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ABSTRACT: This paper proposes a method for improving
the reducing or oxidizing gas-sensing abilities of p-type oxide
nanowires (NWs) by locally modifying the hole-accumulation
channel through the attachment of p-type nanoparticles (NPs)
with different upper valence band levels. In this study, the
sensing behaviors of p-CuO NWs functionalized with either p-
NiO or p-Co3O4 NPs were investigated as a model materials
system. The attachment of p-NiO NPs greatly improved the
reducing gas-sensing performance of p-CuO NWs. In contrast,
the p-Co3O4 NPs improved the oxidizing gas-sensing proper-
ties of p-CuO NWs. These results are associated with the local
suppression/expansion of the hole-accumulation channel of p-
CuO NWs along the radial direction due to hole flow between the NWs and NPs. The approach proposed in this study provides
a guideline for fabricating sensitive chemical sensors based on p-CuO NWs.
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1. INTRODUCTION

Oxide nanowires (NWs) have been explored for use as
chemical sensors with both high response and reliability. Their
large surface-to-volume ratio, high crystalline quality, self-
heating nature, and large intrinsic resistance modulation
because of their equivalent diameters to the Debye length are
the key properties for realizing excellent chemical sensors.1−4

Nevertheless, the sensing properties of NWs, such as the gas
response, response and recovery times, which are the most
important sensor parameters for actual sensor operations,
require further improvement.
The approaches to improving the sensing abilities of NWs

include doping, modification of the NW surface with the
irradiation of electrons5 or ions,6,7 plasma exposure,8,9 and the
attachment of nanoparticles (NPs).10−14 Among them, the
attachment of NPs has been used most widely for the
improvement thus far. The roles of NPs are classified as either
“electronic sensitization” or “catalytic sensitization”.15 Catalytic
sensitization is related to the spillover effect by the catalytic
nature of the attached NPs.16 Electronic sensitization is
associated with the modification of the NW conduction
channel originating from the flow of charge carriers between
the NWs and NPs.
Although n-type NWs have been investigated intensively in

terms of the sensing improvement and mechanism, much less
attention has been focused on p-type NWs. The sensing
mechanism of p-type NWs is different from that of n-type
NWs; the sensing mechanism of the former is based on the
modulation of resistance due mainly to changes in the hole-
accumulation layer during the adsorption and desorption of gas

molecules; the latter comes from changes in the electron-
depletion layer.17

To the best of the authors’ knowledge, few systematic studies
aimed at improving the sensing properties of p-type NWs have
examined the electronic sensitization caused solely by hole flow.
This paper reports, for the first time, an approach to improving
the sensing abilities of p-CuO NWs selectively for reducing or
oxidizing gases by attaching p-type NPs with different upper
valence band levels from p-CuO NWs. The related sensing
mechanism is explained based on two different kinds of local
radial modification of the hole-accumulation layer in p-CuO
NWs that provide significant improvement in the reducing or
oxidizing gas-sensing properties of p-CuO NWs. The approach
reported in this study provides a valuable guideline for the
fabrication of sensitive chemical sensors based on p-type NWs.

2. EXPERIMENTAL SECTION
Synthesis of Networked CuO NWs. Networked CuO NWs were

grown on SiO2 (200 nm thick)-grown Si (100) substrates by a thermal
oxidation growth technique.18 For the selective growth of CuO NWs,
patterned interdigital electrodes (PIEs) were first prepared on Si
substrates using a conventional photolithographic process. The details
of the fabricated PIEs are as follows. The total number of electrode
pads was 20. Each electrode pad was 1.05 mm long and 20 μm wide,
and the gap between the neighboring electrode pads was 10 μm. For
the fabrication of PIEs, negative photoresist (PR) (AZ 5214E, Clariant
Industries Ltd., Seoul, Republic of Korea) with 2 μm thickness was
spread on SiO2/Si substrates using the spin-coating technique. The
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substrates covered with negative PR were exposed to ultraviolet (UV)
radiation through photomask and then followed the developing
process. The double layer consisting of Pt (200 nm)/Ti (50 nm) was
deposited by the sputtering technique. The Ti layer was used to
improve the adhesion between the Pt layer and the SiO2/Si substrate.
The Cu film with a thickness of 1.1 μm was deposited using the
electron-beam evaporation technique. To remove the negative PR, the
substrate was immersed into acetone with ultrasonification for 5 min.
Then the lift-off process was carried out. In this way the electrode pad
of a trilayer consisting of Cu (1.1 μm)/ Pt (200 nm)/Ti (50 nm) was
fabricated. The Cu layer was used as the source of CuO nanowires.
The PIE-fabricated Si substrate was heated to 500 °C for 4 h in air.
During heat treatment, CuO nanowires grew by consuming the Cu
layer.
Attachment of Co3O4 and NiO NPs. To attach the p-Co3O4 and

p-NiO NPs on the p-CuO NWs, the Co and Ni metal films were
deposited directly on the networked CuO NWs by sputtering high-
purity Co and Ni targets. The sputtering conditions used were as
follows: the target-to-substrate distance was set to 10 cm; the base
pressure of the chamber was <4 × 10−5 Torr; the deposition pressure
was maintained at 10 mTorr with argon; the deposition time was 10
min with no intentional heating; and the thicknesses of the Co and Ni
films were 10 and 5 nm, respectively. After heat treatment at 700 °C
for 2 h in air, the discontinuous Co3O4 and NiO NPs were created on
the surface of the p-CuO NWs. Figure 1 shows a schematic diagram of
the overall process used to fabricate the NPs-attached CuO NWs
sensors.
Materials Characterization and Sensing Measurement. The

microstructure and structural phase of the samples were characterized
by field-emission scanning electron microscopy (FE-SEM, Hitachi S-
4200), transmission electron microscopy (TEM, Philips CM-200), and
X-ray diffraction (XRD, Philips X’pert MRD). The compositional
information was obtained by energy-dispersive X-ray spectroscopy

(EDS, equipped in the FE-SEM system). The sensing performance of
the NPs-attached CuO NWs for various oxidizing and reducing gases
was investigated using a gas-sensing system. According to preliminary
experiments, the optimal temperature for the best sensing perform-
ances was found to be 300 °C. Accordingly, all the sensing
measurements were carried out at this temperature. The gas
concentration was controlled by changing the dry air-balanced target
gas and dry air mixing ratio using precise mass flow controllers. The
gas response (R) for an oxidizing gas of the fabricated sensors was
evaluated by the ratio Ra/Rg, where Ra and Rg are the resistances in the
absence and presence of the target gas, respectively. For reducing
gases, Rg/Ra was used as the gas response.

3. RESULTS AND DISCUSSION
The microstructures of the NPs-attached CuO NWs were
investigated. Figure 2a shows a representative cross-sectional
FE-SEM image of the networked CuO NWs, which played the

Figure 1. Schematic illustration of the overall process used in this
study for preparing NPs-attached CuO NWs sensors.

Figure 2. (a) A cross-sectional FE-SEM image of p-CuO NWs grown
on a SiO2/Si substrate. (b) A high-magnification FE-SEM image of p-
CuO NWs functionalized with Co3O4 NPs. (c) A high-resolution
TEM image taken from a region of p-Co3O4 NP-attached p-CuO NW.
(d) EDS elemental line profiles for Co, Cu, and O. Microstructures of
NiO NP-attached CuO NWs: (e) FE-SEM image, (f) low-
magnification TEM image, (g) high-resolution lattice image taken
from the NiO-CuO interface, and (h) EDS elemental line profiles of
Ni, Cu, and O around a NiO NP.
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role of sensor platforms. The CuO NWs grown locally on the
adjacent PIEs touched each other, forming junctions in the
middle of the spacing between the PIEs. The mean diameter of
the CuO NWs was ∼70 nm, and TEM (data not shown)
showed the single-crystalline nature of the CuO NWs without
considerable dislocations and stacking faults. This networked
propensity of CuO NWs is basically the same as the result19

obtained for SnO2 NWs sensors reported by the current
authors.
On these networked CuO NWs, Co3O4 NPs were attached.

As shown in Figure 2b, discrete NPs were attached to the
surface of CuO NWs, which were identified as Co3O4 by high-
resolution TEM and XRD. The high-resolution TEM image
shown in Figure 2c showed that the interface between the
Co3O4 NP and the CuO NW was very abrupt, suggesting that
no considerable interdiffusion had taken place. The lattice
fringe separated by 2.85 Å corresponded to the interplanar
distance of the Co3O4 (220) planes. The lattice fringe separated
by 2.75 Å was assigned to the CuO (110) planes. The
composition of the Co3O4 NPs-attached CuO NWs was
characterized by EDS, and the result is shown in Figure 2d,
confirming the presence of Co, Cu, and O. Figure 2e shows the
typical microstructures of NiO NPs-attached CuO NWs. The
NiO NPs are attached uniformly to the CuO NWs. The lattice
fringes shown in Figure 2g and the EDS line profiles in Figure
2h revealed the successful attachment of NiO NPs on the CuO
NWs. The structural phases of the pristine, Co3O4 or NiO NPs-
attached CuO NWs were examined by XRD, and the results are
shown in Figure 3. The XRD peaks from the Co3O4 (JCPDS

No. 78−1970) and NiO (JCPDS No. 89−5881) phases are
evident with the CuO phase, again demonstrating the successful
synthesis of the NPs-attached CuO NWs.
The sensing properties of the NPs-attached CuO NWs were

investigated for oxidizing gases, NO2, O2, and SO2, with gas
concentrations ranging from 1 to 10 ppm. As shown in Figure
4a, all the sensors exhibited p-type sensing behavior. That is,
the resistance decreased in the presence of the oxidizing gases
tested and retained its original value in the absence of those
gases. For comparison, Figure 4b summarizes the responses of
the sensors for 10 ppm gases. The attachment of Co3O4 NPs
improved significantly the responses of the pristine CuO NWs

to the oxidizing gases. In sharp contrast, the NiO NPs did not
have a noticeable effect on the sensing properties of CuO NWs.
The sensing properties of the NPs-attached CuO NWs for

reducing gases, CO, C6H6, C7H8, and H2 ranging from 1 to 10
ppm, were investigated, and the results are shown in Figure 5.
The sensor resistance increased with increasing supply of the
reducing gases and returned to its initial value reversibly after
stopping the gases and exposing them to dry air. This is also the
typical sensing behavior of p-type oxide semiconductors under
a reducing-gas atmosphere. The responses summarized in
Figure 5b show the effectiveness of each NP more clearly. The
NiO NPs improved considerably the reducing gas-sensing
properties of the pristine CuO NWs. On the other hand, the
attachment of Co3O4 NPs had no significant effect on the
reducing gas-sensing properties of the CuO NWs. It is of note
that the response of pristine p-type CuO NWs is lower for
oxidizing gases in comparison to n-type SnO2 nanowires that
are most widely used sensor materials and show the response of
90−130.20 The low response of p-type CuO NWs is likely to be
originated from the intrinsic p-type sensing mechanism. In n-
type semiconductors, adsorbed oxidizing gaseous species
extract the electrons lying in their conduction band. In contrast,
in p-type semiconductors oxidizing species extract the electrons

Figure 3. X-ray θ-2θ diffraction patterns obtained for (a) pure CuO,
(b) Co3O4, and (c) NiO NPs-attached p-CuO NWs.

Figure 4. (a) Response curves for pristine CuO NWs, Co3O4, and
NiO NPs-attached CuO NWs for oxidizing gases such as NO2, O2, and
SO2 at 300 °C. (b) Summary of responses to 10 ppm oxidizing gases.
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in their valence band, which requires more energy than the case
of taking electrons in the conduction band. This can be the
reason for the lower response of p-type semiconductors
including CuO for oxidizing gases. However, pristine CuO
NW capability of detecting reducing gases is somewhat superior
or at least comparable to that of SnO2 nanowires.

20

The attachment of proper oxide NPs to p-type NWs resulted
in improved NWs sensing for either reducing or oxidizing gases.
The mechanism for this behavior can be explained based on the
electronic sensitization by hole flow between the NPs and
NWs. In Figure 6a, for pristine p-CuO NWs in air, oxygen
molecules adsorb on the NWs, extracting electrons in the
valence band of the p-CuO NWs, consequently creating holes.
These additionally created holes will be present beneath the
surface of p-CuO NWs, forming a hole-accumulation layer. The
width of the hole-accumulation layer along the radial direction
was estimated using eq 1

Figure 5. (a) Resistance curves obtained when p-Cr2O3 NPs-
functionalized n-SnO2 NWs were exposed to various oxidizing gases,
such as SO2, O2, and NO2 at 300 °C. (b) Summary of gas responses to
10 ppm of each gas.

Figure 6. Schematic illustration showing the gas-sensing mechanisms:
(a) change of hole-accumulation layer of a pristine CuO NW upon
exposure to reducing or oxidizing gases; (b) suppression of hole-
accumulation layer by hole flow from CuO NWs to Co3O4 NPs, and
the band structure of the CuO−Co3O4 p−p interface; (c) change of
hole-accumulation layer of Co3O4 NPs-attached CuO NWs upon
exposure to reducing or oxidizing gases; (d) expansion of hole-
accumulation layer by hole flow from NiO NPs to CuO NWs, and the
band structure of the CuO−NiO p−p interface; (e) change of hole-
accumulation layer of NiO NPs-attached CuO NWs upon exposure to
reducing or oxidizing gases.
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λ ε ϕ=
⎡
⎣⎢

⎤
⎦⎥q N

2 CuO
d 2

CuO

1/2

(1)

where ϕ is the height of the potential barrier established by
oxygen adsorption, εCuO is the permittivity of CuO, NCuO is the
hole concentration in CuO, and q is the charge of an electron
(= 1.6 × 10−19 C). With values of NCuO ≈ 1019 cm−3 at room
temperature, εCuO ≈ 25, and ϕ ≈ 0.59 eV,21,22 the calculated
width, λd, was ∼12.7 nm. When an oxidizing gas was supplied,
the hole-accumulation layer will expand because oxidizing gas
molecules will further extract the valence-band electrons,
corresponding to an expansion of the electrical transport
channel, eventually leading to a decrease in resistivity. On the
other hand, when a reducing gas is supplied, the adsorbed
oxygen species will evaporate from the NW surface because the
reducing gas molecules interact with them and form volatile
molecules. Upon the application of this process, the captured
electrons will return to the valence band, resulting in electron−
hole compensation and eventually suppressing the hole-
accumulation layer. This suppression results in an increase in
resistance when a reducing gas is supplied.
In contrast to this regular modulation of the hole-

accumulation layer occurring in the pure p-CuO NWs, the
attachment of p-type NPs will result in additional expansion or
suppression of the hole-accumulation layer, as illustrated
schematically in Figure 6b,d. When p-type NPs such as
Co3O4 are attached to the p-CuO NWs, the upper valence band
level of Co3O4 is higher than that of p-CuO NWs, and hole
flow takes place from the NPs to NWs. This will make the hole-
accumulation layer in p-CuO NWs locally narrower. The
additional suppression can be calculated using eq 2.

ε ε
ε ε

=
+

⎡
⎣⎢

⎤
⎦⎥W

N V
qN N N

2
( )CuO

CuO Co3O4 Co3O4 0

CuO CuO CuO Co3O4 Co3O4

1/2

(2)

where V0 (= 0.8 eV) is the contact potential difference between
Co3O4 and CuO, εCo3O4 is the permittivity of CO3O4, NCo3O4
and NCuO are the hole concentrations in the NPs and NWs,
respectively (NCo3O4 = 4.5 × 1019 and NCuO = 1019 cm−3).23,24

The calculated WCuO was ∼13.9 nm. In this state, as shown in
Figure 6b, the supply of oxidizing gases will expand the locally
suppressed hole-accumulation layer, providing a greater change
in resistance of the p-CuO NWs, which is why the attachment
of Co3O4 NPs greatly improved the oxidizing gas-sensing
performance of p-CuO NWs. In contrast, when reducing gases
are supplied, the already locally suppressed hole-accumulation
layer is marginally suppressed, being indicative of the small
resistance modulation.
When p-type NPs like NiO, whose upper valence band level

is lower than that of p-CuO NWs, are attached to p-CuO NWs,
holes will flow from the NWs to the NPs. This will locally
widen the hole-accumulation layer in p-CuO NWs. The
expansion width was calculated using eq 3.

ε ε
ε ε

=
+

⎡
⎣⎢

⎤
⎦⎥W

N V
qN N N

2
( )CuO

CuO NiO NiO 0

CuO CuO CuO NiO NiO

1/2

(3)

where V0 (= 0.1 eV) is the contact potential difference between
NiO and CuO, εNiO is the permittivity of NiO, NNiO and NCuO
are the hole concentrations in the NPs and NWs, respectively
(NNiO = 3.13 × 1018 and NCuO = 1019 cm−3).23,25 The calculated
WCuO was ∼13.3 nm, as shown in Figure 6d. In this case,

reducing gases will make more pronounced resistance
modulation compared to oxidizing gases. The parameters
used for calculation of Debye lengths and space charge layers in
this study is summarized in Table 1. It should be mentioned

here that all the values were calculated on the basis of room-
temperature parameters, not ones at 300 °C. However, in spite
of a slight difference from the exact value, the sensing
mechanism proposed here is still effective in explanation of
the observed sensing results.
In this work, the attachment of NPs on the surface of CuO

NWs was achieved by the sputtering technique, which is a line-
of-sight deposition process. This means that NPs were created
preferentially on one side of CuO NWs. In addition, it is likely
that NPs were less created on CuO NWs existing at the bottom
of the networked NWs mat. However, the model proposed
here is still valid though the effect of radial modulation of hole-
accumulation layer is weakened due to the nonuniform
attachment of NPs. It is also of note that the population
density of NPs needs to be optimized to obtain the best sensing
properties. Specifically, either smaller or larger amounts of NPs
than an optimized one will not be effective. Detailed
investigations need to be performed at a later stage of study
on the sensing properties in relation to the population density
of NPs.

4. CONCLUSIONS
This paper reported an approach for improving the reducing or
oxidizing gas-sensing abilities of p-type oxide NWs by
modifying the hole-accumulation layer by attaching p-type
NPs based on hole flow. p-NiO NPs greatly improved the
reducing gas-sensing performance of p-CuO NWs. On the
other hand, the p-Co3O4 NPs improved the oxidizing gas-
sensing properties of the p-CuO NWs. This selective sensing
improvement is related to the local suppression/expansion of
the hole-accumulation channel of p-CuO NWs due to hole flow
between the NWs and NPs caused by the difference in the
upper valence band level. The results provide useful guidelines
to the fabrication of sensitive chemical sensors using p-CuO
NWs.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: sangsub@inha.ac.kr.
Author Contributions
S.S.K. conceived the study, designed the experiments, and
prepared the manuscript. S.-W.C., A.K., and J.-H.K. performed
the experiments. All authors have given approval to the final
version of the manuscript.
Notes
The authors declare no competing financial interest.

Table 1. Parameters Used for Calculation of Debye Lengths
and Space Charge Layers

materials
work

function (eV)
electron

affinity (eV) permittivity
hole concentration

(cm−3)

CuO 5.3a 4.07b 25c 1019 d

Co3O4 4.5e 3.05f 12.9g 4.5 × 1019 h

NiO 5.4i 1.46j 8.86k 3.13 × 1018 j

aReference 26. bReference 27. cReference 21. dReference 23
eReference 28. fReference 29. gReference 30. hReference 24 iReference
31. jReference 32. kReference 33. jReference 25
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