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ABSTRACT: We report the synthesis of SnO2−Cu2O n−p core−shell nanowires
(C−S NWs) and their use as chemiresistive sensors for detecting trace amounts of
gas. The n−p C−S NWs were synthesized by a two-step process, in which the core
SnO2 nanowires were prepared by the vapor growth technique and subsequently the
Cu2O shell layers were deposited by atomic layer deposition. A systematic
investigation of the sensing capabilities of the n−p C−S NWs, particularly as a
function of shell thickness, revealed the underlying sensing mechanism. The radial
modulation of the hole-accumulation layer is intensified under shells thinner than the
Debye length. On the other hand, the contribution of volume fraction to resistance
modulation is weakened. By the combination of these two effects, an optimal sensing
performance for reducing gases is obtained for a critical p-shell thickness. In contrast,
the formation of p-shell layers deteriorates the NO2-sensing performance by blocking
the expansion of the hole-accumulation layer due to the presence of p−n
heterointerface.
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1. INTRODUCTION

Detection of trace amounts of hazardous chemical species is
essential to prevent catastrophic chemical disasters in modern
industries. Over the past few decades, a huge number of sensor
materials have been developed to this end. The key parameters
considered in the field of chemiresistive sensors are the degree
of gas-response, the response and recovery times, and selective
detectability.1−3 It is required that gas-responses are high
enough to detect extremely low concentrations, which is
essential to the use of chemiresistive sensors to analyze exhaled
breath for disease diagnosis.4,5

Oxide nanowires (NWs) have gained increasing attention as
promising chemiresistive sensor materials owing to their
advantageous properties, including a large surface area, single-
crystalline quality, and high intrinsic modulation of electrical
transport due to the Debye dimension.6−8 Despite the
outstanding sensing abilities of single-oxide NWs, their actual
application in commercial sensors is unrealistic due to aspects
of their fabrication and reliability.9 To circumvent such
drawbacks involved in single-oxide NW sensors, multiply
networked oxide NWs have been synthesized and proved to
be excellent sensor platforms.10,11

Various attempts have been made to improve further the
sensing performance of multiply networked oxide NWs.12−21

The application of core−shell (C−S) heterostructures has been
found to be beneficial for enhancing sensing capabilities of
nanomaterials.19−23 In such structures, a heterojunction is
created at the core−shell interface and can enhance the sensing
capabilities, provided the shell thickness is equivalent to the

Debye length of the shell material. Fe2O3/ZnO heteronanos-
tructures exhibited a dramatic improvement in ethanol sensing
characteristics compared to the pure Fe2O3 nanorods.

19 On the
basis of the space-charge layer model, such enhanced sensing
properties were attributed to the small thickness of the ZnO
shell. In addition, the ZnO/ZnS core/shell nanorods showed
improved sensing properties in comparison to pure ZnS
nanotubes.20 Very recently, the sensing mechanism of SnO2−
ZnO C−S NWs, in which n-type ZnO shells were formed on an
n-type SnO2 core, was systematically investigated.21 Both the
radial modulation of the electron-depleted shell layer and the
electric-field smearing effect were found to govern their sensing
mechanism, which can be applied to other n−n material
combinations.
As far as the authors know, an investigation on the sensing

behaviors of n−p C−S NWs has not been done yet. In
conjunction with previous results regarding n−n C−S NWs,21 a
more comprehensive sensing mechanism can be established for
any combination of C−S NWs. Herein, we report the novel
synthesis of p-type shells on an n-type core NW, namely n−p
SnO2−Cu2O C−S NWs. The sensing performances of the n−p
C−S NWs were tested as a function of the p-type Cu2O shell
thickness in terms of representative oxidizing and reducing
gases, and the underlying sensing mechanism has been
proposed.
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2. EXPERIMENTAL SECTION
Preparation of SnO2−Cu2O C−S NWs. The sensors were

fabricated with SnO2−Cu2O n−p C−S NWs by three steps. First, a
patterned interdigital electrode (PIE) was deposited on a SiO2-grown
Si (100) substrate by using conventional photolithography. The PIE
was an Au (3 nm)/Pt (200 nm)/Ti (50 nm) trilayer, which were
sequentially deposited by sputtering from the corresponding metal
targets. The Au top layer was the catalytic layer for the selective
growth of SnO2 NWs; the Pt layer allowed electrical current passage in
the fabricated sensor; the Ti layer enhanced the adhesion between the
Pt layer and the substrate. In the second step, SnO2 NWs were grown
on PIE by evaporating a Sn source in a tube furnace as per the well-
known vapor growth method.24 SnO2 NWs grown on adjacent PIE
pads became entangled, creating a network. The procedure is
described in detail in our earlier reports.25,26 Lastly, Cu2O shell layers
were deposited on the networked SnO2 NWs by atomic layer
deposition (ALD) using a traveling-wave-type ALD reactor (Lucida
D100, NCD Technology, Korea), which is a particularly effective
method for synthesizing a uniform, conformal layer on irregularly
shaped substrates. Bis(1-dimethylamino-2-methyl-2-butoxy)copper
(C14H32N2O2Cu) and water vapor (H2O) were used as a precursor
and a reactant, respectively. The Cu precursor was vaporized in a
bubbler at 80 °C and carried into the process chamber by N2 gas at a
flow rate of 200 sccm. The line temperature was maintained at 120 °C
to prevent condensation of the Cu precursor during delivery. Water
vapor prepared in a canister kept at 100 °C was provided into the
chamber without a carrier gas. The temperature and pressure of the
reactor were maintained at 140 °C and ∼1 Torr, respectively. The
basic pulsing conditions were set as follows: precursor pulsing for 5 s,
reactant pulsing for 5 s, and purging for 10 s, which were found to be
enough to guarantee a self-limited growth of the Cu2O film. The
sequence of precursor pulsing, purging, reactant pulsing, and purging
occurs in each ALD cycle. In this way, SnO2−Cu2O C−S NWs with
uniform shell thicknesses were synthesized. By changing the number of
ALD cycles, the Cu2O shell thicknesses were successfully controlled to
be in the range 5−80 nm. The fabrication sequence of the sensors is
shown in Figure 1.

Characterizations. The overall morphology of the synthesized C−
S NWs was observed by field emission scanning electron microscopy
(FE-SEM). The detailed crystal structure, microstructure, and
chemical composition were examined using transmission electron
microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDS).
X-ray diffraction (XRD) was used to identify the phase of the C−S
NWs. For TEM analysis, the samples were prepared as follows. First,
the synthesized C−S NWs were dispersed in ethanol and subsequently
sonicated in an ultrasonic bath (BRANSON, 5510EDTH) for 10 min
in order to achieve uniform dispersion. The prepared C−S NWs

solution was then dropped over an Ni grid and dried under vacuum
conditions.

Sensing Measurement. The sensing performances of the C−S
NW sensors were investigated as a function of shell thickness using the
reducing gases, toluene (C7H8) and benzene (C6H6), and an oxidizing
gas, NO2. The sensing measurements were carried out at an optimal
operating temperature of 300 °C, determined from preliminary
experiments. The experimental procedures are described in detail in
our earlier report.13 The gas responses (R) of SnO2−Cu2O C−S NWs
were evaluated using the equation R = Rg/Ra (or Ra/Rg), where Ra and
Rg are the resistances in the absence and presence of an analyte gas,
respectively, for an oxidizing gas (a reducing gas).

3. RESULTS AND DISCUSSION
As Figure 1 demonstrates, by having a suitable spacing in the
PIE, well-networked SnO2 NWs can be attained. FE-SEM
images (in-plane-view and cross-sectional view, not presented
here) showed the entangled SnO2 NWs that act as a
chemiresistive electrical transport pathway.

Figure 1. Schematic of the fabrication sequence of sensors based on
SnO2−Cu2O n−p C−S NWs.

Figure 2. Typical morphologies of SnO2−Cu2O n−p C−S NWs with
shell thicknesses of (a) 0, (b) 5, (c) 15, (d) 20 (e) 30, (f) 45, (g) 60,
and (h) 80 nm. The insets are the corresponding high-magnification
FE-SEM images. (i) Relationship between the shell thickness and
number of ALD cycles. The slope is 0.01 nm/cycle.
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On these networked SnO2 NWs, Cu2O shell layers were
deposited by the ALD technique. Figures 2a−h display the
SnO2−Cu2O C−S NWs’ microstructures with a number of
shell thicknesses ranging from 0 to 80 nm. The average
diameter of the pristine SnO2 NWs was ∼80 nm. The FE-SEM
images clearly show that the ALD process resulted in uniform,
conformal coverage of the Cu2O shell layers on the core SnO2

NWs even at the very small shell thickness of 5 nm. In sharp
contrast to C−S nanofibers,23 the C−S NWs do not show any

evidence of nanograins, revealing high crystalline quality of
NWs. It is evident that the Cu2O shell thickness gradually
increases with increasing number of ALD cycles, and that the
entanglement of SnO2 NWs is initiated at the space between
the electrode pads. The shell thicknesses can be calculated from
the FE-SEM images and are summarized in Figure 2i, revealing
a nearly linear relationship, with a slope of 0.01 nm/cycle.
Thus, a Cu2O shell with a predetermined thickness (on the
nanometer scale) can be easily synthesized on SnO2 NWs by

Figure 3. TEM results taken from C−S NWs with a (a) 5 nm-thick Cu2O shell: (a-1) real high-resolution TEM image, (a-2) constructed high-
resolution image, (a-3) SAED, (a-4) EDS elemental line profiles, and (a-5) elemental mappings. (b) 40 nm-thick Cu2O shell: (b-1) bright-field TEM
image, (b-2) high-resolution TEM image, and (b-3) SAED. (c) 80 nm-thick Cu2O shell: (c-1) bright-field TEM image, (c-2) constructed high-
resolution image, (c-3) SAED, (c-4) EDS elemental line profiles, and (c-5) elemental mappings.
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changing the number of ALD cycles. In Figure S1 of the
Supporting Information, the microstructures of all SnO2−Cu2O
C−S NWs synthesized in this study with shell thicknesses
ranging from 0 to 80 nm, are shown. Figures S1e-l of the
Supporting Information display the magnified images showing
the morphologies of SnO2−Cu2O C−S NWs in more detail:
the surface of the NWs is smooth, without any humps or
irregularities. The insets are corresponding high-magnification
FE-SEM images, showing the nature of the NW entanglement
in detail.
The microstructures of the SnO2−Cu2O C−S NWs were

further investigated by TEM observations. Three typical
samples were chosen for the investigation: the ones with
Cu2O shells with the minimum (5 nm), the average (40 nm),
and the maximum (80 nm) thicknesses. Figure 3a shows the
TEM images of C−S NWs with a 5 nm-thick Cu2O shell.
Figure 3a-1 clearly demonstrates that even the thinnest (5 nm)
Cu2O shell uniformly covers the SnO2 NW with a very
distinctive interface between the SnO2 core and the Cu2O shell.
The high-resolution lattice image, shown in Figure 3a-2, taken
from the part noted in Figure 3a-1, by using Fourier
transformation of the real high resolution image highlights
the sharp interface and demonstrates their single-crystal nature
without any noticeable structural defects, such as dislocations or
stacking faults. This directly suggests that both the ALD and
vapor growth methods used for preparing the Cu2O shells and
the SnO2 core nanowires, respectively, were well-optimized in
this study. The spotty selected area electron diffraction (SAED)
pattern obtained from the Cu2O shell layer shown in Figure 3a-
3 indicates the formation of well-crystallized Cu2O. The EDS
elemental line profiles and the corresponding mappings, as

shown in Figures 3a-4 and 3a-5, respectively, demonstrate the
localized presence of Sn in the core area, supporting the
formation of a C−S structure. TEM images for the C−S NWs
with a 40 nm-thick Cu2O shell are presented in Figure 3b. The
bright-field TEM image (Figure 3b-1) and the high-
magnification (Figure 3b-2), TEM images both indicate the
successful growth of the Cu2O shell with uniform thickness.
The SAED pattern for the sample shown in Figure 3b-3
indicates the high crystalline quality of the Cu2O phase. The
low-magnification image, the high-resolution lattice image, and
the SAED pattern shown in Figures 3c-1, c-2, and c-3,
respectively, demonstrate the uniform coverage of the Cu2O
shell layer, the sharp C−S interface, and excellent crystalline
quality.
XRD, using a Cu Kα (1.5418 Å) source, was used to identify

the crystalline phases present in the SnO2−Cu2O C−S NWs
(Figure S2 of the Supporting Information). Both Cu2O and
SnO2 phases are exhibited in the XRD patterns. The SnO2
tetragonal rutile phase has lattice parameters a = 4.73 Å and c =
3.18 Å (JCPDS Card No. 88-0287), whereas the cubic phase of
Cu2O has lattice parameter a = 4.26 Å (JCPDS Card No. 65-
3288), confirming the formation of SnO2−Cu2O C−S NWs.
The intensities of the peaks corresponding to the Cu2O phase
increase with increasing shell thickness, which is due to greater
amount of Cu2O exposed to the X-ray beam, which confirms
the proportional increase in the Cu2O shell thickness with
increasing number of ALD cycles.
The sensing performances of the SnO2−Cu2O C−S NWs

with varying shell thicknesses were investigated using
representative reducing gases, C7H8 and C6H6, as well as a
representative oxidizing gas, NO2. In Figure S3 of the

Figure 4. Resistance curves of the SnO2−Cu2O n−p C−S NWs with various shell thickness to 10 ppm of C6H6, C7H8, and NO2.
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Supporting Information, the measured resistance curves for the
above-mentioned gases are shown. For the pristine SnO2 NWs,
typical n-type sensing behavior is observed; the sensor
resistance decreases with introduction of C7H8 and C6H6,
whereas it recovers the original value when the supply of the
reducing gases is stopped and air is introduced. For NO2, the
opposite resistance behavior is attained. In contrast, the SnO2−
Cu2O C−S NWs reveal typical p-type sensing behavior and the
gas response varies significantly with respect to shell thickness.
To demonstrate the effect of Cu2O shell thickness on the
sensing properties, the resistance curves for 10 ppm of C7H8,
C6H6, and NO2 are shown in a comparative fashion in Figure 4.
All the sensors are found to track changes in the gas
environment: the sensor resistances increase when in the
presence of reducing gases, and decrease when their supply is
stopped and air is introduced. This behavior is a typical p-type
semiconductor sensing mechanism. In ambient air, oxygen
adsorbed to the surface of the Cu2O shell extracts electrons
from the Cu2O valence band, leaving an equivalent amount of

holes in the valence band, maintaining the overall resistance.
The reducing gases used generally interact with the
preadsorbed oxygen, creating volatile molecules, thereby
returning the captured electrons back to the valence band of
Cu2O. This thins the hole-accumulation layer existing under-
neath the Cu2O shell, increasing the sensor resistance. For the
oxidizing gas NO2, the resistance curves show the expected
opposite behavior, due to the thickening of the hole-
accumulation layer due to the additional electron capture
from the Cu2O valence band by the adsorbed NO2, leading to a
decrease in sensor resistance.27−30 Figure 4 shows that even the
C−S NWs with the thinnest shell (5 nm) exhibit p-type sensing
behavior, demonstrating that the p-Cu2O shell layer completely
covered the core SnO2 NWs, and that the p-Cu2O shell governs
the sensing properties of the C−S NWs. Another important
feature is that the sensor response is highly dependent on the
shell thickness. A detailed explanation for this feature is
discussed later in this section.
As shown in Figure 5a,b, the response for the tested reducing

gases, C7H8 and C6H6, of the pristine SnO2 NW sensor is
gradually enhanced by the formation of a Cu2O shell layer on it.
The C−S NW sensor with a shell thickness of 30 nm shows the
best responses for the reducing gases, with any deviation from
this particular shell thickness greatly deteriorating the response;
responses of 11.7 and 12.5 for 10 ppm of C7H8 and C6H6,
respectively. This suggests that the shell thickness needs to be
optimized to obtain maximal sensing abilities for the C−S NW
sensors. In contrast, as shown in Figure 5c, the presence of the
Cu2O shell layers deteriorates, rather than enhances, the
sensing properties of the C−S NW sensors for the oxidizing gas
NO2. In addition, the response and recovery times of SnO2−
Cu2O n−p C−S NWs as a function of shell thickness for 10
ppm gases were calculated, and the results are shown in Figure
S4 of the Supporting Information. For the reducing gases,
similar trends of response and recovery times are observed;
they are shortened greatly with the optimized shell thickness.
However, in sharp contrast, the response and recovery times
are not associated with shell thickness for the oxidizing gas
NO2.
In a previous work21 on SnO2−ZnO n−n C−S NW sensors,

a model for a possible sensing mechanism has been proposed
based on two contributions: (1) the radial modulation of the
electron-depleted shell layer and (2) the electric field smearing
effect. With this model, the improvement of sensing abilities for
reducing gases at a certain critical shell thickness, and the
deterioration of sensing abilities for oxidizing gases, in n−n
heterojunctioned C−S NW sensors were successfully explained.
Although the sensing behaviors of SnO2−Cu2O n−p C−S NWs
described here are similar to those of SnO2−ZnO n−n C−S
NWs, the sensing mechanisms operating in the two C−S NWs
are different.
Figure 6 proposes the following scenario for the sensing

mechanism of SnO2−Cu2O n−p C−S NWs. In ambient air, due
to both the adsorption of oxygen onto the p−type Cu2O shell
and the C−S heterojunction formation, hole concentration is
categorized into three regions: the hole-accumulation layer
(p+), the intrinsic hole concentration layer (po), and the hole-
deficient layer (p−), as described in Figure 6b. The p+ region
results from the extraction of Cu2O valence band electrons by
adsorbed oxygen species; po denotes the equilibrium hole
concentration in Cu2O at a particular temperature; p− is the
result of compensation by electrons in the n−p heterojunction;
the red line in Figure 6b indicates the concentration profile of

Figure 5. Summary of gas responses of the SnO2−Cu2O n−p C−S
NWs as a function of shell thickness for: (a) C7H8, (b) C6H6, and (c)
NO2.
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Figure 6. Conceptual description showing the sensing mechanism operating in the SnO2−Cu2O n−p C−S NWs for reducing gases: (a) in vacuum
state, (b) in air, and (c) in reducing gases, and (d) total resistance modulation of the C−S NWs. The sensing mechanism for oxidizing gases: (e) in
vacuum state, (f) in air, and (g) in oxidizing gases.
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holes in air ambient; the black dotted line indicates the case of
vacuum state. Namely, the increase of hole concentration is
created. When reducing gas molecules are supplied, the layer
thins because of the evaporation of preadsorbed oxygen and
liberation of captured electrons back to the valence band,
eliminating holes, and consequently increasing the resistance of
the p-Cu2O shell layer; the blue line indicating the
concentration profile of holes in air moves toward the red
line, which indicates the decrease of hole concentration in the p
shell layer. This radial modulation of the p+ layer is the source
of the total resistance modulation observed in n−p C−S NWs.
It should be interesting to compare the sensing properties of
pure Cu2O NWs with those of the C−S NWs. On the basis of
the above scenario, it is expected that they are inferior in
comparison to the case of the C−S NWs due to the less
intensified hole accumulation layer. The degree of resistance
modulation originating from radial modulation of the p+ layer
varies inversely according to the shell thickness: a thinner shell
may experience more pronounced resistance modulation while
the thicker shell may experience less resistance modulation
because the shell is in a state of partial hole-accumulation
(Figure 6d). In addition to this radial modulation, we need to
incorporate another contribution: the fraction of shell layers in
the total volume of the n−p C−S NW. This fraction is naturally
proportional to the shell thickness. Therefore, the response to a
reducing gas can be depicted as the volcano-shaped curve with
regard to the shell thickness. This is in good agreement with the
sensing behavior observed in the n−p C−S NWs for the
reducing gases, as shown in Figure 5a,b. In addition, it is of note
that the two contributions are convoluted together and not
possible to be separated.
According to the results shown in Figure 5c, SnO2−Cu2O n−

p C−S NWs are not effective for the detection of the typical
oxidizing gas NO2, as the formation of Cu2O shell layers
deteriorated the NO2-sensing performances of core NWs. As
schematically shown in Figure 6e−g, the expansion of the p+

layer is limited by the presence of the p−|n− interface, which
likely plays the role of a blocking layer to the expansion. This
means that the radial modulation of the hole-accumulation
layer (p+ layer) is marginal, thereby leading to less resistance
modulation for NO2. In addition, we have compared this work
with previously published results by other research groups in
Table 1. The SnO2−Cu2O C−S NWs sensor reveals a relatively
higher sensitivity in comparison to other sensing materials.

4. CONCLUSIONS

We have synthesized SnO2−Cu2O n−p core−shell nanowires
by applying a two-step process, in which core SnO2 nanowires
were first prepared by the vapor growth technique and the
Cu2O shell layers were subsequently deposited by atomic layer

deposition. Their use in chemiresistive sensors for the detection
of trace amounts of gas was systematically investigated.
According to the sensing measurements, the best gas-sensing
performance for reducing gases was obtained at a critical p-shell
thickness of 30 nm. The mutually opposite effects of the radial
modulation of the hole-accumulation layer and the volume
fraction contributed to the total resistance modulation with
respect to the shell thickness, led to a volcano-shaped gas
response behavior for reducing gases. In contrast, the presence
of the p-shell deteriorated the sensing performance of core
SnO2 nanowires for a typical oxidizing gas. Blocking the
expansion of the hole-accumulation layer by the p−n
heterointerface is the likely source of the deterioration of
NO2-sensing performance in the n−p core−shell nanowires.
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