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ABSTRACT: A novel approach to improving the reducing gas-sensing properties of n-
type nanowires (NWs), by locally creating p—n heterojunctions with p-type
nanoparticles (NPs), is proposed. As a model system, this work investigates the sensing
behaviors of n-SnO, NWs functionalized with p-Cr,0; NPs. Herein, n-SnO, NWs
demonstrate greatly improved reducing gas-sensing performance when functionalized
with p-Cr,O; NPs. Conversely, such functionalization deteriorates the oxidizing gas-
sensing properties of n-SnO, NWs. These phenomena are closely related to the local
suppression of the conduction channel of n-type NWs, in the radial direction, beneath
the p—n heterojunction by the flow of charge carriers. The approach used in this work
can be used to fabricate sensitive reducing-gas sensors based on n-type NWs.
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1. INTRODUCTION

Thanks to their high sensor responses, reliabilities, and
reproducibilities, high quality metal oxide semiconductor
(MOS) nanowires (NWs) with large surface-to-volume ratios
have recently received a lot of attention for use as chemical gas
sensors.' > Despite the promising potential of MOS NWs for
gas sensor applications, some aspects such as improvement of
gas responses, low selectivities, and high working temperatures
are persistent challenges to their actual implementation.®
Accordingly, various strategies have been suggested for the
enhancement of their gas-sensing abilities and lowering the
power consumption of NWs sensors.” > These strategies
include, for instance, doping with noble metals,”® surface
functionalization,” '' core—shell structures,'>™'° and the use of
specially designed nanostructured materials."*”>> In addition,
formation of oxide nanoparticle (NP)—NW heterojunctions
was used to improve NWs' sensing performances.”*”>°
Molecule-based chemical vapor growth of aligned oxide NWs
was also used as a sensor platform.”® Despite considerable
progress in improving gas-sensing capabilities of NWs,
modification of NW conduction channels has rarely been
attempted.

Recently, we reported the preparation of metallic-Ag/p-Ag,0
NP-functionalized SnO, microrods.”” The microrods exhibited
significantly improved sensing for oxidizing gases, including
NO,, because their conduction channels were greatly expanded
by the electron transfer from the NPs to the microrods. In
another report,28 semiconductor NWs modified with organic
self-assembled monolayers were proposed for the selective
detection of a single gas species. More recently, we synthesized
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CuO—ZnO core—shell nanofibers™ that showed sensitive and
selective detection of reducing gases. Radial modulation of the
conduction channel, caused by electron transfer from the ZnO
shell layer to the CuO core fiber, was found to be critical to gas-
sensing performance. All these results clearly suggest that
suppression/expansion of NW conduction channels by charge
carrier flow between locally surface-attached materials and NWs
can effectively achieve enhanced detection of oxidizing or
reducing gases.

As an extension of the above-mentioned results””*” we
report, for the first time, n-SnO, NWs that demonstrate the
prominent improvement of detection capability for reducing
gases by attachment of p-Cr,O; NPs. Electron transfer from n-
SnO, NWs to p-Cr,0; NPs at the p—n interfaces results in local
suppression of the conduction channels of the #-SnO, NWs. In
this case, exposure to reducing gases increases conduction
channel modulation along NW radial direction more than
exposure to oxidizing gases. The local creation of p—n
heterojunctions can be a novel approach to improving sensing
performances of n-type NWs for reducing gases.

2. EXPERIMENTAL SECTION

Growth of n-SnO, NWs. SnO, NWs were grown by the well-
known vapor—liquid—solid (VLS) method. Patterned-interdigital
electrodes (PIEs) were made on SiO,-grown Si (100) substrates by
conventional photolithography. The details of the fabricated PIEs are
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as follows: The total number of electrode pads was 20; each electrode
pad was 1.05 mm long and 20 um wide; the gap between the
neighboring electrode pads was 10 ym. A trilayer Au (3 nm)/Pt (200
nm)/Ti (50 nm) electrode, produced by the sequential sputtering
method, was used. The Au top layer acted as a catalyst layer for the
VLS growth of SnO, NWs, which facilitated the formation of a SnO,
NW network between neighboring catalytic-layer pads. We have
described the experimental conditions used to synthesize such SnO,
NW networks in detail in a previous report.*

Functionalization of p-Cr,0; NPs. To functionalize p-Cr,0;
NPs on SnO, NWs, A Cr film of thickness ~20 nm was first deposited
on the SnO, NWs by sputtering a Cr target. The sputtering conditions
were as follows: 2 in. diameter, 0.25 in. thick pure Cr target; target-to-
substrate distance of 10 cm; input power of 100 W; chamber
atmosphere of 10 mTorr Ar; deposition carried out for 30 s. The Cr-
deposited SnO, NWs were subsequently annealed at 700 °C for 2 h in
air, creating discontinuous p-Cr,O; NPs on the n-SnO, NWs.

Microstructure Observation. X-ray diffraction (XRD, Philips
X’pert MRD diffractometer) with a Cu Ka (1 = 1.54 A) radiation
source was used to investigate the phases and crystalline structures of
samples. Field-emission scanning electron microscopy (FE-SEM,
Hitachi S-4200) and transmission electron microscopy (TEM, Philips
CM-200) were employed to examine microstructures. The TEM
instrument was equipped with an energy-dispersive spectroscopy
(EDS) analyzer, which was used to obtain compositional information.

Sensing Measurement. The sensing performances of the p-Cr,0;
NPs-functionalized 7n-SnO, NWs were investigated not only for
various oxidizing gases, such as NO,, O,, and SO, but also for various
reducing gases, such as H,, CO, C¢Hy, and C,Hg, using a gas sensing
system. The sensors were placed in a horizontal-type tube furnace and
the measuring temperature was varied between 200 and 400 °C. Gas
concentrations were controlled by changing the mixing ratios of dry
air-balanced target gases to dry air using accurate mass flow
controllers. According to the specifications provided by the gas
manufacturer, the content of water vapor in the dry air was less than 3
ppm, indicating that the humidity effect can be negligible. Gas
response (R) was evaluated as the ratio of Ry/R, (or Ra/Rg), where R,
is the resistance in the absence of a target gas and R, is the resistance
measured in the presence of a target gas for oxidizing gases (or for
reducing gases).

3. RESULTS AND DISCUSSION

The microstructures of single crystalline #-SnO, NWs grown
on the PIEs-patterned SiO,/Si substrates by VLS are shown in
Figure 1. A schematic representing a feature of the networked
n-SnO, NWs is shown in Figure la. A plane-view FE-SEM
image taken of part of a SnO, NW on a PIE network is shown
in Figure 1b. It is clear that SnO, NWs were selectively grown
on the PIE catalytic pads (pad width and gap were 20 and 10
um, respectively) and that a network of SnO, NWs between
adjacent pads developed. A cross sectional FE-SEM image,
shown in Figure lc, more clearly demonstrates the nature of
the network. Figure 1d shows a region of the #-SnO, NW
network. Diameters of the SnO, NWs ranged from 50 to 80
nm, and their lengths were several tens of micrometers. Further
microstructural analysis was done by TEM. Figure le shows a
low-magnification TEM image of an individual SnO, NW,
revealing its high crystalline quality and no evidence of
significant structural defects, such as dislocations or stacking
faults. The selected area electron diffraction pattern, shown in
the inset of Figure le, obtained from a region of the SnO, NW,
shows sharp diffraction spots, again confirming single
crystallinity. The high-resolution lattice image, shown in Figure
1f, reveals the (200) fringes with a distance 0.47 nm. The
growth direction of the NW is indicated as the arrow in the
figure.

(@)

fabrication of electrodes

growth of NWs

Figure 1. (a) Schematic showing the procedure used for the
fabrication of electrode layers and the growth of n-SnO, NW
networks by VLS. Microstructures of n-SnO, NW networks: (b)
plane-view image, (c) cross-section image, and (d) FE-SEM image of a
network region. (e) Low-magnification TEM image of an individual
SnO, nanowire. The inset presents a selected area electron diffraction
pattern. (f) High-resolution TEM image showing the lattice fringes.

p-Cr,0; NPs were functionalized on these n-SnO, NW
networks by the sputtering and subsequent heat treatment
method. An overall plane-view image of the microstructure of
p-Cr,0; NPs-functionalized n-SnO, NWs is shown in Figure
2a. Figure 2b,c shows low- and high-magnification FE-SEM
images, respectively, revealing that NPs were uniformly
attached to the surfaces of the nanowires. Elongated-shape
NPs on the surface of a SnO, nanowire, observed by TEM, are
shown in Figure 2d. These island-shape NPs are identified as
Cr,0; in the high-resolution TEM image shown in Figure 2e.
Lattice fringes, not only from the SnO, NW but also from the
Cr,0; NP, are clearly shown. The interplanar spacing, ~2.48 A
corresponds to the previously reported d,, spacing of Cr,0,.*!
It is of note that the interface between SnO, and Cr,O; appears
clearly, without considerable interdiffusion, which is suggestive
of an abrupt p-Cr,0;/n-SnO, p—n heterojunction interface. As
shown in Figure 2f, EDS elemental mapping profiles of Sn, Cr,
and O again confirm the composition of the NPs to be Cr,O;.
The profile for Cr is localized within the NP.

Cr,0;, with a corundum structure, and tetragonal, rutile
SnO, phases were found to coexist in p-Cr,O; NPs-function-
alized n-SnO, NWs, as shown in the typical XRD pattern
presented in Figure S1 of the Supporting Information. All
recognizable reflection peaks can be indexed to tetragonal,
rutile SnO, (JCPDS No. 88-0287) and corundum Cr,0; with
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Figure 2. FE-SEM images of networks of n-SnO, NWs functionalized
with p-Cr,O; NPs: (a) plane view, (b) low magnification, and (c) high
magnification. Typical TEM images: (d) low magnification, (e) high
magnification, and (f) EDS elemental mapping profiles of Cr, Sn, and
O in the region of a p-Cr,0; NP.

lattice parameters a = 4.9516 A and ¢ = 13.5987 A (JCPDS No.
84-1616). From the XRD results and the microstructure
observations, it is reasonable to conclude that p-Cr,0; NPs
were successfully grown and attached on the SnO, NWs.

To determine the optimal operating temperature of the
fabricated sensors, NO,-sensing performances of the p-Cr,0;
NPs-functionalized n-SnO, NWs were investigated at various
temperatures. Figure 3a shows the response and recovery
curves obtained for 20 ppm of NO, over a temperature range
200—400 °C. For comparison, the results obtained for pristine
SnO, NWs are also included in Figure 3b. The operating
temperature has a big influence on the sensor’s gas response.
The best gas response was obtained at a temperature 300 °C. It
should be mentioned here that the sensor in this study showed
the largest response at 300 °C for all tested gases including H,,
CO, CHg, and C4Hy. On the basis of these results, all the other
sensing measurements were performed at this temperature.

Sensing performances of the p-Cr,0O; NPs-functionalized n-
SnO, NWs, with respect to various reducing gases, such as
C¢Hg, C,Hg, CO, and H,, were investigated. The results of
these experiments are summarized in Figure 4. Resistance
values decreased immediately when the reducing gases were
present and recovered their initial values completely when the
reducing gases were removed and dry air was supplied. This
dynamic resistance can be understood in terms of n-type
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Figure 3. (a) Response curves and (b) gas responses of p-Cr,O; NPs-
functionalized n-SnO, NWs, measured at various operating temper-
atures 200—400 °C in the presence of 20 ppm of NO,. For
comparison, gas responses of pristine 7-SnO, NWs are also included.

semiconducting metal oxide behavior. As shown in Figure 4a,
the initial resistance (R,) values of the p-Cr,O; NPs-
functionalized n-SnO, NWs sensor were S to 10 times larger
than those of the pure SnO, NWs sensor. This indicates that
the electron-depletion layer of the n-SnO, NWs is further
expanded by the creation of Cr,0;—SnO, p—n heterojunctions.
It is of note that the resistance modulation was more
pronounced in the p-Cr,O; NPs-functionalized n-SnO, NWs
than in the pristine n-SnO, NWs. For comparison, Figure 4b
summarizes the gas responses to 10 ppm of each reducing gas
as bar graphs. It is clear that the attachment of p-Cr,O; NPs
greatly improves the reducing gas-sensing capabilities of n-SnO,
NWs.

In addition, their sensing performances, with respect to
various oxidizing gases, such as NO,, O,, and SO,, were also
investigated, and the results are shown in Figure 5. Resistances
increased upon exposure to the oxidizing gases, which is typical
behavior for n-type semiconductors. In sharp contrast to the
case of reducing gases, resistance modulation was significantly
reduced by the attachment of p-Cr,O; NPs in the case of
oxidizing gases. This is clearly shown in Figure Sb.

These phenomena are associated with the local suppression,
in the radial direction, of the conduction channel of n-type
NWs by functionalization with p-type NPs. This is shown
schematically in Figure 6. For pristine SnO, NWs, as shown in
Figure 6a, the conduction channel is established due to the
adsorption of oxygen species in air, creating the electron-
depletion layer near the NW surface. The width of the electron-
depletion layer, which is equivalent to the Debye length of

dx.doi.org/10.1021/am504164j | ACS Appl. Mater. Interfaces 2014, 6, 17723—17729



ACS Applied Materials & Interfaces

Research Article

O pristine n-Sn0O; NWs
(a) O p-Cr;0; NPs-functionalized n-SnO;NWs

|1 ppm 2 ppm 5 ppm 10 ppm
104 . £ ‘ ‘ f
- %Lé%r :
10°] e
L air N \k CH.
SR RS SUS Y G o
; 1074 M,——b———
8 C.H,
©
W 10 ;
QO 5 o . ° °
oY 1074

10°;

\f H.
0 500 1000 1500 2000 2500 3000

(b) Time (sec)

H,- 10 ppm

O 10 20 30 40 50 60
Gas response (Ra/Rg)

Figure 4. (a) Resistance curves obtained when p-Cr,0; NPs-
functionalized n-SnO, NWs were exposed to various reducing gases,
such as H,, CO, C;Hg, and C¢Hg at 300 °C. (b) Summary of gas
responses to 10 ppm of each gas.

pristine Sn02 NWs, Aj caused by oxygen adsorption, and is
defined as®

1/2
2eSn0,¢
j’d =|—F

qusno2 €))
where ¢ is the height of the potential barrier established by the
oxygen adsorption,* £5n0, is the permittivity of SnO,, N, is
the electron concentration in SnO,, and q is the charge of an
electron (=1.6 X 107" C). With the values Nsno, ~ 3.6 X 10'®
cm™ at room temperature, £,0, ~ 1.61 X 107 F-m™, and ¢

~0.58 eV, the calculated width is approximately 18 nm. In this
state, when an oxidizing gas is supplied, the electron-depletion
layer expands further because oxidizing gas molecules extract
conduction-band electrons. This results in the suppression of

O pristine n-SnO, NWs
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Figure 5. (a) Resistance curves obtained when p-Cr,O; NPs-
functionalized #n-SnO, NWs were exposed to various oxidizing gases,
such as SO,, O,, and NO, at 300 °C. (b) Summary of gas responses to
10 ppm of each gas.

the electrical transport channel and eventually leads to the
increased resistance. On the other hand, when a reducing gas is
supplied, the adsorbed oxygen species evaporates from the NW
surface because the reducing gas molecules interact with them
to form volatile molecules. This process causes captured
electrons to return to the conduction band, resulting in
shrinkage of the electron-depletion layer. This results in the
decreased resistance when a reducing gas is supplied.

In contrast to the simple radial modulation of the electron-
depletion layer operating in the pristine n-SnO, NWs, biased
radial modulation occurs in p-Cr,0; NPs-functionalized n-
SnO, NWs as a result of carrier transfer between n-SnO, NWs
and p-Cr,O; NPs. As shown in Figure 6b, owing to the creation
of p—n heterojunctions, electrons flow from #-SnO, NWs to p-
Cr,05 NPs and holes flow from p-Cr,O; NPs to #n-SnO, NWs
until the build-up potential prevents such flow. This charge
carrier transference makes electron—hole compensation
possible in the vicinity of the p—n heterojunctions by reducing
the hole concentration in the p-Cr,0O; NPs and electron
concentration in the n-SnO, NWs. The corresponding band
structure is also included in Figure 6b. To establish the band
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Figure 6. Schematics showing changes in the conduction channel of
(a) pristine SnO, NWs, (b) the additional suppression of the
conduction channel by electron transference and the related band
structure at the n—p heterojunctions, and (c) p-Cr,0; NPs-
functionalized n-SnO, NWs upon exposure to reducing or oxidizing
gases.

structure, the electron affinities (y), band gaps (Eg), and work
functions (¢) of SnO, and Cr,O; were required. Egsno, and
E, cr,0, values of 3.7 and 3.5 eV, and ¢g,0, and ¢c,,0, values of
4.9 and 5.3 eV were used, respectively, according to the
previous findings.>* >’ The electron-depletion layer of n-SnO,

NWs are further suppressed, in the radial direction, under p-
Cr,0; NPs, which significantly narrows their electrical

transport channel. The width of the space charge layers
(Wgo, and We, o) induced by the p—n heterojunctions

created between #-SnO, and p-Cr,O; can be calculated using
eqs 2 and 3 respectively,®®

1/2
Wo o = 2€510,% % Neyo,
$no, =
e q Ng,0, X (Ngpo, + Neio)
2
1/2
W = 2€¢,,0,% Nsyo,
Cro, =
o q N0, X (Ngyo, + Neo,)
3)

where &g,0, and e¢, o, are 1.61 X 107%and 1.17 x 107 F-m™,
respectively,®”** V; (=0.4 V) is the contact potential difference
between Cr,O; and SnO,, and N, o, and Nj,q, are the hole

and electron concentrations, respectively (N¢, o, = 2.8 X 10'®
and N0, = 3.6 X 10" cm™).*"** The calculated Wy, and
We,,0, were ~9.8 nm and ~10.2 nm, respectively. As shown in

Figure 6b, the widths of the space charge layers are
superimposed onto the electron-depletion layer of the pristine
SnO, NWs, resulting in additional suppression of the
conduction channel as much as W, . This explains why the

attachment of p-Cr,0; NPs significantly increases the resistance
of n-SnO, NWs.

In the state of the additionally suppressed conduction
channel, when reducing gases, such as CO, C¢Hy, C,Hg, and H,
are supplied, they induce the release of captured electrons and
the shrinkage of the electron-depletion layer, which can become
as thin as that of pristine n-SnO, NWs. This further modulates
the resistivity of n-SnO, NWs, and is responsible for the
improved sensing of reducing gases that is associated with the
p-Cr,05 NPs (see Figure 6¢). It is interesting to note that the
SnO, NWs showed a small variation in response for reducing
gases, whereas p-Cr,O; NPs-functionalized networked n-SnO,
NWs showed the largest response to H,. Ideally, the sensor
should show a similar increase of response to all reducing gases.
However, the large variation in response clearly indicates that
the catalytic effect of p-Cr,O; NPs greatly influences the
chemisorption of reducing gas molecules. Particularly, Cr,O;
nanoparticles on SnO, nanowires catalytically facilitate both
chemisorption and diffusion of hydrogen molecules while
interacting with preadsorbed oxygen species and lattice O*~
ions at the Cr,O, surface.” * This chemical sensitization
effect may additionally enhance the resistance modulation in
the Cr,O;-functionalized SnO, nanowires for H, in comparison
to other reducing gases. In contrast, when an oxidizing gas is
supplied, the electron-depletion layer expands radially.
However, different from the expansion behavior observed in
pristine n-SnO, NWs, this expansion is marginal because the
electron-depletion layer has already been expanded due to the
p—n heterojunction. This implies that the resistance modu-
lation by oxidizing gases should be smaller than that of pristine
n-SnO, NWs. The response and recovery times of the sensor in
this work was 3—6 s toward all tested gases, which is shorter in
comparison to the sensors ]i)repared with Cr,O; and other
oxide materials reported.**™>' However, the recovery time of
the sensor in this work varies from 30 to 120 s. The long
recovery time is quite common in chemoresistor-type semi-
conductor sensors due to slow desorption kinetic of gas
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molecules. It is of note that the thickness of the Cr layer surely
affects the final sensing properties because a thin layer produces
a less populated or smaller-sized Cr,O5 NPs and a thick layer is
likely to result in densely populated or bigger-sized Cr,O; ones.
The effect of amount of catalytic nanoparticles on sensing
performance has been widely reported. According to the
literature survey,”>~>* the volcano shape in the plot of
concentration of catalytic particles versus sensor response is
common. This indicates that an optimum amount of function-
alized nanoparticles are essential to achieve the best sensing
performances. The optimization of Cr,O; NPs in terms of
amount and size needs to be investigated in the future.

4. CONCLUSIONS

p-Cr,0; NPs-functionalized networked n-SnO, NWs were
investigated for their ability to sense various reducing and
oxidizing gases. Networks of n-SnO, NWs were grown on
SiO,/Si substrates with patterned interdigital electrodes by the
VLS method. Elongated p-Cr,O; NPs functionalized the
surface of the n-SnO, NWs. Functionalization with p-Cr,O;
NPs greatly improved the reducing gas-sensing properties of n-
SnO, NWs but deteriorated their oxidizing-gas responses.
These results are attributed to the electronic sensitization that
occurred as a result of the local formation of p—n
heterojunctions, which leads to the additional expansion of
the electron-depletion layer of #n-SnO, NWs, being the source
of the more pronounced resistance modulation of NWs. The
results obtained from this study can be used as a primary design
rule for obtaining n-type NWs that are sensitive to reducing
gases.
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Additional information about the X-ray diffraction pattern of p-
Cr,0; NPs-functionalized networked #n-SnO, NWs. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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