases, and in all cases, the response
this study, O2− must form because the sensing tests were
with Pt functionalization was increased. Table II compares
carried out at room temperature. According to the followgas sensing properties of Te- or TeO2 -based gas sensors
ing equations firstly the oxygen will adsorb on the surfaces
with the present sensor. It can be seen that most of Te
of Si NWs and then capture electrons from it:
based gas sensors have been reported to be good for NO2
(1)
O2 gas → O2 ads
gas sensing, furthermore working temperature of some of
−
+
the sensors is as high as 300  C. However, the present
O2 → O2 + h
(2)
sensor which works at room temperature shows promising
response to CO gas which is a reducing gas.
As a result of these reactions, a hole accumulation layer
(HAL) forms. These holes form a thick HAL on the sur3.3. Sensing Mechanism
face of the Si NWs that is larger than that in vacuum,
leading to a decrease in the resistance of the Si NWs. This
It is well-known that gas sensing properties of metal
HAL acts as a charge carrier transport channel (Fig. 7).
oxides depend on several parameters including surface
A widely accepted model to explain the oxide semiconducadsorption and desorption characteristics as well as diffutor gas sensing mechanism suggests that, upon exposure
sion of gases. In other words, the sensitivity of gas sensors
to reductive gas, chemisorbed oxygen on the semiconducdepends on the morphology and the nature of the sensor
tor surface reacts with the reductive gas species and the
materials. At first, we describe gas sensing mechanism in
electrons trapped by oxygen are released into the semiconpristine Si NWs and pristine TeO2 branched Si NWs and
ductor, changing the resistance. In our case, when the Si
then explain the sensing mechanism in Pt functionalized
NWs sensor is exposed to the reducing gas such as CO, the
TeO2 branched porous Si NWs sensor. In the air enviadsorbed O2− species would react with CO molecules and
ronment before Si NWs being exposed to gas molecules,
oxygen molecules in the air adsorb on the surface sites of
release the electrons back to the Si NWs. Through this,
J. Nanosci. Nanotechnol. 19, 6647–6655, 2019
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Gas sensing properties of Te- and TeO2 -based gas sensors.
Gas and conc.
(ppm)

Material

Te thin film
CO (1 ppm)
Te thin film
NO2 (1.5 ppm)
TeO2 thin film NO2 (300 ppm)
NO2 (10 ppm)
SnO2 /TeO2
PS/TeO2 NWs NO2 (3 ppm)
NO2 (10 ppm)
Pd-TeO2
nanorods
NO2 (10 ppm)
Pt-TeO2
nanorods
CO (10 ppm)
Pt/Si-TeO2
C6 H6 (10 ppm)
C7 H8 (10 ppm)

T ( C)

Response

Ref.

RT
RT
RT
90
26
300

0.305 (R/Ra 
0.13 [(R/Ra /con.]
1.47 (G/G)
220 (R/Ra 
3.80 (R/Ra 
1.12 (R/Ra 

[12]
[28]
[13]
[2]
[4]
[29]

300

1.13 (R/Ra 

[30]

RT

1.0113 (Rg /Ra 
1.0090 (Rg /Ra 
1.0090 (Rg /Ra 

Present
work

Furthermore in pristine TeO2 branched Si NWs sensor
in addition to adsorption sites in the Si NWs and TeO2
NWs, the additional modulation in the resistance is due
to the formation of TeO2 /Si heterojunctions and the better
sensing capabilities observed can be attributed to electron
flow at the heterojunction of p-Si NW/p-TeO2 . The porous
Si NWs have a lower band gap (Eg = 1.12 eV) than that
of TeO2 (Eg = 3.45 eV) and work function of Si (4.61 eV)
is smaller than work function of TeO2 (5.64 eV) as shown
in Figure 8. Accordingly, after equating Fermi levels, the
difference in valence band energies between Si and TeO2
theMay
heterointerface
will be 1.76 eV, bringing about an
IP: 166.104.133.64 On: Thu,at02
2019 23:49:30
energy barrier
from the p-Si side. As a result of hole barCopyright: American Scientific
Publishers
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(∼1.76 eV) from the p-Si side, holes will not be able
to migrate from the p-Si region. Similarly, holes will not
be able to migrate from the p-TeO2 region. Therefore due
to the generation of hole-depletion in p-TeO2 and difficulty in transferring holes through the heterointerface, the
resistance of the sensor will increase. Thus, the generaFigure 6. Gas responses of various types of sensors to 10, 20 and
tion of the Si/TeO2 heterointerface will also contribute to
50 ppm of (a) CO, (b) C6 H6 , and (c) C7 H8 at room temperature.
an enhancement of the sensing behavior. Due to the modulation of the resistances in the p-Si NW/p-TeO2 interthe extracted electrons are returned to the valence band,
face, the resistance change of the TeO2 branched porous Si
occupying holes, consequently thinning the HAL (Fig. 7).
NWs sensor will be greater compared with pristine porous
This suppresses the charge carrier transport channel and
Si NWs. In addition, the enhanced CO sensing properthis is why the sensor resistance increases when exposed
ties can be also attributed to two other factors originating
in the CO atmosphere.
from TeO2 . It is reported [19], that the adsorption of oxygen molecules by p-type TeO2 is strong, because p-type
1
metal oxide semiconductors chemisorb as much oxygen as
→ CO2 + e−
(3)
CO + O−
2 2
possible to compensate for their deficiencies of electrons.
e− + h+ → Null
(4)
Accordingly, the concentration of surface oxygen on the
Table I. Comparison of gas sensing properties of pristine and Pt functionalized TeO2 branched Si NWs.
Response to CO (ppm)
Material
Pt functionalized
TeO2 branched Si NWs
TeO2 branched Si NWs

6652

Response to C6 H6 (ppm)

Response to C7 H8 (ppm)

10

20

50

10

20

50

10

20

50

1.0113

1.0138

1.0170

1.0090

1.0106

1.0128

1.0090

1.0135

1.0177

1.0009

1.0014

1.0029

1.0003

1.0005

1.0009

1.0001

1.0002

1.0003
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Schematic representation of sensing mechanism in pristine Si

p-type semiconductors is significantly higher than that of
n-type semiconductors [5]. Also crystallographic defects
will be created at the Si NWs-TeO2 interface because of
the lattice mismatch between the two materials, which
provided preferential adsorption sites for oxygen and CO
molecules [22]. In Pt functionalized TeO2 branched porous
Si NWs sensor two other contributions in addition to other
resistances should be considered: catalytic effect of Pt NPs
and formation of TeO2 /Pt heterojunction. It must be noted
Figure 9. (a) Schematic illustration of transfer of electrons from TeO2
that as Si NWs are densely covered by TeO2 NWs, probato Pt. (b) Schematic representation of sensing mechanism in Pt functionalized TeO2 NWs.
bility of formation of Pt/Si is extremely low and therefore
is not considered here.
The catalytic effect of noble metals, which is known as
5.4–5.93 eV [25–27]. Therefore we consider two cases:
the spillover effect, plays a decisive role in the enhance(1) work function of Pt is larger than that of TeO2 and
ment of gas sensing capabilities IP:
of metal
oxides [23, On:
24]. Thu,(2)02the
work
function
of Pt is smaller than that of TeO2 . In
166.104.133.64
May
2019
23:49:30
Since Pt can dissociate oxygen moreCopyright:
easily thanAmerican
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Publishers
both cases
Fermi levels must be equalized in both sides.
Delivered
oxygen molecules would be adsorbed and diffuse
faster byInIngenta
case (1), electrons will be transferred from TeO2 to Pt
at surfaces of TeO2 with the help of Pt, and this process
(Fig. 9(a)), and consequently the thickness of HAL will be
accelerated the conversion rate and increased the quanincreased compared to pristine TeO2 surfaces in air. Upon
tity of oxygen negative ion species, leading to a higher
exposure to reducing gases such as CO, the electrons will
response than the pristine TeO2 branched Si NWs. Also
come back to TeO2 surfaces and the thickness of HAL
formation of Pt/TeO2 interfaces has an important effect on
significantly decreases (Fig. 9(b)). However, in this case
the enhanced response of Pt functionalized TeO2 branched
change in the thickness of HAL is larger than the case
Si NWs sensor. Different values for the work function
of pristine TeO2 surfaces, which eventually will results
of Pt have been reported in the literatures ranging from
in higher sensitivity. Since in this case TeO2 becomes
(a)

Figure 8.

(b)

Band structures of Si and TeO2 ; (a) before and (b) after contact.
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more p-type than the original state by the hole accumulation during the alignment of Fermi level, the energy barrier between CO and TeO2 will be further reduced, more
efficiently accepting electrons from the CO gas [15]. In
case (2), electrons will transfer from Pt to TeO2 which
decreases the thickness of HAL in TeO2 compared to the
pristine TeO2 and upon exposure to the CO gas and transfer of electrons to the surface of TeO2 , however the change
in HAL will be much smaller than that of pristine TeO2 .
Since this mechanism does not contribute to the enhancement of sensing behavior, it is reasonable to suppose that
the work function of Pt is larger than that of TeO2 . In summary, the sensing mechanism of Pt functionalized TeO2
branched porous Si NWs sensor can be attributed to the
following items (1) modulation of the resistance in the
TeO2 /Si heterojunction, (2) modulation of resistance in
TeO2 /Pt heterojunction, (3) strong oxygen adsorption capability of TeO2 , and catalytic effect of Pt NPs.
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