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ABSTRACT: We report significant enhancement of CuO
nanowire (NW) sensing performance at room temperature
through the surface functionalization with SnO, nanocrystals
(NCs). The sensitivity enhancement can be as high as ~300% for
detecting 1% NHj diluted in air. The improved sensitivity could
be attributed to the electronic interaction between p-type CuO
NWs and n-type SnO, NCs due to the formation of nanosized
p—n junctions, which are highly sensitive to the surrounding
gaseous environment and could effectively manipulate local
charge carrier concentration. Our results suggest that the NC-

NW structure is an attractive candidate for practical sensing applications, in view of its outstanding room-temperature sensitivity,
excellent dynamic properties (rapid response and quick recovery), and flexibility in modulating the sensing performance (e.g., by
adjusting the coverage of SnO, NCs on CuO NWs and doping of SnO, NCs).
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B INTRODUCTION

Fast and accurate detection of trace amounts of hazardous gases
is important in many aspects of human society, such as
environmental monitoring and detection of toxic gases in
industrial processes, public health, and national security. One-
dimensional (1D) nanomaterials, such as semiconducting
nanowires (NWs)' ™ and carbon nanotubes (CNTs),*” are
exceedingly attractive building blocks for developing high-
performance gas sensing devices, because of their outstanding
physical and chemical properties (e.g, very large surface-to-
volume ratios).

Surface modification or functionalization of 1D nanomateri-
als (e.g, NWs, CNTs) with various nanoparticles (NPs) or
nanocrystals (NCs) has attracted considerable interest in gas
sensing research because of promising benefits induced by the
coupling and the heterointerface between the two classes of
nanomaterials (ie., 1D NWs/CNTs vs 0D NPs/NCs).5™"® It
has been reported that surface functionalization of 1D
semiconducting metal oxides with catalytic metal NPs (e.g,
Pd, Au, and Pt)*° can further improve the sensitivity and
dynamic characteristics (e.g., reduced response time). For
instance, A. Kolmakov and co-workers demonstrated that the
deposition of Pd NPs onto a single SnO, NW or nanobelt
(NB) created Schottky-like junctions between the NPs and the
NW/NB, resulting in electron depletion regions within the
NW/NB due to electron transfer from the n-type semi-
conducting SnO, NW to the metal Pd NPs.® The single SnO,
NW/NB device with Pd NP functionalization exhibited
dramatically improved sensitivity toward O, and H,, which is
presumably because of the Pd NP-enhanced -catalytic
dissociation of molecular adsorbates and the consequent
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diffusion of resulting atomic species to the SnO, NW/NB
surface.® Z. L. Wang and co-workers reported remarkably
improved sensitivity of individual SnO, NW based gas sensin
devices by surface functionalization with ZnO or NiO NPs.'
The observed sensing enhancement was attributed to the
heterojunction formed between the SnO, NW and NPs and the
resulting coupling effect of the two sensing materials. However,
those SnO, NW sensors, even with NP-functionalization, still
required elevated temperatures (e.g, 200—270 °C® and 250
°C'%) for operation.

Among metal oxides, CuO is one of very few with intrinsic p-
type properties and has a low band gap of 1.2—2.0 eV.'"*"* The
p-type characteristic of CuO provides a route to forming p—n
junctions with n-type metal oxides, such as ZnO and SnO,. For
example, p—n junctions of this type (CuO/ZnO) have been
investigated in thin-film technology to enhance gas sensing
selectivity and sensitivity.'®'” CuO NWs have been explored
for gas sensing applications at elevated temperatures.”'®"
Previously, we have reported the room temperature sensing
with individual CuO NW-based sensors.”® This room temper-
ature operation offers advantages for practical applications, such
as reduced energy consumption by the sensor, simplified device
structure (ie, no heating element is needed), and the
convenience of deploying such sensors in explosive environ-
ments where high temperature is undesirable. On the other
hand, we have developed a dry technique to assemble various
NCs onto CNTs*"** and demonstrated a room-temperature
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Figure 1. (a, b) SEM images of CuO NWs before and after SnO, coating. (¢, d) TEM and (e, f) HRTEM images of an individual CuO NW (¢, e)

before and (d, f) after being coated with SnO, NCs for 3 min.

gas sensing platform consisting of multiwalled CNTs
(MWCNTs) decorated with SnO, NCs.>* However,
MWCNTSs are mostly metallic and have very high charge
carrier concentration, limiting their response to electron-
transfer induced perturbations. Improved sensing performance
could be expected if MWCNTSs are replaced with semi-
conducting 1D nanomaterials (e.g.,, p-type CuO NWs) in the
SnO, NC—CNT system.

In addition, a nanosized p—n junction can be formed at the
interface between the p-type CuO NW (holes are majority
charge carriers) and the n-type SnO, NC (electrons are
majority charge carriers), as electrons tends to diffuse from
SnO, to CuO while holes move from CuO to SnO, until an
equilibrium is established at the interface.”* The space charge
region associated with the p—n junction could locally narrow
the conducting channel for the charge carriers in the CuO NW,
making it more sensitive to gas molecule-induced charge
transfer. Here, we report on the modulation of the CuO NW
electronic properties through SnO, NCs and the use of SnO,
NC functionalized CuO NWs for room-temperature gas
sensing. The electronic interaction between SnO, NCs and
the CuO NWs due to the formation of p—n junctions facilitates
gas detection through the change in the electrical conductivity
of the hybrid NC-NW structure. In the open air, formation of
oxygen adsorbates (O,” or O7) on the surface of SnO,** and
CuO” results in an electron-depletion surface layer due to the
electron transfer from the SnO,/CuO to oxygen. Target gas
molecules (e.g, NH;) can react with oxygen adsorbates to free
electrons back into the SnO,/CuO surface and change
electrical conductivity of the entire NC-NW structure.
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B EXPERIMENTAL DETAILS

Growth of CuO NWs on Cu Substrates. CuO NWs were
synthesized by direct oxidation of copper foils.”® The detailed
procedure that we followed for CuO NW synthesis was reported
previously.”>*” Briefly, a square sample of ~0.25 cm?® was first cut from
a Cu foil with 0.5 mm thickness and a purity of 99.9% (Alfa Aesar).
The intrinsic oxide layer on the Cu surface was removed by
ultrasonicating the sample in 0.7 M hydrochloric acid for 2 min
(Hielscher Ultrasound UP 200S). The sample was ultrasonically
cleaned in acetone for S min to remove organic contaminants,
thoroughly rinsed with deionized (DI) water, and dried in compressed
air.

The cleaned sample was placed directly into an open quartz tube,
which was then inserted into a horizontal tube furnace (Lindberg Blue
M). The furnace temperature was increased at a rate of ~15 °C/min
from room temperature to 450 °C. The sample was heated at this
temperature for 2.5 h and then allowed to freely cool to room
temperature. Heating in the presence of oxygen causes oxidization of
Cu and the growth of CuO NWs on the sample surface.

Fabrication of CuO NW devices. An oxidized sample with CuO
NWs was sonicated in a vial with methanol to detach NWs from the
substrate, forming a CuO NW suspension. NWs from several samples
were collected in the vial to obtain an NW suspension with a
concentration sufficient for successful deposition of NWs onto
interdigitated electrodes. The NW suspension was further processed
in a centrifuge to separate the larger substrate particles from the NWs.

The p-doped silicon wafer covered with a 200 nm thick thermally
formed SiO, layer was used as the device substrate, on top of which
large Au contact pads (for connection with outside test equipment,
e.g, a source meter) were fabricated through a standard photo-
lithography process, and Au interdigitated electrodes were fabricated
using an e-beam lithography process. The Au fingers (50 nm thick) of
the interdigitated electrode were ~1 ym wide and 1 pm apart. A 2 nm

dx.doi.org/10.1021/am300911z | ACS Appl. Mater. Interfaces 2012, 4, 4192—4199



ACS Applied Materials & Interfaces

Research Article

thick Cr layer was used to enhance the adhesion between the Au and
the Si wafer. A few drops of the CuO NW suspension were cast onto
Au interdigitated electrodes, which left CuO NWs (by bottom-contact
with the substrate) on the Au fingers after solvent evaporation. These
NWs make the device circuit complete. As-fabricated CuO NW
devices were annealed in an Ar flow at 200 °C for one hour to improve
the NW-Au contact and remove remnant ethanol on NWs and on
chips.

Deposition of SnO, NCs onto CuO NWs. A mini-arc plasma
reactor was used to synthesize aerosol SnO, NCs (i.e., NCs suspended
in gases) through physical vapor deposition.”®* The NCs were
formed by direct vaporization of solid precursors in atmospheric direct
current (dc) mini-arc plasma followed by a rapid quenching. The
thermal energy from the arc discharge driven by a welding power
supply (Master 150 STH) caused the solid tin powders placed in the
reactor to melt and vaporize. The tin vapor was quenched by a pure
and cold Ar flow to nucleate tin NCs, which were subsequently
oxidized to form SnO, NCs in a pure oxygen flow. As-produced SnO,
NCs were suspended in gas phase and some were electrically charged
by the arc plasma or through thermionic emission.

SnO, NCs with surface charges were then deposited onto CuO
NWs using an electro-static-force-directed assembly (ESFDA)
technique reported before.>"** Briefly, in the ESFDA process, aerosol
SnO, NCs were carried by room-temperature gases into a gap formed
between a grounded tubing for the NC delivery and an electrically
biased (—1.5 kV) substrate (e.g, the interdigitated electrode or a TEM
grid) containing NWs. The electric field near the NW was significantly
enhanced due to its high aspect ratio (i.e., very thin and long) and the
charged SnO, NCs were attracted to the surface of oppositely charged
NWs via electrostatic force. The number density of SnO, NCs on
CuO NWs could be controlled by the deposition time. The ESFDA
process is material independent because of the inherent nature of
electrostatics force.

Sensing characterization. A sensor made of bare CuO NWs or
SnO, NC functionalized CuO NWs was placed into an airtight
chamber with electrical and gas feedthroughs for sensing character-
ization. In a sensing test, the sensor was periodically exposed to
different gases while its resistance was monitored using a Keithley
2602 source meter. The sensor was operated at room temperature and
periodically exposed to: clean, dry air flow (2 lpm) to record a base
value of the sensor conductance for 2 or 4 min; 1% NHj diluted in air
(2 1pm) to register a sensing signal for 2 or 3 min; and clean air flow (2
lpm) again to recover the device for 2 or 4 min. Multiple cycles (each
of 6 or 11 min long) were performed to determine the repeatability of
the fabricated sensors.

SEM and TEM characterizations. Morphologies of bare CuO
NWs, SnO, NC-CuO NW structures, and fabricated sensing devices
were characterized using a field-emission scanning electron microscope
(SEM) (Hitachi S 4800), which has a resolution of 1.4 nm at 1 kV
acceleration voltage. Morphology and crystalline structure character-
izations of bare and SnO, NC-coated CuO NWs were carried out
using a Hitachi H 9000 NAR transmission electron microscope
(TEM) with a point resolution of 0.18 nm at 300 kV in the phase-
contrast high-resolution TEM (HRTEM) imaging mode. TEM
samples were prepared by adding CuO NWs onto bare Ni TEM
grids (400 Mesh). To assemble SnO, NCs onto CuO NWs on a TEM
grid, the ESFDA process was used. Specifically, a dc voltage of —1.5 kV
was applied to the grid so that oppositely charged SnO, NCs could be
attracted toward the grid and coated onto CuO NWs on the TEM
grid.

Bl RESULTS AND DISCUSSION

Surface Functionalization of CuO NWs with SnO, NCs.
The oxidation of copper at 450 °C resulted in a top layer of
high-density crystalline CuO NWs on the Cu foil, which is
consistent with our prior results.”>*”*° Some as-grown NWs
were transferred onto a nickel grid for SEM and TEM
characterizations. Figure la is a representative SEM image of
synthesized CuO NWs, whose diameters range from tens of nm
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to a few hundred nm and lengths are over several ym. All the
NWs showed clean and smooth surfaces. In our previous work,
we confirmed the crystallinity of as-grown CuO NWs using X-
ray diffraction (XRD) and HRTEM.***73°

Aerosol SnO, NCs were synthesized using an arc plasma
source.”®” Our detailed characterizations of thus-produced
SnO, NCs have revealed their rutile crystalline structure. We
used the ESFDA process”"** to deposit SnO, NCs onto CuO
NWs. Figure 1b shows some CuO NWs after 3-min deposition
of SnO, NCs. Unlike the bare CuO NWs (Figure la),
particlelike entities are clearly seen on CuO NWs in Figure 1b,
indicating the successful assembly of SnO, NCs onto CuO
NWs. The NCs distributed on NWs quite uniformly without
agglomeration, which is consistent with our previous results
obtained using the ESFDA process.”*” For 3 min NC
deposition, the NWs were not entirely covered with NCs and
they still had plenty of open surface area to interact with gas
molecules.

We obtained more convincing evidence for depositing SnO,
NCs onto CuO NWs by TEM observation of the same CuO
NWs before and after the NC assembly. More details about this
location-tracking procedure coupled with TEM and HRTEM
imaging of nanomaterials can be found in our previous
studies.®' 33 Figure 1c is a TEM image of a single CuO NW,
which has a diameter of ~60 nm and smooth surface, consistent
with the SEM observation (Figure 1a). Figure le is an HRTEM
image of the same NW shown in Figure 1lc. The fringes in the
HRTEM image (Figure le) evidently confirm the crystalline
nature of the CuO NW, agreeing with our previous
results’>*”*° and those from other groups.*® Lattice spacing
analysis by numerical diffractograms reveals a value of 0.274
nm, corresponding with the (110) plane of CuO.

This same CuO NW was imaged again in TEM after
depositing SnO, NCs for 3 min. As shown in Figure 1d, many
NCs with sizes mostly less than 10 nm are clearly seen on the
NW surface. The NCs distributed on the NW surface quite
uniformly and no agglomerated NCs were seen on the NW,
which agrees with the SEM observation. In the HRTEM image
of Figure 1f, we see fringes not only from the CuO NW (0.274
nm) but also from the SnO, NC (0.336 nm). The lattice
spacing of 0.336 from the NC corresponds with the (110)
plane of rutile SnO,, which agrees with our previous results.”**’
A sample after 10 min of ESFDA process was found to have a
nearly continuous layer of SnO, NCs on CuO NWs (see Figure
S1 in the Supporting Information).

In Figure 1f, a thin layer of amorphous carbon is seen
between the CuO NW and the SnO, NC. This layer could be
formed during TEM characterization of the bare CuO NWs
when Figure 1c and le were obtained. It has been commonly
observed that amorphous carbon can be deposited onto a
sample when electron beam interacts with residue hydro-
carbons inside a TEM.>* We prepared a fresh sample of CuO
NWs coated with SnO, NCs (i.e., the bare NWs were not
imaged using TEM before SnO, NC deposition) and found
that the interface between the NWs and NCs was clean (i.e.,
the NWs and NCs were in good contact). A representative
HRTEM image of this sample is shown in Figure S2 in the
Supporting Information.

We previously investigated the binding mechanism for the
structure of CNTs coated with NCs.* The NC—CNT
structure was produced by the same processes used in this
study (ie, NCs from the arc plasma reactor; NCs assembly
using the ESFDA process). Our experimental and theoretical
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(a)

Figure 2. (a) Photo of an Si chip (~4 X 5 mm”) with Au interdigitated electrodes (boxed areas). (b) SEM image of an SnO, NC-functionalized
CuO NW bridging a pair of Au fingers.
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Figure 3. Dynamic responses of Devices (a) 1 (D#1) and (b) 2 (D#2) to 1% NH, at room temperature. Both devices showed improved sensitivity
after surface functionalization with SnO, NCs (3 min for D#1 and 6 min for D#2), clearly indicated by the sharp contrast between the dashed curve
(CuO NWs coated with SnO, NCs) and the solid curve (bare CuO NWs) of the same color. (c) Eighteen cycles of 1% NH; detection using D#1-
NCs@NWs. Each cycle consists of, sequentially, 2 min of clean air flow, 2 min of 1% NH, flow (diluted in air), and 2 min of clean air for sensor
recovery. D#1-NCs@NWs displaced mostly repeatable sensing signal and excellent dynamic properties (ie., instantaneous response upon NH,
exposure and rapid recovery in air). (Note that NCs@NWs stands for NWs coated with NCs.).

data suggested that NCs are attached to CNTs through van der
Waals force and the binding is strong enough to hold NCs on
CNTs. Considering that the same methods were used for NCs
synthesis and assembly, NCs could be bound to CuO NWs
through van der Waals force and remain on NWs quite stably.

Sensing Devices Fabricated. Figure 2a shows an Si chip
(~ 4 X S mm®) with Au interdigitated electrodes being
highlighted in the two black boxes. The two large Au contact
pads and associated thick Au wires on the chip were fabricated
using photolithography, whereas interdigitated electrodes (or
fingers) with both width and interspacing of ~1 pm were
fabricated by e-beam lithography. Prefabrication of electrodes
in the absence of NWs prevents NWs from contamination by
photoresists used in photolithography and e-beam lithography.

CuO NW sensors were made by drop-casting NWs
suspension (methanol as solvent) onto an Si chip with Au
interdigitated electrodes. After the methanol evaporation, a
sparse network of CuO NWs was left on the electrode,
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spanning across neighboring fingers and thereby closing the
sensor circuit. The number density of NWs on the electrode
was about 0.1 NW/um?® (see Figure S3 in the Supporting
Information), resulting in approximately 10,000 NW/device.
Methanol was chosen to disperse CuO NWs, because it easily
evaporates and requires no additional surfactant that could
potentially modify NW surfaces. The coverage density of NWs
on the interdigitated electrode could be varied by simply
adjusting the concentration of the CuO NW-methanol
suspension. As-fabricated CuO NW devices were further
annealed in an Ar flow at 200 °C for one hour to remove
remnant methanol on NWs and on chips. This annealing step
also improved the NW-Au contact. Our previous work
suggested that the contact between CuO NWs and metal
electrode is Ohmic, since symmetric and linear drain-source
I4—Vy curves were observed.’® Additionally, Liao et al.
reported that Ohmic contact can be formed between CuO
NWs and Au electrodes.’® The role of the NW-electrode
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contact during gas detection is still open for debate and further
efforts are needed to investigate the influence of the contact on
the sensing performance of NW sensors.

Although we were not able to make single NW-based devices
as before,”® our current procedure has the advantage of keeping
the NW “clean” during the course of the device fabrication.
Indeed, compared with single NW devices (which could be
contaminated by photo resist), the networks of CuO NWs with
clean surfaces showed much improved sensing response (to be
discussed). Devices with SnO, NC-functionalized CuO NWs
were obtained by assembling SnO, NCs onto CuO NWs using
the ESFDA process. Figure 2b is a representative SEM image
from a CuO NW device with 3-min SnO, NC deposition. One
can clearly see SnO, NCs decorating on the surface of a CuO
NW that bridges a pair of neighboring Au fingers. It seems
unlikely that the nature of the contact between CuO NWs and
Au electrodes could be affected by the deposition of SnO, NCs,
because the NW-electrode contact was formed before the
ESFDA process. However, further study is required if one
wants to rule out the possible influence of NCs on the NW-
electrode contact.

Sensing with CuO NWs and SnO, NC-Functionalized
CuO NWs. The dynamic responses (sensitivity vs time) of two
sensors, Device 1 (D#1) and Device 2 (D#2), for detecting 1%
NH; diluted in air are shown in Figure 3a and 3b, respectively.
The sensor sensitivity is evaluated as the ratio of (Rg —R,)/R,,
where R, is the sensor resistance in air and R, is the sensor
resistance in the challenging gas. For bare CuO NW devices,
three cycles were repeated for both devices (denoted as D#1-
NWs and D#2-NWs), as shown by the solid curves (black for
D#1-NWs and red for D#2-NWs) in panels a and b in Figure 3,
respectively; the sensing behavior appeared fairly reproducible.

Upon exposure to 1% NH; gas, D#1-NWs and D#2-NWs
both exhibited instantaneous responses as their resistances
increased rapidly, resulting in sensitivities greater than O.
Instead of a monotonic increase in sensitivity typically observed
during the NH; exposure, the sensitivity of D#1-NWs and
D#2-NWs first rapidly reached a maximum value and then
slowly decayed. Similar behavior has been reported in detecting
NH; using nanostructures, such as a nanojunction created
within a silver NW,*® tungsten oxide NW films,*” and vertically
aligned silicon NWs;>® however, the origin of this peculiarity in
NH,; sensing (i.e., sensitivity increases first and then decays) is
yet to be understood. The sensing signal quickly returned to
the baseline after NH; was turned off and clean dry air was
restored. With bare CuO NWs, D#1-NWs had a sensitivity of
~0.92 (solid black curve in Figure 3a), a response time of ~9 s,
and a recovery time of ~6 s; D#2-NWs had a sensitivity of ~1.5
(red solid curve in Figure 3a), a response time of ~4.5 s, and a
recovery time of ~6 s. (Note that the response time or recovery
time is defined as the time needed to reach 90% of change
between the initial and final equilibrium values.) The NH,
sensing performance of D#1-NWs and D#2-NWs noticeably
exceeded that of our single CuO NW-based sensors (with the
sensitivity of ~0.06; the response time and recovery time of
~40 s and ~8 min, respectively).”’ The improved room-
temperature sensing properties of D#1-NWs and D#2-NWs
could be mainly attributed to our efforts of keeping the surfaces
of CuO NWs from photoresist contamination during the device
fabrication. In addition, other factors, such as the good contact
between NWs and Au electrode (improved by annealing in Ar
at 200 °C) and the large surface area of the NWs, could have
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also helped enhance the sensing performance of our CuO NW
devices at room temperature.

The sensitivity of D#1-NWs and D#2-NWs for NHj is also
higher than CuO NW sensors reported in the literature. For
example, the sensors based on CuO NW arrays were found to
have a sensitivity of ~0.15, a response time of ~125 s, and a
recovery time of ~500 s for 0.5% NH; when operating at 160
°C;'® a projected sensitivity of these NW array sensors is ~0.3
for 1% NH;, if a linear relation is assumed between the
sensitivity and the NH; concentration. D#1-NWs and D#2-
NWs exhibited not only higher NHj; sensitivity (~ 0.9 and 1.5,
respectively), but also attractive dynamic properties even
running at room temperature. This room-temperature oper-
ation can simplify sensor design and save energy as heating
elements can be eliminated.

It is generally accepted that surface defects of metal oxides
act as O, adsorption sites.”” Considerable oxygen adsorption
occurs on CuO surface at temperatures as low as 10 °C.*’ The
O, molecules adsorbed at surface defect sites serve as electron
acceptors in the chemisorption process, leading to negatively
charged oxygen adsorbates (e.g, O”or O3) at the metal oxide
surface via reactions such as: O, + 2e” = 20" and O, + ™ —
O;. The presence of these oxygen adsorbates results in a local
accumulation of holes near the surface of the p-type CuO NW,
thereby increasing the NW conductivity. In the presence of
NH; (a reducing gas, ie., an electron donor), the oxygen
adsorbates (e.g., O”) have been previously found to react with
NH; in accordance with the following reaction: 2NH; + 30~
— 3H,0 + N, + 3e”.*" Therefore, the electron transfer from
NHj; to the CuO NW decreases the hole concentration in the
NW, thereby increasing its resistance.”'**

SnO, NCs were assembled onto CuO NWs in both D#1-
NWs and D#2-NWs with NC deposition times of 3 and 6 min,
respectively. (Note that NCs should not fully cover a NW as
the deposition time is less than 10 min) After surface
functionalization with SnO, NCs, both sensors (denoted as
D#1-NCs@NWs and D#2-NCs@NWs) displayed strikingly
improved responses to 1% NH,, as clearly indicated by the two
dashed curves (black for D#1-NCs@NWs and red for D#2-
NCs@NWs) in panels a and b in Figure 3. With SnO,
modification, D#1-NCs@NWs and D#2-NCs@NWs had
average sensitivities of ~4 and ~1.8, respectively, response
times of ~9 and ~10 s, respectively, and recovery times of both
~6 s. Specifically, D#1 improved its NH; sensitivity by ~300%
and D #2 enhanced its sensitivity by ~20%. In addition, the
sensing signals of these SnO, NC-functionalized CuO sensors
were quite repeatable, as shown in Figure 3¢, where 18 cycles
were plotted for 1% NH; detection using D#1-NCs@NWs.
Except for the first few cycles, the sensitivity was fairly
reproducible without drifting. Clearly, functionalization of CuO
NWs with SnO, NCs leads to pronounced increment in NH;
sensitivity while imposing no detrimental effects on the
dynamic properties of the sensors.

Interestingly, before SnO, NC functionalization, D#2-NWs
had higher sensitivity than D#1-NWs (1.5 vs 0.9); however,
D#2 with 6-min SnO, NC deposition only had a relatively
modest improvement in sensitivity (~ 20%), while D#1 with 3-
min SnO, NC coating achieved an ~300% increase in
sensitivity. Our speculation is that higher coverage of SnO,
NCs on CuO NWs may not further improve sensing
performance; instead, there could be a critical NC number
density for optimum modification of CuO NWs. Further study
is needed to investigate the detailed relation between the NC
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Figure 4. Schematics and band diagrams of the SnO, NC-CuO NW structure (a) before and (b) after it is exposed to NH; gas. (@, electron; O,
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Figure S. (a) Resistances of D #1 and D #2 both increased after SnO, NC deposition, implying the formation of p—n junctions between SnO, NCs
and CuO NWs. (b) Schematics showing the influence of NC number density on the resistance of the SnO, NC-CuO NW structure. Coverage with
discrete NCs increases the NW resistance from Ryyy to Ry’ due to p—n junctions; higher NC coverage leads to percolation between adjacent NCs,

and percolated NCs causes a resistance Ryc in parallel with Ry’

number density and the sensing improvement of the NC-NW
structure.

Proposed Sensing Mechanism for the NC-NW
Structure. The p—n junction formed between the p-type
CuO NW and the n-type SnO, NC can play a vital role in
modulating the sensing behavior of the NC-NW devices (as
presented in Figure 3a). In Figure 4, we proposed a simplified
model to shed light on the sensing behavior of the NC-NW
structure. In air (Figure 4a), the CuO NW and SnO, NC are
both covered with negatively charged oxygen ions (O7)
because of the oxygen adsorption on the metal oxides. These
oxygen adsorbates draw electrons from the metal oxides,
making p-type CuO more conductive (increased hole
concentration) and n-type SnO, more resistive (lowered
electron concentration). In addition, the formation of a p—n
junction between the CuO NW and the SnO, NC not only
locally lowers hole concentration in the NW but also creates a
barrier for holes to transport in the valence band of the CuO
NW, both locally lowering the conductance of the NW. Upon
exposure to NH; (electron donor), the density of oxygen
adsorbates on CuO and SnO, surfaces decreases along with
electrons transferring from NH; to the CuO NW and SnO, NC
(Figure 4b). Only one CuO NW was considered in our model,
while a network of NWs was actually present in a real device
that we fabricated. A more sophisticated model is thus needed
in the future to help understand the NC-NW system with
improved reliability. This new model should take into account
of more factors, such as the number density of NWs in a device,
and the NW-to-NW junctions in a network.

The surface area of a CuO NW coated with SnO, NCs is
indeed higher than that of the bare NW. This enhanced surface
area of the NC-NW structure leads to more adsorption sites for
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gaseous molecules, which could help improve the sensing
performance of the NC-NW structure. However, the CuO NW
is the signal transducing channel in the NC-NW system
(particularly for discrete NCs on NWs) and the NCs still have
to interact with the NW for the target gaseous molecules
adsorbed on NCs to be sensed. Additionally, D#2-NCs@NWs
had higher coverage of NCs (6 min NC deposition) than D#1-
NCs@NWs (3 min NC deposition); however, the NH,
sensitivity of D#2-NCs@NWs is lower than that of D#1-
NCs@NWs. We thus speculate that the p—n junction formed
between SnO, NCs and CuO NWs plays a more important role
than the surface area in the NC-NW sensing system. In fact,
other researchers**** have previously suggested the formation
of p—n junction between SnO, and CuO and used it as sensing
mechanism to explain the observed gas sensing behavior. It is
worth noting that our NC-NW structure (CuO NWs coated
with SnO, NCs) is different from those formerly reported
structures (SnO, NWs* or films™ coated with CuO NCs).
Moreover, our NC-NW sensors showed excellent room
temperature sensing performance, whereas previous studies™**
characterized their sensors only at elevated temperatures.

In contrast to bare CuO NWs, two factors should be
considered for the enhanced sensitivity of CuO NWs
functionalized with discrete SnO, NCs: (1) the hole
concentration in the CuO NW is lowered because of electron
transfer from NH; to the CuO NW, thereby increasing the NW
resistance; (2) higher electron concentration in the SnO, NC
because of lowered coverage of oxygen adsorbates could render
a stronger p—n junction, which could further block the local
hole transport around the junction region in the CuO NW and
increase the NW resistance.
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These two factors jointly influence the sensing process for
the SnO, NC-CuO NW system, and their combined effect
could depend on the NC coverage. For a CuO NW with
discrete SnO, coverage, both factors could be important for the
sensing. Increased NC coverage can complicate the NC-NW
system as conducting paths form among neighboring NCs. A
CuO NW will eventually lose direct interaction with NHj if a
continuous layer of SnO, NCs is deposited on it, leaving only
the second factor effective. Additional experimental and
theoretical studies are needed to fully understand the NC-
NW system and to identify the most dominant factor under
different gaseous environment and with varying NC coverage.

D#1 and D#2 showed increased resistances with deposition
of SnO, NCs (Figure Sa), implying the formation of p—n
junctions between NCs and NWs and thereby supporting the
model proposed in Figure 4. However, with 3-min NC
deposition, D#1 doubled its resistance (from 5.5 X 10° Q to
1.1 X 107 Q); but D#2 only increased its resistance by ~60%
(from 2.4 X 10" Q to 3.9 X 107 Q) even with longer-time NC
deposition (6 min). This suggests that the SnO, NC coverage
on the CuO NW also affects the overall resistance of the NC-
NW structure, in addition to the interaction between the NCs
and NW (ie., increase in resistance due to p—n junctions). As
shown in Figure Sb, discrete NCs on a NW by a short duration
of NC deposition increase the NW resistance from Ry to
Ryw' due to the p—n junction formation. On the other hand,
higher coverage of NCs will cause percolation of NCs, resulting
in conducting path(s) in NCs (the red arrowed curve in Figure
5b). Percolated NCs can act as a resistor (Ryc) in the NC-NW
system. Although Ryc could be much larger than Ry
(because of small sizes of NCs and the numerous grain
boundaries in an NC conducting path), Ryc could still
counteract the p—n junction induced resistance increase as it
is in parallel with Ryy'. In addition, for NH; sensing, Ryc
decreases as electrons transfer from NH; to SnO, NCs,
offsetting the sensing signal due to the increase in Ry’
Indeed, we observed that D #2 (with 6-min SnO, NC
deposition) only increased its NH; sensitivity by ~20% and
that D #1 (with 3 min SnO, NC coating) almost tripled its
sensitivity. Our experimental observations here suggest that the
NC coverage on the NW could be used to adjust the sensing
properties of the NC-NW structure. Further characterizations
(e.g., current (I4) versus gate voltage (V) tests) could provide
additional information to better understand properties of the
NC-NW system, which will be used in our future study.

B CONCLUSION

We have demonstrated that CuO NWs surface functionalized
with SnO, NCs can have better performance for room-
temperature gas sensing. The improved sensitivity could be
attributed to the creation of p—n junctions between the host p-
type CuO NW and deposited n-type SnO, NCs. The operating
temperature for the SnO, NC-CuO NW sensing system is as
low as room temperature, in contrast to the required high
temperature (typically above 200 °C) for SnO, NW-based
sensors. Moreover, the differential sensitivity between CuO
NWs and SnO, NCs, the coverage of SnO, NCs on CuO NWs
(or number density of NCs on NWs), and doping of SnO, NCs
offer tremendous flexibility in modulating the sensing perform-
ance of CuO NW sensors, which holds promise for engineering
the selectivity of gas sensors.
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