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a b s t r a c t
We report a novel method to signiﬁcantly improve the C6 H6 -sensing performance of Si nanowires through
the combination of TeO2 branches and Pd sensitization. The morphological investigation revealed that
TeO2 branches were densely formed on the stem nanowires (NWs). The sensor responses of the Pdfunctionalized branched NWs exhibited superior sensor responses of 55.19 to C6 H6 gas. In particular, Pd
nanoparticles enhanced the sensor response to C6 H6 gas most efﬁciently, increasing the sensor response
by 173.5%. Possible mechanisms for the sensing of the Pd-decorated branched nanowires will be associated with resistance modulation along the branch TeO2 nanowires (including catalytic Pd effects), at the
networked homojunctions between the branch TeO2 nanowires, at the boundaries of the TeO2 nanograins,
and at the Pd/TeO2 heterojunctions.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
The application of silicon nanowires (SiNWs) in biological and
chemical sensors was initiated by Lieber’s group [1]. The employment of SiNW sensors provides several advantages [2]. First, the
synthesis of SiNWs is compatible with established Si fabrication
technology, resulting in reduced manufacturing costs. Second, the
SiNWs bring about advantageous electronic features of embedded detection and signal processing in Si devices [2]. Furthermore,
SiNWs have attracted enormous attention as ultra-sensitive detectors for proteins, viruses, and cells due to their readily accessible
surfaces and unique size-dependent properties [1,3,4].
In order to further enhance the sensing performance of SiNWs,
a variety of strategies can be employed. In particular, enlargement
of the sensing area can be mainly achieved through the preparation
of nanostructures with a high surface-to-volume ratio. Among the
various nanostructures, the maximum surface area can be obtained
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by the employment of branched nanostructures. Such branched
nanostructures have structural complexity and novel functionality [5–7], allowing their use in a variety of applications [8–10],
including branched SnO2 NW ethanol sensors [11]. To date, most
branched NWs are homogeneous, using the same material type for
the stem NWs and branches. However, the heterogeneous branched
NWs will provide better sensing performances, presumably due to
the generation of heterointerfaces.
In the present work, we prepared heterogeneous-type branched
NWs with TeO2 branches grown on Si stem NWs. These branched
one-dimensional (1D) NWs s with their novel features have a larger
surface-to-volume ratio and homo- and heterojunctions, which are
expected to enhance the sensitivity of gas sensors.
Through the combination of NW stems and branches of different
materials, the functionality and applicability of resulting products
can be signiﬁcantly enhanced. Tellurium dioxide (TeO2 ) is a wide
band gap semiconductor material that has a variety of desirable
properties including elastic behavior, a high refractive index, and
good optical quality [12]. Accordingly, TeO2 is widely applied in
devices such as deﬂectors [13], modulators [14], tunable ﬁlters
[15], optical switching devices [16,17], and optical memory storage [18]. In particular, TeO2 is also an important component of
propane oxidation catalysts [19] and gas sensors [20]. Since TeO2 -
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Fig. 1. Fabrication processes of the Pt-functionalized TeO2-branched Si nanowires.

based nanocrystalline glass is transparent [21,22], it is expected
that TeO2 can be utilized as a transparent gas sensor.
Accordingly, the addition of TeO2 branches to conventionallyfabricated Si core NWs will result in useful composite nanostructures. Stem-branch NWs have great potential for gas sensor
applications, because many components of resistance are involved
at the points of interaction with a gas species: the surface depletion
layers along the stem and branch NWs, the networked homojunctions, and the stem-branch heterojunctions. In particular, Si/TeO2
heterojunctions play a crucial role in enhancing sensing behavior.
As another strategy to enhance the sensing performance of
chemical sensors, the addition of transition-metal nanoparticles
has been employed. In particular, palladium (Pd) is a transition
metal with a high catalytic activity and a lower price than platinum (Pt) [23,24]. Accordingly, Pd nanoparticles are used in many
applications, including hydrogen storage [25] and catalysis [26]. In
addition, since Pd is a face-centered cubic metal, it can absorb a
large amount of hydrogen [27,28] and can be utilized to enhance
the sensitivity of hydrogen sensors [29–31]. In our recent investigation, we found that Pd-functionalization greatly enhanced the
benzene-sensing performance of SnO2 NWs [32].
Therefore, we grew Si stem NWs on a large scale, subsequently attaching TeO2 branches with maximized functionality
and surface-to-volume ratio. This structure is suitable for highly
sensitive chemical sensors. Furthermore, Pd-functionalization of

the branched structures will further enhance the benzene-sensing
capabilities of the sensors. The present study involving threecomposite nanostructures provides a signiﬁcant contribution to
both the academic ﬁeld and industrial applications, demonstrating useful insight to explore new areas of multiple-component
nanosystems.

2. Experimental
The fabrication procedures for Pd-functionalized branched NWs
are outlined in Fig. 1. A p-type 100 Si wafer was used as a
source material. The Si wafer was immersed in HF aqueous solution (HF:H2O = 1:1) for 5 min to remove the native oxide on the
Si surface. After rinsing with deionized (DI) water, the wafer was
electrochemically etched by immersing it into Ag+ -ion-consisting
of HF (5 ml), AgNO3 (4 ml), and H2O (42.5 ml). Ag nanoparticles
are nucleated immediately on silicon surfaces by the immersion in
Ag+ , which will subsequently grow with time. It has been known
that individual Ag atoms/clusters are isolated on the surface and
grow in three dimensions [33]. After coating with a uniform layer
of Ag nanoparticles, the wafers were rinsed with DI water to remove
the extra Ag+ ions. Subsequently, the wafers were placed into an
etchant comprised of HF (5 ml), H2O (53 ml), and H2O2 (0.5 ml) for
1 h. In more detail, the Ag nanoparticles positioning on the Si sub-
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Fig. 2. SEM images of (a) bare Si nanowires, (b) TeO2-branched Si nanowires, and
(c) Pt-functionalized branched nanowires (Insets: enlarged image of the branches).

strate become a cathode, whereas Si substrate, being located near
the Au nanoparticles, behaves as an anode. In cathode, the possible chemical reaction is H2 O2 + 2H+ + 2e− → 2H2 O (E0 = 1.78 V),
whereas the anodic reaction will be Si + 2H2 O → SiO2 + 4H+ + 4e−
(E0 = 0.91 V) and SiO2 + 6HF → [SiF6]2− + 2H2 O + 2H+ . Accordingly,
the total reaction will be Si0 + 2H2 O2 + 6F− → [SiF6]2− + 4H2 O [34].
Since the standard potential of the total reaction is 2.69 eV, the Si
etching is a thermodynamically favorable process. The Si nanowires
arrays are fabricated in ionic Ag HF solution by a selective etching
of Si wafer with respect to the micro-electrochemical redox reaction [35]. After washing with DI water, the wafers were immersed
in HNO3 solution for 1 min to remove the Ag nanoparticles. Finally,
they were cleaned in HF aqueous solution (HF:H2O = 1:1) for 5 min.
Next, the etched Si wafer was immersed in ethanol and sonicated for 30 min. The ﬂoating Si NWs were collected and sprayed
onto quartz substrates on a hot plate at a temperature of about
80 ◦ C. Next, the Si NW ﬁlms were heated in a vacuum oven at 50 ◦ C
for 5 h.
We coated the as-prepared Si NWs by employing an Ar-plasma
sputtering process in a turbo sputter coater with a Au target
(Emitech K575X, Emitech Ltd., Ashford, Kent, UK) [36]. In the
sputtering process, temperature, deposition time, and DC sputter
current were ﬁxed at 25 ◦ C, 1 min, and 10 mA, respectively. The
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Fig. 3. XRD patterns of (a) bare Si nanowires, (b) TeO2-branched Si nanowires, and
(c) Pt-functionalized branched nanowires.

thickness of the Au ﬁlms was 3 nm. Subsequently, we deposited
TeO2 branches on the core Si NW stems in a vertical furnace [37].
In the course of heating the Te powders at 370 ◦ C, Te-related vapors
were evaporated to combine with the O2 gas, resulting in the
growth of TeO2 branches on the core Si NWs.
We coated the as-prepared Si-TeO2 branched NWs using the
Ar-plasma sputtering process with a turbo sputter coater and a Pd
target (Emitech K575X, Emitech Ltd., Ashford, Kent, UK) [36]. In the
sputtering process, temperature and DC sputter current were 25 ◦ C
and 10 mA, respectively. The deposition times were set to 1, 2, and
3 min, respectively, producing the Pd ﬁlms with the thicknesses of
3, 6, and 9 nm. Following sputtering, the samples were annealed for
1 h at 300 ◦ C under ﬂowing Ar gas. In the annealing process, the Pd
ﬁlm was transformed to particle-like nanostructures.
Scanning electron micrograph (SEMs) images were acquired by
a Hitachi S-4200 scanning electron microscope. X-ray diffraction
(XRD) spectra were obtained by a Philips X’pert MRD X-ray diffractometer with CuK␣ radiation at the Korean Basic Science Institute
(KBSI). Transmission electron micrographs (TEMs) were acquired
using a Philips CM-200 (200 kV) transmission electron microscope
operated at 200 kV. In addition, the TEM instrument was equipped
with an energy-dispersive X-ray spectroscope (EDX). In the sens-
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Fig. 4. (a) SEM image of Pt-functionalized branched nanowires. (b) Low-magniﬁcation TEM image of a Pt-functionalized branched nanowire. (c) Lattice-resolved TEM image
of a region consisting of ZnO and Pt. (d) Associated SAED pattern. (e) Associated EDX spectrum.

ing tests, to prepare double-layer electrodes, Ti (∼200 nm) and Au
(∼100 nm) were sequentially sputter-deposited on the specimens
using an interdigital electrode mask. The fabrication process for
sensors similar to the present sensors was described in detail in
previous reports [38–42]. The experimental setup is depicted in
Supplementary information (Fig. S1).
For reducing gases such as C6 H6 , C7 H8 , and CO, the sensor
response was determined to be R = Rg /Ra , in which Rg and Ra are the
resistances measured with and without the reducing gas, respectively. On the other hand, for oxidizing gas (i.e., NO2 ), the sensor
response was determined to be R = Ra /Rg , in which Rg and Ra are the
resistances measured with and without the oxidizing gas, respectively. In order to measure Ra , we stop to ﬂow the target gas with
only dry air ﬂowing. The dry air is comprised of O2 (21%), N2 (79%),
and negligible humidity (0%) (purity: 99.999%), purchased from
Seoul Specialty Gas Co. As a preliminary study, the sensing char-

acteristics were measured by varying the temperature in the range
of 25 ◦ C to 300 ◦ C, where a noticeable response occurred around
200 ◦ C.

3. Results and discussion
3.1. Materials characterization
Fig. 2a–c shows SEM images of the bare Si NWs, TeO2 -branched
Si NWs, and Pd-functionalized branched NWs, respectively. The
structures consistently exhibit a one-dimensional (1D) morphology. The upper-right inset of Fig. 2b shows branches with a
relatively smooth surface. On the other hand, the inset of Fig. 2c
indicates that the branches have a relatively rough surface, revealing the presence of nanoparticles.
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Fig. 5. (a) Typical TEM image and corresponding elemental maps of (b) Pd, (c) Te, and (d) O of a Pt-functionalized branched nanowire.

Fig. 3a shows the XRD pattern of bare Si NWs, clearly exhibiting the (220) diffraction peak of the cubic Si phase with a lattice
constant of a = 0.5431 nm (JCPDS card: No. 27-1402). Fig. 3b additionally shows the diffraction peaks corresponding to the (011),
(120), (021), (031), (131), (141), (231), (132), (310), and (151)
planes of the orthorhombic TeO2 phase (JCPDS card: No. 52-1005).
Fig. 3c shows the XRD pattern of Pd-functionalized branched NWs,
exhibiting diffraction peaks of cubic Si and orthorhombic TeO2
phases. On the other hand, the arrowhead indicates a very weak
peak at 40.1◦ , corresponding to the (111) peak of the cubic Pd phase
with a lattice constant of a = 0.389 nm (JCPDS card: No. 46-1043).
This peak originates from the Pd nanoparticles. The Pd shell layer
was agglomerated to the islands or nanoparticles, with their phase
being maintained as an elemental Pd phase with no noticeable
oxidation (Figs. 2 and 3).
We utilized TEM to examine the structures of the branches and
metal nanoparticles. Fig. 4a shows SEM images of Pd-functionalized
branched Si NWs, and Fig. 4b shows a low-magniﬁcation TEM image
of a branch, clearly exhibiting nanoparticles on the surface. Fig. 4c
shows the lattice-resolved TEM image. The spacing between the
lattice planes is nearly 0.388 nm, corresponding to the d011 spacing
of orthorhombic TeO2 . In the nanoparticle region, the interplanar
spacing is approximately 0.274 nm, matching the (110) plane of
cubic Pd. The EDX spectrum from the particle region is comprised of
Te, O, and Pd elements. Fig. 4e shows the associated EDX spectrum,
demonstrating the existence of Te, O, and Pd elements. In Fig. 5,
the elemental mapping analysis results are shown with respect to
the Pd-functionalized branches. It is evident that the stem NW is
comprised of Te and O elements. While the nanoparticles are comprised of elemental Pd, it is noteworthy that Te elements are also
included in the nanoparticle region. Since we did not observe a Te

phase in the product, we surmise that some Te atoms have been
doped into the Pd particles.
3.2. Sensing tests
First, the p-type sensing behaviors of bare Si nanowires, pristine
and Pd-functionalized TeO2 -branched Si NW sensors were tested
using the representative oxidizing gas of NO2 . Fig. 6a, b and b
shows the dynamic response curves of bare Si nanowires, pristine and Pd-functionalized TeO2 -branched Si NWs, respectively.
Since the resistance decreases and increases upon the introduction and removal of NO2 gas, respectively, it is evident that all
sensors exhibit p-type sensing behavior, consistent with the fact
that both Si and TeO2 are p-type. For bare Si nanowires, the sensor responses to NO2 gas at concentrations of 10, 20, and 50 ppm
are 1.42, 1.57, and 1.73, respectively (Fig. 6(d) and Table 1). For the
pristine branched NWs, the sensor responses to NO2 gas at concentrations of 10, 20, and 50 ppm are 3.12, 4.29, and 5.91, respectively.
For the Pd-functionalized branched NWs, the sensor responses
at NO2 concentrations of 10, 20, and 50 ppm are 7.59, 7.71, and
7.93, respectively. Accordingly, the sensor response to NO2 gas was
found to be signiﬁcantly enhanced not only by the attachment of
TeO2 branches, but also by the Pd functionalization. Figs. 6e and f,
in conjunction with Table 2, show the response time and recovery
time data, respectively.
For bare Si nanowires, the response times at NO2 concentrations of 10, 20, and 50 ppm are 119, 120, and 117 s, respectively.
For the pristine branched NWs, the response times at NO2 concentrations of 10, 20, and 50 ppm are 125, 130, and 140 s, respectively.
For the Pd-functionalized branched NWs, the response times at
NO2 concentrations of 10, 20, and 50 ppm are 100, 102, and 105 s,
respectively. Accordingly, the response time to NO2 gas is considerably reduced by the Pd functionalization. For bare Si nanowires, the
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Fig. 6. Dynamic response curves of (a) bare Si nanowires, (b) pristine and (c) Pd-functionalized branched nanowires at NO2 concentrations of 10, 20, and 50 ppm. (d) Sensor
responses, (e) Response times, and (f) Recovery times of bare Si nanowires, pristine and Pd-functionalized branched nanowires at NO2 concentrations of 10, 20, and 50 ppm.
The sensing temperature was set to 200 ◦ C.

Table 1
Sensor responses to NO2 gas at concentrations of 10, 20, and 50 ppm, for bare Si nanowires, pristine and Pd-functionalized branched nanowires at NO2 concentrations of 10,
20, and 50 ppm.
Gas response (Ra /Rg )

10 ppm
20 ppm
50 ppm

NO2 concentration

Si NW

Si-TeO2

Si-TeO2 -Pd

1.42
1.57
1.73

3.12
4.29
5.91

7.59
7.71
7.93

Table 2
Response times/recovery times to NO2 gas at concentrations of 10, 20, and 50 ppm, for bare Si nanowires, pristine and Pd-functionalized branched nanowires at NO2
concentrations of 10, 20, and 50 ppm.
Response time (sec)

NO2 concentration

10 ppm
20 ppm
50 ppm

Recovery time (sec)

Si NW

Si-TeO2

Si-TeO2 -Pd

Si NW

Si-TeO2

Si-TeO2 -Pd

119
120
117

125
130
140

100
102
105

52
57
59

145
160
170

90
95
100

Y.J. Kwon et al. / Sensors and Actuators B 244 (2017) 1085–1097
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Fig. 7. (a–c) Dynamic response curves of (a) bare Si nanowires, (b) pristine and (c) Pd-functionalized branched nanowires at CO concentrations of 10, 20, and 50 ppm. (d–f)
Dynamic response curves of (d) bare Si nanowires, (e) pristine and (f) Pd-functionalized branched nanowires at C6 H6 concentrations of 10, 20, and 50 ppm. (g–i) Dynamic
response curves of (g) bare Si nanowires, (h) pristine and (i) Pd-functionalized branched nanowires at C7 H8 concentrations of 10, 20, and 50 ppm. The sensing temperature
was set to 200 ◦ C.

recovery times at NO2 concentrations of 10, 20, and 50 ppm are 52,
57, and 59 s, respectively. For the pristine branched NWs, the recovery times at NO2 concentrations of 10, 20, and 50 ppm are 145, 160,
and 170 s, respectively. For the Pd-functionalized branched NWs,
the recovery times at NO2 concentrations of 10, 20, and 50 ppm are
90, 95, and 100 s, respectively. Accordingly, the recovery time in
regard to NO2 gas is considerably reduced by the Pd functionalization.
To conﬁrm the favorable role of Pd nanoparticles in the detection
of C6 H6 , the sensors were tested using various reducing gases. Fig. 7
shows the dynamic response curves to CO, C6 H6 , and C7 H8 gases.
It is natural that the resistance increases and decreases after the
introduction and removal of the reducing gases, respectively. Fig. 8a
shows the sensor responses of bare Si NWs to CO, C6 H6 , and C7 H8
gases at concentrations of 10, 20, and 50 ppm (Table 3). The sensor responses of the bare Si NWs at C6 H6 concentrations of 10, 20,
and 50 ppm are 1.00, 1.01, and 1.02, respectively. Fig. 8b shows the
sensor responses of pristine branched NWs. The sensor responses
of the pristine branched NWs at C6 H6 concentrations of 10, 20,
and 50 ppm are 13.39, 16.14, and 20.18, respectively. Fig. 8c shows
the sensor responses of the Pd-functionalized branched NWs. The
sensor responses of the Pd-functionalized branched NWs at C6 H6
concentrations of 10, 20, and 50 ppm are 21.36, 32.05, and 55.19,

respectively. In the case of the Pd-functionalized branched NWs,
the sensor responses to C6 H6 gas are considerably larger than those
to CO and C7 H8 gases. Fig. 8d shows column bar graphs of the
variation of the sensor responses due to branch-addition and Pdfunctionalization for the various gas species at a concentration of
50 ppm (Table 4). The sensor responses of the bare Si NWs to NO2 ,
CO, C7 H8 , and C6 H6 gases are 1.73, 1.00, 1.01, and 1.02, respectively.
The sensor responses of the pristine branched NWs to NO2 , CO,
C7 H8 , and C6 H6 gases are 5.90, 4.71, 8.65, and 20.18, respectively.
The sensor responses of the Pd-functionalized branched NWs to
NO2 , CO, C7 H8 , and C6 H6 gases are 7.93, 7.90, 11.0, and 55.19,
respectively. Accordingly, the sensor responses of the SiNWs to
NO2 , CO, C7 H8 , and C6 H6 gases increased by 241.0, 371.0, 756.4, and
1878.4%, respectively, after the addition of TeO2 branches. From
the above results (Fig. 8c), by decorating with Pd nanoparticles,
we estimate that the sensor responses to NO2 , CO, C7 H8 , and C6 H6
gases increased by 34.4, 67.7, 27.2, and 173.5%, respectively. The
results of the NO2 and CO gases reveal that not only the addition
of TeO2 branches, but also decoration with Pd nanoparticles contribute to the enhancement of the sensing behavior of SiNWs. The
Pd nanoparticles function in enhancing the sensor response, most
efﬁciently in regard to C6 H6 gas compared to the other gases.

1092

Y.J. Kwon et al. / Sensors and Actuators B 244 (2017) 1085–1097

Fig. 8. (a) Sensor responses of bare Si nanowires with respect to CO, C6 H6 , and C7 H8 gases at concentrations of 10, 20, and 50 ppm. (b) Sensor responses of pristine branched
nanowires with respect to CO, C6 H6 , and C7 H8 gases at concentrations of 10, 20, and 50 ppm. (c) Sensor responses of Pd-functionalized branched nanowires with respect
to CO, C6 H6 , and C7 H8 gases at concentrations of 10, 20, and 50 ppm. (d) Column bar graph showing the variation of sensor responses by addition of TeO2 branches,
Pd-functionalization, and varying the gas species at 50 ppm. The sensing temperature was set to 200 ◦ C.

Table 3
Sensor responses of bare Si nanowires, in regard to CO, C7 H8 , and C6 H6 gases. The NO2 concentration was set to 10, 20, and 50 ppm.
Gas response (Rg /Ra )

CO
C7 H8
C6 H6

Si NWs

10 ppm

20 ppm

50 ppm

1.001
–
1.004

1.003
1.008
1.008

1.014
1.009
1.016

Table 4
Sensor responses of bare Si nanowires, pristine and Pd-functionalized branched nanowires at 50 ppm of NO2 , CO, C7 H8 , and C6 H6 gases.
Gas response to 50 ppm (Rg /Ra )

Si NWs
Si-TeO2
Si-TeO2 -Pd

NO2

CO

C7 H8

C6 H6

1.73
5.90
7.93

1.01
4.71
7.90

1.01
8.65
11.0

1.02
20.18
55.19

3.3. Sensing mechanisms
It is expected that oxygen ion species such as O− are adsorbed
on the surfaces of Si and TeO2 [43] in ambient air before being
exposed to target gas. Upon exposure, reducing gases, such as benzene, will react with the adsorbed oxygen ions, generating electrons
and increasing the resistance [44]. A previous study has reported
that the TeO2 surface attracts H2 molecules to form strong hydrogen bonds with oxygen atoms on the surface [45]. Similarly, there
is a possibility that the hydrogen released from the benzene gas
forms bonds with surface oxygen and oxygen in the TeO2 lattice.
Accordingly, the adsorption of benzene will donate electrons to the
sensor surfaces, decreasing the hole conduction and thus increasing the resistance. On the other hand, oxidizing gas will react with

the adsorbed oxygen ions, generating holes. This will increase the
hole conduction in the p-type sensor surface and thus decrease the
resistance.
We suggest that the sensing behavior of the Pd-functionalized
branched NWs is related to several mechanisms (Fig. 10). First,
there is a change in the resistance along the length direction of each
TeO2 branch, which is denoted as R1 in Fig. 10. C6 H6 gas molecules
adsorb onto the p-TeO2 branch surface, increasing the resistance.
In addition, it is possible that C6 H6 gas molecules adsorb onto the
p-Si NW surface, where they can donate electrons to the surface
and thus increase the resistance. However, from the SEM images,
low-magniﬁcation TEM images, and results shown in Fig. 9, the
TeO2 branches were densely grown on Si NWs. Accordingly, the
surface of the Si itself will be seldom exposed to ambient. Also, it
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Fig. 9. (a) Dynamic response curves of Pd-functionalized branched nanowires with
respect to CO, C6 H6 , C7 H8 , NO2 , H2 S, CH3 COCH3 , and C2 H5 OH gases at 50 ppm and
200 ◦ C. (b) Enlarged dynamic response curves for H2 S, CH3 COCH3 , and C2 H5 OH gases.
(c) Corresponding values of the sensor responses of various gases.

is reasonable to suppose that the very weakly exposed Si surface
will have native oxide, which is not able to directly react with the
gas molecules. Since TeO2 branched structures nearly completely
cover the SiNWs, the main hole currents will ﬂow through p-TeO2
rather than p-Si. Similarly, oxidizing gas molecules will extract electrons from and/or donate holes to p-Si NW surface, decreasing the
resistance.
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Second, networked structures of TeO2 branches generate
numerous homojunctions. In addition, networked structures of the
Si stem also exist. As stated in the experimental section, numerous
SiNW-SiNW homojunctions exist when the SiNWs are prepared
on a quartz substrate. The built-in potentials at the junctions of
the networked branches or NWs will be altered by the adsorption and desorption of gas molecules (R2). These homojunctions
will generate potential barriers, bringing about a modulation of the
resistance.
Third, as shown in the low-magniﬁcation TEM images, it is anticipated that there are particle- or grain-like structures of TeO2 on
the stem NWs in addition to the TeO2 branches. Accordingly, the
potential barriers at the TeO2 homojunctions will be changed by
the adsorption and desorption of gas molecules (R3). The sensing mechanism with respect to homojunctions has been explained
by the grain boundary model [46]. In recent years, gas sensing
mechanisms of p-type semiconductors have been intensively studied [47,48]. The resistance of an p-type semiconductor sensor in
air is low, due to the development of a potential barrier to hole
conduction at each grain boundary or homojunction. For example, when the sensor is exposed to the reducing gas, the oxygen
adsorbates are consumed by the subsequent reactions and thus the
electrons trapped by the oxygen adsorbates return to the oxide
grains, decreasing the hole concentration, and thus increasing the
resistance. On the contrary, when the sensor is exposed to the oxidizing gas, these molecules will further extract electrons from the
sensor surface, increasing the hole conduction and thus decreasing
the resistance.
Fourth, it is possible that there are modulations of the potential
barrier at the Si-TeO2 heterojunctions. Fig. S2 in Supplementary
information shows the energy band diagram comprised of p-Si
and p-TeO2 . Here, the bandgap and electron afﬁnity of p-Si were
assumed to be 1.12 eV and 4.05 eV, respectively. For p-TeO2 , the
bandgap and electron afﬁnity were assumed to be 2.58 eV and
4.35 eV, respectively. Owing to their p-type characteristics, the
work functions of p-Si and p-TeO2 are in the ranges of 4.61-5.17 eV
and 5.64-6.93 eV, respectively. In order to align the Fermi level, the
energy bands of p-TeO2 and p-Si will be elevated and lowered,
respectively. Accordingly, the electrons in p-Si will ﬂow into pTeO2 , whereas the holes in p-TeO2 will ﬂow into p-Si. Therefore,
hole depletion regions and hole accumulation regions are generated in p-TeO2 and p-Si, respectively. It is observed that TeO2
branched structures nearly completely cover the Si NWs, indicating that main hole currents ﬂow through p-TeO2 rather than p-Si.
Since the original conduction volume of the hole-active p-TeO2 is
relatively small due to the generation of hole depletion regions in
the heterojunctions, the initial resistance (i.e Ra ) will be increased.
Also, from the energy band diagram shown in Fig. S1, the valance
band energies at the vacuum level (Ev ) of p-Si and p-TeO2 are 5.17
and 6.93 eV, respectively. Accordingly, in spite of the alignment of
energy bands for equating Fermi levels, the difference in valence
band energies between the two materials at the heterointerface
would remain 1.76 eV, bringing about an energy barrier from the
p-Si side. Owing to the hole barrier (∼1.76 eV) from the p-Si side
(Fig. S2), 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. The
generation of hole depletion in p-TeO2 and the difﬁculty to transfer
holes through the heterointerface will increase the resistivity of the
sensor.
By the introduction of C6 H6 gas, the resistance will be increased.
If we assume that the amount of reduction of conduction volume
and thus the amount of increase of resistance is not dependent on
the initial conduction volume size and thus the initial resistance, a
decrease in hole carriers and thus an increase in resistance by the
same amount through the introduction of C6 H6 gas would give rise
to a lower sensor response (i.e., R = Rg /Ra , in which Rg and Ra are the
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Fig. 10. Schematic diagram showing the four mechanisms being operated in the Pd-functionalized branched nanowires: (R1) modulation in the hole accumulation along
the branch TeO2 nanowires, (R2) modulation of the potential barrier at the networked homojunctions between the branch TeO2 nanowires, (R3) modulation of the potential
barrier at the boundaries of the nanograins and (R4) modulation of the potential barrier at the Pd-TeO2 heterojunctions (including additional Pd effects).

resistances measured with and without benzene gas, respectively).
Similarly, by the introduction of oxidizing gas, the resistance will be
decreased. In case of the presence of p-Si/p-TeO2 heterojunctions,
due to the smaller initial hole resistance (i.e. higher Ra ), an decrease
of the same amount of resistance will bring about the lower sensor
response (i.e. R = Ra /Rg , in which Rg and Ra are the resistances measured with and without oxidizing gas, respectively). Accordingly,
the initial hole depletion of TeO by the generation of p-Si/p-TeO2
cannot account for the enhancement of sensing behavior. Therefore, it is possible that the enhancement of sensing behavior by the
addition of TeO2 branches will be ascribed to the morphology of
TeO2 branches, exhibiting high speciﬁc area and 1D carrier transport. In addition, the inherent sensitivity of TeO2 may be higher
than that of Si.
Furthermore, it is expected that the sensitivity can be further enhanced by Pd functionalization (R4). However, since the
Si surface is seldom exposed to ambient, most Pd nanoparticles
will be deposited on the TeO2 surfaces. Accordingly, it is important to consider the Pd/TeO2 heterojunctions. The presence of
Schottky barriers will generate depletion regions, decreasing the

conduction volume and thus increasing the sensitivity. Also, the
heterojunctions will induce resistance modulation, contributing to
the increase in sensitivity. For Pd, the work function is assumed to
be about 5.9 eV. For p-TeO2 , the work function is in the range of
5.64-6.93 eV. First, it is likely that the work function of p-TeO2 is
larger than that of Pd. In order to align the Fermi level, the energy
bands of p-TeO2 and Pd will be elevated and lowered, respectively. Accordingly, electrons in Pd will ﬂow into p-TeO2 , whereas
holes in p-TeO2 will ﬂow into Pd. Therefore, hole depletion regions
would be generated in the p-TeO2 . Since the adsorbed C6 H6 gas
molecules will remove holes from p-TeO2 , the formation of a holedepleted surface is not favorable for enhancement of the sensing
behavior. Second, there is a possibility that the work function of
p-TeO2 is smaller than that of Pd. Accordingly, holes in Pd will
ﬂow into p-TeO2 , whereas electrons in p-TeO2 will ﬂow into Pd.
Since the adsorbed C6 H6 gas molecules will remove holes from
p-TeO2 , the hole-accumulated state of p-TeO2 will be favorable
for enhancement of the sensing behavior. Similarly, the adsorbed
oxidizing gas will provide holes to p-TeO2 . The smaller initial resistance due to the TeO2 /Pd heterointerface will contribute to the
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Table 5
Comparison of the sensing capability of the Pd-coated branched nanowires to those of other Si-based structures, with respect to the semiconductor-type gas sensors.
Nanostructure Type

Gas

Temperature
(◦ C)

Response
(Ra /Rg or Rg /Ra )

Concentration

Reponse/Recovery
Times (s)

Ref.

Highly ordered Si
NW arrays (FET)
Graphene/Si NW
heterostructures
ZnO nanorod/porous Si NW
hybrids
Vertically aligned, ordered
arrays of Si NWs
Si NWs/SnO2 ﬁlms
Hybrids (FET)
Porous Si (MIS)
Pd-modiﬁed porous
Si (MIS)
Pd-modiﬁed ZnO thin
ﬁlm-porous
Si (MIS)
Porous Si

NO2
NO2
H2
O2
NO2

<100

∼10
∼4
13.8
1.6
1.4

20 ppm
200ppb
100% H2
100% O2
50 ppm

–

[53]

10.1/42.4

[54]

NO2
NH3
NO
O2
H2
H2

40
40
25

10 (0.5) ppm
5 (0.5) ppm
100 ppm
100 ppm
1% H2 in N2
1% H2 in N2

3.2
5.0
108/1033
8/207

[57]

27
27

1.6 (1.2)
1.3 (1.2)
41
21
2.5
6.7

H2

55

7.1

1% H2 in N2

28/292

[59]

Porous Si
Polycrystalline Si NWs
Graphene/Si heterojunctions
(Schottky diode)
Pd nanoparticles-TeO2
branched Si NWs

NO2
NH3
NH3

25

NO2
C6 H6
C6 H6

200
200
200

1.4
1.9
1.3
∼100
1.8
14.9
7.6
21.4
55.2

70 ppb
1150 ppb
12 ppb
100% NH3
10 ppm
550 ppm
10 ppm
10 ppm
50 ppm

25
25

NO2

increase of the sensor response (i.e. R = Ra /Rg ). Accordingly, in this
case, the generation of p-TeO2 /Pd heterointerfaces will be favorable for enhancing the sensing behavior, depending on the relative
magnitude of p-TeO2 /Pd work functions. Accordingly, we explain
that not only heterojunctions but also homojunctions will affect
the sensing behavior of the sensors in the present work (Text S1 in
Supplementary information).
To date, several researchers have speculated about the role
of metal catalysts. The Pd nanoparticles will result in a spillover
effect, promoting the adsorption, dissociation, and reaction of gas
molecules. In regard to the spillover effect of Pd, the spillover
of hydrogen, oxygen, and carbon monoxide has been reported in
association with oxidation reactions on Pd [49], SiO2 -supported
Pd [50] and Pd/CeO2 catalysts [51]. Accordingly, Pd nanoparticles
will enhance the sensing behavior to a variety gases in the present
work. We demonstrate that Pd nanoparticles enhance the sensor
response, most efﬁciently in regard to C6 H6 gas. It is noteworthy that the sensor responses to C6 H6 gas were more signiﬁcantly
enhanced than those to C7 H8 gas due to the Pd functionalization.
There have been reports of the effects of Pd and Pt on the behavior
of C6 H6 gas. It is expected that both adsorption and hydrogenation
will occur during the sensing of C6 H6 gas being activated by Pd or Pt
catalysts. The activity of Pd is smaller than that of Pt in the hydrogenation of C6 H6 gas [52]. However, the retention of the gas with
Pd is greater than that with Pt, particularly when no surface hydrogen is present [52]. Accordingly, in the present case of gas sensing,
adsorption is the rate-determining step and mainly controls the
sensing process. We also assume that there is a negligible amount
of surface hydrogen in the present process. In our recent study,
it was observed that Pd-decorated SnO2 NWs exhibited a signiﬁcantly high sensing behavior for C6 H6 gas [32]. In particular, they
provided excellent sensing selectivity to C6 H6 gas in comparison to
CO, H2 S, C7 H8 , and C2 H5 OH gases. We ascribed the selective sensing behavior to the catalytic effects of Pd nanoparticles, in which
C6 H6 strongly interacts with Pd due to its stability at the sensing
temperature [32].

[55]
[56]

[58]
[58]

[60]
[61]
[62]
[63]
10s/90s
–
–

Present
work

3.4. Comparison to previous works
To date, there have been several reports involving the preparation of gas sensors using Si-comprising structures. Table 5
shows the sensing capability of various Si-related structures among
semiconductor-type gas sensors [53–63]. There are a few cases
where a sensor response higher than 5 was obtained. Highly
ordered Si NW arrays exhibited a sensor response of about 10 to
NO2 gas at a concentration of 20 ppm [53]. Graphene/Si-NW heterostructures were prepared to achieve a sensor response of 13.8
under exposure to 99.9999% H2 [54]. Basu et al. reported that a
Pd-sensitized porous silicon (PS) H2 sensor with a thin ZnO layer
demonstrated a sensor response of 7.1 under a ﬂow of 1% H2 in
N2 [59]. Also, a new chemical sensor based on a reverse-biased
graphene/Si heterojunction diode was developed and exhibited
a NH3 response of 14.9 at a concentration of 550 ppm and a
decreased response of 1.8 at 10 ppm [63]. Polycrystalline Si NWs
were employed to obtain an extremely high NH3 response of about
100, albeit under pure (100%) NH3 ﬂow [62]. The use of SiNWs as
a conducting channel in ﬁeld effect transistor sensors with SnO2
ﬁlms as the gas-sensitive materials exhibited a NO response of 41
at a concentration of 100 ppm [57]. In the present work, for the
ﬁrst time, we developed a C6 H6 sensor that attained an exceptionally high response of 55.2 at a concentration of 50 ppm and
a sensor response of 21.4 at a lower concentration of 10 ppm. It is
noteworthy that the present sensor exhibited a very short recovery time of 90 s (Table 5), which has never been attained using
structures comprising Si. Furthermore, to our knowledge, there
are a few papers, which reported the C6 H6 -sensor response, which
is higher than 5. J. Huang et al. reported the sensor response of
about 7, by using the porous SnO2 microcubes, however, with
high concentration (100 ppm) and temperature (280 ◦ C) [64]. Hong
et al. reported the sensor response of about 6 with Pd-loaded
SnO2 yolk-shell nanostructures at a low concentration of 5 ppm,
however, the sensing temperature was very high (450 ◦ C) [65].
At 10 ppm, Au-functionalized ZnO nanowire exhibited a sensor
response of 4, although the temperature was 340 ◦ C [66]. At 25 ◦ C,
by using TiO2 thin ﬁlms, M. Marbrook et al. obtained the sensor
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response of 1.0 at 10 ppm [67]. Also at 25 ◦ C, TiO2 ﬁlms dispersed
in poly(vinylidenﬂuoride) exhibited the sensor response of 1.1 at
350 ppm [68]. By the way, Pd-functionalized SnO2 -ZnO core-shell
nanowires exhibited an exceptionally high response of 71 at a
low concentration below 1 ppm, however, the temperature was
not low (300 ◦ C) [69]. Furthermore, recovery time at 10 ppm was
about 153 s [69]. Accordingly, the present Pd-coated branched Si
nanowires exhibited a high response (21.4) at low concentration
(10 ppm) and 200 ◦ C, with sufﬁciently short response time and
recovery time.
For comparison, we summarized the sensor responses of Pdfunctionalized branched nanowires in the present work, for various
gases, including CO, C6 H6 , C7 H8 , NO2 , H2 S, CH3 COCH3 , and C2 H5 OH
gases (Fig. 9). The sensor responses at 50 ppm for CO, C6 H6 , C7 H8 ,
NO2 , H2 S, CH3 COCH3 , and C2 H5 OH gases are 7.90, 55.19, 11.0, 7.93,
2.47, 1.81, and 1.43, respectively, revealing the high selective sensing to C6 H6 gas.

[5]
[6]

[7]
[8]

[9]
[10]

[11]

[12]
[13]

4. Conclusion
We signiﬁcantly improved the C6 H6 -sensing performance of
Si NWs. For this purpose, we fabricated TeO2 -branched Si NWs
that were subsequently decorated with Pd nanoparticles. XRD,
SAED, and lattice-resolve TEM images all revealed that the products are comprised of cubic Si, cubic Pd, and orthorhombic TeO2
phases. The SEM and low-magniﬁcation TEM images clearly indicate that TeO2 branches are densely formed on the stem NWs. On
the TeO2 branched Si NWs, outer Pd metal layers were sputtered.
The dynamic response curves indicate that both the pristine and
Pd-functionalized sensors exhibit p-type sensing behavior. Compared to other gases, we demonstrate superior sensor responses of
both the pristine and Pd-functionalized branched NWs to C6 H6 gas.
By means of Pd functionalization, the sensor response to NO2 gas
is signiﬁcantly enhanced while the response and recovery times
are signiﬁcantly reduced. The sensor responses of the as-prepared
and Pd-functionalized branched NWs exhibited superior sensor
responses to C6 H6 gas, 20.18 and 55.19, respectively. We propose
several mechanisms for the sensing of the Pd-decorated branched
NWs: surface resistance changes along the TeO2 branches, homojunctions of the networked branched or NWs, homojunctions
between TeO2 nanoparticles, Pd-TeO2 heterojunctions, and Pdcatalytic effects. Furthermore, we discuss the detailed mechanism
for the selective sensor enhancement of Pd-decorated NWs to C6 H6
gas, which is related to the greater adsorption of the gas with
respect to Pd.
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