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ABSTRACT: In situ fabrication of well-deﬁned bridging nanostructures is an
interesting and unique approach to three-dimensionally design nanosensor
structures, which are hardly attainable by other methods. Here, we
demonstrate the signiﬁcant eﬀect of edge-topological regulation on in situ
fabrication of ZnO bridging nanosensors. When employing seed layers with a
sharp edge, which is a well-deﬁned structure in conventional lithography, the
bridging angles and electrical resistances between two opposing electrodes
were randomly distributed. The stochastic nature of bridging growth
direction at the sharp edges inherently causes such unintentional variation
of structural and electrical properties. We propose an edgeless seed layer
structure using a two-layers resist method to solve the above uncontrollability
of bridging nanosensors. Such bridging nanosensors not only substantially
improved the uniformity of structural and electrical properties between two
opposing electrodes but also signiﬁcantly enhanced the sensing responses for NO2 with the smaller variance and the lower limit of
detection via in situ controlled electrical contacts.
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CuO nanowire bridging nanosensors of for CO,26 and
compound semiconductors GaN 27 or InAs 28 nanowire
bridging nanosensors for NO2 sensing. Although these studies
consistently revealed that in situ fabrication of bridging
nanosensors is a powerful approach to design three-dimensionally bridging nanosensors for various sensing materials,
controlling precisely the structural and electrical properties of
bridging nanostructures during in situ fabrication is still a
challenging issue. Such uncontrollability will cause severe
problems when constructing highly integrated nanosensors
with high reliability, spatial uniformity, and reproducibility
required for nanoelectronics.
This study reports the impact of edge-topological regulation
on in situ fabrication of ZnO bridging nanostructures. The
edge-geometry of seed structures for in situ fabrication critically
determines the variability of the structural and electrical
properties between two opposing electrodes via the stochastic
nature of bridging growth direction at the sharp edges. Newly
fabricated bridging nanosensors with edge-topological regu-

INTRODUCTION
Manipulating and tailoring three-dimensional (3D) nanostructures using in situ fabrication of bottom−up methods is one of
major goals in nanotechnology.1−5 Such well-deﬁned 3D
nanostructures are promising candidates as novel sensor
structures, which had not been fabricable by conventional
methodologies.6−10 The in situ fabrication technique is
particularly interesting to deﬁne the spatial location of
nanosensors on a patterned substrate with the resolution of
current lithographic technology.11−13 This fruitful combination
of top−down lithographic technology and bottom−up crystal
growth technology in in situ fabrication of nanosensors oﬀers
an important foundation to construct highly integrated
nanosensors via advanced semiconductor technologies.14−16
Among various 3D nanosensors, a bridging nanostructure
between two opposing electrodes is a promising sensor
structure because a contact point between two nanostructures
plays an essential role in sensing characteristics of various
gases.17−20 To the best of our knowledge, such in situ
fabrication of bridging nanosensors was ﬁrst demonstrated by
Qi and Dai et al. using carbon nanotubes for NH3 and NO2
sensing.21 This in situ fabrication of bridging nanosensors has
been successfully applied to various sensor materials, e.g., Si
nanowire bridging nanosensors22 for HCl and NH3, ZnO
bridging nanosensors23,24 for NO2 23 or H2S,24 SnO2 nanowire
bridging nanosensors for liqueﬁed petroleum gas and NH3,25
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Figure 1. Bridging nanosensors fabricated from a sharp edge seed layer, and their structural and electrical properties: (a) schematic of experimental
procedure to fabricate bridging nanosensors using conventional lift-oﬀ process; (b) cross-sectional scanning electron microscopy (SEM) image of
fabricated seed layer with the well-deﬁned sharp edge; (c) cross-sectional and tilted top-view (45°) SEM images of fabricated bridging ZnO
nanowires at edge and ﬂat area of seed layer; (d) bridging angle distribution between two opposing seed layers (2 and 8 h nanowire growth); (e)
statistical variation of electrical resistances of fabricated nanosensors (2 and 8 h nanowire growth).

lations exhibited much superior well-controlled structural,
electrical, and gas sensing properties when compared with
those using conventional shape edge seed structures.

The angle distribution of ZnO nanowires between two
opposing seed layers was analyzed from the cross-sectional
SEM images, with the data shown in Figure 1d. The random
distribution of measured angle values can be seen. Data also
revealed that the inclined ZnO nanowires emerged even in the
early growth stage. This random angle distribution has been
consistently observed for all bridging nanosensors fabricated
from a sharp edge seed layer (Figure S1). This unintentional
structural variation resulted in the gigantic variation of
electrical resistances between two opposing electrodes, as
shown in Figure 1e. The electrical variability is in the range of
6 orders of magnitude for 12 bridging nanosensors fabricated
by the identical experimental procedures. Thus, these results
highlight that sharp edge structures of seed layers, which have
been regarded as well-deﬁned structures in conventional
lithography, are detrimental to deﬁning in situ fabrication of
bridging nanosensors and their structural and electrical
properties.
Next, we aim to control the above unintentional statistical
variability of structural and electrical properties in in situ
fabricated bridging nanosensors. On the basis of the
aforementioned edge-based mechanism for variability, we
propose an edgeless seed layer structure to deﬁne the growth
direction for in situ fabrication of bridging nanosensors. Figure
2a shows the experimental procedure using a two-layers resist
method to form an edgeless seed layer structure. The diﬀerent
side etching rate between the two laminated resists creates an
undercut structure on the substrate (Figure S2), which results
in an edgeless seed layer formation via a diﬀusion to the
shadow area during the ZnO sputtering process. In addition,

■

RESULTS AND DISCUSSION
Figure 1a shows the experimental procedure to fabricate
bridging nanosensors using lithographically deﬁned ZnO seed
layers on Pt electrodes. The conventional lithographic process
is employed to deﬁne the patterns of electrodes and seed
layers.29,30 Bridging ZnO nanosensors are then in situ formed
between two opposing seed layers on the substrate using
hydrothermal crystal growth.31−33 The length of ZnO
nanowires can be controlled as a function of the growth
time.34,35 Figure 1b shows the cross-sectional scanning electron
microscopy (SEM) image of a fabricated seed layer, showing
the sharp edge deﬁned by lithography. Figure 1c shows the
SEM images of bridging nanosensors fabricated. As clearly seen
in the SEM images, the fabricated ZnO nanowires were
signiﬁcantly inclined with respect to the vertical direction of
the substrate. Figure 1c also shows the comparison between
edges and ﬂat planes of ZnO seed layers on the cross-sectional
and tilted (45°) SEM images. Clearly, the inclined ZnO
nanowires were preferentially formed only at edges of seed
layers. Since it is well-known that the surface energies at edges
are in general higher than those at ﬂat planes due the increased
number of surface dangling bonds, a nucleation during ZnO
hydrothermal growths preferentially occurs at edges.36−38
More importantly, the growth direction of ZnO nanowires at
edges cannot be intentionally deﬁned and depends on the
stochastic event where a nucleation around edges occurs.39,40
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Figure 2. Bridging nanosensors fabricated from a newly proposed edgeless seed layer, and their structural and electrical properties: (a) schematic of
experimental procedure to fabricate bridging nanosensors using conventional lift-oﬀ process; (b) cross-sectional SEM images of fabricated edgeless
seed layer; (c) cross-sectional and tilted top-view (45°) SEM images of fabricated bridging ZnO nanowires at edge and ﬂat area of seed layer; (d)
angle distribution of ZnO nanowires between two opposing seed layers, where angles were calculated by inclined nanowire angle to vertical
direction (2 and 8 h nanowire growth); (e) statistics of electrical resistances of fabricated nanosensors (2 and 8 h nanowire growth).

Figure 2e. Thus, these results highlight that newly proposed
methodology using edgeless seed layers allows us to perform
well-deﬁned in situ fabrication of bridging nanosensors without
uncontrollable structural and electrical properties.
Figure 3 shows the eﬀect of edge-topological regulation on
NO2 sensing response values. In order to examine the spatial
uniformity of sensor characteristics, we systematically varied
the width of bridging nanosensors from 10 to 1000 μm, as
shown in the schematic and SEM images of Figure 3a. Figure
3b shows the eﬀect of edge-topological regulation on the NO2
sensing responses when varying the sensor channel width. The
device geometries with the gap width of 2 μm and the
nanowire length of ∼6 μm (8 h growth) were employed for
NO2 sensing performance at the operation temperature of 200
°C (Figures S8−S10). As clearly seen in the ﬁgures, the
statistical variation of sensor responses strongly depends on the
edge-topological regulation of bridging nanosensors. These
statistical variance values were shown in the inset ﬁgures of
Figure 3b. The statistical variance values of sensor responses
for bridging nanosensors fabricated from sharp edge seed
layers ranged from 2 to 6, much larger than those less than 1
for bridging nanosensors fabricated from edgeless seed layers.
The diﬀerence between the two bridging nanosensors on the
structural and electrical properties in Figure 1 and 2 well
corresponds to the observed trends on the sensor responses
and their statistical variations. In addition, for bridging
nanosensors fabricated from edgeless seed layers, the sensor
response value was almost constant when varying the width of
sensors in the range of 10−1000 μm. This width insensitivity
of sensor responses can be rigorously understood in terms of

the top-view patterns of seed layers were designed to be
rounded to avoid in-plane geometrical edges, since such inedge structure also causes structural uncontrollability; see
Figures S3−S6. The cross-sectional SEM image of fabricated
edgeless seed layers shown in SEM image in Figure 2b revealed
the absence of sharp edge structures in the seed layers. Figure
2c shows cross-sectional SEM images of fabricated bridging
ZnO nanosensors using the above edgeless seed layers.
Fabricated ZnO nanowires preferentially grow in the direction
perpendicular to the substrate. Cross-sectional and tilted topview (45°) SEM images for nanowires on edgeless ZnO seed
layers were shown in Figure 2c, revealing that the edgeless seed
layer enables deﬁning of the growth angle of hydrothermal
ZnO nanowires without unintentional inclined nanostructures.
The same trend was conﬁrmed for all bridging nanosensors
fabricated from edgeless seed layers (Figure S7). Figure 2d
shows the inclined angle distribution data, and Figure 2e shows
the statistical distribution of electrical properties between two
opposing electrodes for 12 bridging nanosensors. When
comparing with Figure 1d and Figure 1e, there is a signiﬁcant
eﬀect of edgeless seed layers on observed structural and
electrical properties of bridging ZnO nanosensors. First, when
compared with structures using sharp edge seed layers (Figure
1b), the ratio of inclined ZnO nanowires was substantially
suppressed by using edgeless seed layers. As designed, the
absence of edge structures in seed layers plays an essential role
in observed improvements of directional controllability for in
situ fabrication of bridging nanosensors. Second, such
structural improvement substantially suppresses the unintentional statistical variability of electrical properties shown in
2571
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Figure 3. Eﬀect of bridging structural diﬀerence on NO2 sensing data of bridging nanosensors with widths ranging from 10 to 1000 μm: (a)
schematic and SEM images of fabricated bridging nanosensors fabricated from the edgeless seed layer when varying the width from 10 to 1000 μm;
(b) comparison between two bridging nanosensors fabricated from the sharp edge seed layer or the edgeless seed layer on NO2 sensing response
data, varying the width from 10 to 1000 μm, where the inset ﬁgures show the deviation value (σ2) of bridging nanosensors.

the deﬁnition of sensor response Rg/Ra and their width, w,
dependence. If the resistance changes with respect to sensor
responses uniformly occur, both Rg and Ra are inversely
proportional to w, explaining the width insensitivity of sensor
responses as constant Rg/Ra. In addition to this width
independent property of responses, the constant value of
response regardless of sensor length L was also conﬁrmed
(Figure S11). These results highlight that the bridging
nanosensors fabricated from edgeless seed layers are spatially
uniform and highly scalable in the range of widths 10−1000
μm.
Next, we question how the sensing properties of bridging
nanosensors correlate to their structural and electrical
properties. To experimentally reveal this issue, we focus on
the electrical contacts between two opposing electrodes. This
is because most electrically resistive electrical contacts should
be responsible for gas sensing characteristics. By utilization of
in situ controllability of the present method, the electrical
contacts can be systematically changed by varying the sensor
gap size and the crystal growth time during the bridging
process. Figure 4a shows the cross-sectional SEM images when
varying the gap size when employing edgeless seed layers.
There is an optimal growth time to complete the bridging
process, which strongly depends on the device geometry-gap
size. The wider gap sizes are, the longer is the growth time to

accomplish bridging between two opposing electrodes. The
results and details of fabricated devices are shown in Figure
S12. Figure 4b shows the NO2 (10 ppm) sensor responses
when varying sensor gap size and the crystal growth time
during bridging process. As clearly seen in the ﬁgure, there is a
maximum of sensor responses as a function of nanowire length,
which corresponds to the situation when the bridging process
is optimized. Figure 4c shows the I−V data for bridging
nanosensors with various gap sizes (2−10 μm) when varying
the nanowire lengths. Figure 4d shows the electrical resistance
values extracted from I−V curves under air and/or NO2 (10
ppm) environments. As clearly seen, there are three distinct
conditions of electrical contacts when varying the bridging
growth time. For early stage 1, the bridging process does not
complete, and thus the electrical resistance values are rather
insulative around 109Ω (GΩ level) without any sensing
responses. For stage 2 when increasing the bridging growth
time from stage 1, the electrical resistance values tend to
decrease down to 105−106 Ω (MΩ level) with nonlinear I−V
data like double Schottky behaviors. For these electrical
contacts, the NO2 sensing responses are maximized for various
gap-sized bridging nanosensors. When further increasing the
bridging growth time, stage 3, the electrical resistance values
also further decrease down to 103−104 Ω (kΩ level) with
ohmic I−V data. High-resolution cross-sectional SEM analysis
2572
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Figure 4. In situ structural controllability of bridging nanosensors using the proposed experimental procedure, and the in situ designability of NO2
sensing characteristics: (a) cross-sectional SEM images of bridging nanosensors when varying the gap size from 2 to 10 μm; (b) correlation
between NO2 (10 ppm) sensor responses when varying sensor gap size and the nanowire length (evaluated from growth time); (c) I−V data of
bridging nanosensors when varying the gap sizes and nanowire growth time; (d) electrical resistance values when varying the gap sizes and
nanowire growth time.

Figure 5 shows the application of the proposed methodology
to the most conventional interdigitated array electrodes as gas
sensors. Figure 5a shows the schematic image of fabricated
devices with interdigitated array electrodes (Figures S14 and
S15). Figure 5b shows the SEM images of fabricated bridging
nanosensors. The gap width of array electrodes and the
nanowire length are 2 μm and ∼6 μm (8 h growth),
respectively. A similar edge-topological regulation eﬀect can
be seen in SEM images, as we have seen in Figures 1 and 2.
Bridging nanosensors fabricated from edgeless seed layers
showed more clear interfaces between two opposing electrodes
in top-view SEM images when compared with those fabricated
from sharp edge seed layers. Figure 5c shows the comparison
between the two bridging nanosensors on the NO2 sensing
behaviors when varying the concentration from 10 ppm down
to 5 ppb. The limit of detection (LOD) for bridging
nanosensors fabricated from edgeless seed layers is 5 ppb,
which is 20 times lower than 100 ppb for bridging nanosensors
fabricated from sharp edge seed layers. As discussed in the
above section, well-controlled electrical contacts (appropriate

revealed that the structural fusion between opposing two
nanostructures signiﬁcantly occurs at the contact points
(Figure S13). In this stage 3, the NO2 sensing responses
signiﬁcantly decrease. Thus, these in situ control experiments
of electrical contacts highlight that the sensing characteristics
closely correlate to the structural and electrical properties via
diﬀerent electrical contacts between two electrodes. The
simplest explanation for this correlation can be given by a
necking model between nanostructures for gas sensing.41,42
Namely, there is an optimum necking size between two ZnO
nanowires for NO2 sensing, which can be tailored by the
present in situ fabrication method of bridging nanosensors.
With the optimum electrical contacts (necking structures)
between two nanostructures, stage 2, the electrical current can
be signiﬁcantly modulated by interacting NO2 molecules on
the surface. With thicker necking structures with low electrical
resistances, stage 3, the electrical modulation by NO 2
molecules on the surface is rather suppressed because spatially
unmodulated electrical conduction paths remain.
2573
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Figure 5. Applicability of present bridging nanosensors to interdigitated array electrodes and integrated multinanosensor arrays: (a) schematic
image of fabricated bridging nanosensors with interdigitated array electrodes; (b) comparison between two bridging nanosensors fabricated from
the sharp edge seed layer or the edgeless seed layer on SEM images of fabricated bridging nanosensors; (c) comparison between two bridging
nanosensors fabricated from the sharp edge seed layer or the edgeless seed layer on NO2 gas sensing data when varying the concentration; (d)
schematic of integrated multibridging nanosensor structure; (e) SEM images of multibridging nanosensor fabricated from an edgeless seed layer
(top view, tilt 45° view, and cross-sectional view); (f) NO2 (10 ppm) sensor responses for fabricated multibridging nanosensor.

sensors. Clearly, the sensor response is almost identical and
independent of the number of bridging nanosensors in series.
In principle, the electrical resistance value in series is
dominated by the most resistive junction. If there is a variation
of electrical resistances in series, the sensor responses should
exhibit a signiﬁcant junction number dependence. Thus, the
insensitivity of junction numbers in series on sensor responses
highlights the spatial designability and uniformity of the
present method for integrated bridging nanosensor devices on
Si substrate.

necking structures) between two nanostructures are clearly
responsible to cause the observed diﬀerence between the two
bridging nanosensors on the LOD values. Thus, bridging
nanosensors fabricated from edgeless seed layers can be
applicable to conventional interdigitated array electrodes.
Finally, we integrated multibridging nanosensors in series
and examined the spatial uniformity of sensing properties
toward highly integrated sensor devices, as illustrated in Figure
5d. Figure 5e shows the SEM images of bridging nanosensors
fabricated from edgeless seed layers with well-deﬁned microstructures. Figure 5f shows the spatial variation of NO2 (10
ppm) sensor responses for integrated multibridging nano2574
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CONCLUSION
In summary, we report the signiﬁcant eﬀect of edge-topological
regulation on in situ fabrication of ZnO bridging nanosensors.
When employing seed layers with a sharp edge, which is a welldeﬁned structure in conventional lithography, the bridging
angles and electrical resistances between two opposing
electrodes were randomly distributed, and they could not be
well controlled. The stochastic nature of bridging growth
direction at the sharp edges inherently causes such unintentional variation of structural and electrical properties. We
propose an edgeless seed layer structure using two-layers resist
methods to solve the above uncontrollability of bridging
nanosensors. Bridging nanosensors fabricated using such
edgeless seed layer structures not only substantially improved
the uniformity of structural and electrical properties between
two opposing electrodes but also signiﬁcantly enhanced the
sensing responses for NO2 with the smaller variance and the
lower limit of detection via in situ controlled electrical contacts
when compared with those using conventional sharp edge seed
layers.

Letter

properties of bridging nanosensors were measured as I−V
data using a semiconductor parameter analyzer (Keithley,
4200SCS) with a probe station having a temperaturecontrolling system. Gas sensing measurements were performed
using a homemade testing system consisting of a gas supply
system, a probe station with temperature control (JANIS, ST500), and a semiconductor analyzer (Keithley 4200SCS) used
to collect the electric signal. The electrical signals under N2 or
NO2 ppm were measured by applying a voltage of 1 V to the
electrodes. The sensor response was deﬁned as Rg/Ra, where Rg
and Ra are the sensor resistance when exposed to NO2 and N2,
respectively. Testing temperature was set to vary from room
temperature to 250 °C. Electrical property and gas sensing
measurements were controlled under 200 °C.
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EXPERIMENTAL SECTION
Fabrication of Bridging Nanosensors. Bridging nanosensors were fabricated on Si (100) substrates with SiO2 (100
nm) layer. Photoresist (AZP1350) was employed for conventional lithography to fabricate bridging nanosensors. Spincoating of photoresists was performed on Si substrates at 4000
rpm for 1 min. Thermal baking procedure was performed at
190 °C for 5 min, and then the patterning process was carried
out using a photolithography machine (Heidelberg Instruments μPG 101 UOW1) at an energy of 40 mW. Then, Pt
electrode was deposited by radio frequency (RF) sputtering at
a power of 50 W and an Ar pressure of 0.3 Pa with the
thickness of 100 nm. Subsequently, a Ti thin layer (∼5 nm, RF
at 50 W) was deposited onto Pt electrodes to enhance the
adhesion between ZnO seed layer and electrodes. And then,
ZnO seed-layers were deposited on the pattered substrates
with the thickness of 50 nm (RF at 50 W). A lift-oﬀ process
was performed using N,N-dimethylformamide (DMF). To
overcome the sharp-edge issues, we propose a two-layer
photoresist method, which employs two laminated resists.
Spin-coating positive type photoresist (LOR3B) was performed on Si substrates at 3000 rpm for 1 min. Thermal baking
procedure was performed at 100 °C for 2 min. Subsequently,
conventional lithography was performed. The gap size of
patterned substrates ranged from 2 to10 μm. ZnO bridging
nanosensors on patterned seed-layer substrate were formed by
a hydrothermal method. The substrate was immersed into a
150 mL aqueous solution containing 25 mM zinc nitrate
hexahydrate (Zn(NO3)2·6H2O, Wako 99.0%) and 25 mM
hexamethylenetetramine (HMTA, (CH2)6N4 Wako 99.0%),
2.5 mM polyethylenimine (number-average MW 1800, 50 wt
% in H2O), and ammonia (NH3·6H2O, 1 mL, 28% in H2O).
The ZnO nanowires were grown with keeping the solution at
95 °C in the oven with a constant growth temperature. After
the crystal growth, the substrate was taken out from the
solution. Twelve devices were fabricated for each condition to
obtain statistical data.
Characterization of Bridging Nanosensors. The
morphology of fabricated bridging nanosensors was characterized by scanning electron microscopy (SEM, JEOL JSM7610F) at an accelerating voltage of 15 kV. Electrical
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