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ABSTRACT

Vertical Si nanowire (SiNW) gas sensor with a top porous electrode (TPE) has
been reported as a highly sensitive, small footprint, and mass-producible gas
sensor platform. In this article, a monolithic fabrication process for a vertical
SiINW gas sensor using glancing angle deposition (GLAD) was proposed as a
simple, low-cost, and large-area fabrication method, and the performance of the
fabricated vertical SINW gas sensor was evaluated via relative humidity mea-
surement. The 1,000 nm length vertical SINWs were uniformly fabricated on a
4-inch silicon wafer via GLAD at an oblique angle of 85° and a substrate rotation
speed of 5 rpm. A Cu TPE was also fabricated via sequential GLAD without
substrate rotation to realize the wafer-level vertical gas sensor from which
multiple 2 x 2 cm? vertical SINW gas sensors were obtained by dicing. To
optimize the Cu TPE fabrication process, the effects of oblique angle and
deposition thickness on the conductivity and porosity of the TPE were exam-
ined; subsequently, an oblique angle of 65° and a thickness of 100 nm were
selected as the optimum conditions when considering humidity measurement
sensitivity.

GLAD  Glancing angle deposition
E-beam Electron-beam
SEM Scanning electron microscopy

TPE Top porous electrode

SINW Si nanowire
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1 Introduction

Various configurations of semiconducting nanowire
(NW) sensors have been developed as highly sensi-
tive chemical and biological sensor platforms due to
the high surface-to-volume ratio of the NW structures
[1-6]. Most NW sensors have been designed as planar
sensor platforms in which two electrodes are con-
nected with semiconducting horizontal NWs [7-9] or
semiconducting planar structures with vertical NWs
[10-12]. In the planar NW sensor fabrication process,
both the sensing and electrode areas are arranged on
a substrate, thus there is a limitation on the number
of sensors that can be fabricated on single substrate.
To minimize the footprint of the sensor, a vertical
NW sensor platform has been proposed in which the
vertical NWs are formed on a bottom electrode and a
top porous electrode (TPE) is formed on the vertical
NWs [13-15]. The pores on the TPE provide a path
for the gas analytes to pass through the NWs, and the
TPE reliably connects to all the NWs. In et al. [13]
fabricated vertical Si NWs (SiNWs) using a metal-
assisted chemical etching process and a TPE using a
lift-off process with a nanosphere lithographed sac-
rificial layer. Although they successfully demon-
strated a vertical SINW gas sensor, the fabrication
process was relatively complex. To simplify the fab-
rication process, we previously reported a method to
fabricate a TPE on metal-assisted chemically etched
vertical SiINWs using glancing angle deposition
(GLAD) [14]. GLAD is a physical vapor deposition
process in which the substrate is tilted to obtain a
large oblique angle (the angle between the surface
normal and the deposition flux as shown in Fig. 1).
At the initial stage of the deposition process, the
evaporated nanoparticles are randomly attached to
the flat substrate and the attached nanoparticles are
grown as tilted NWs because the following evapo-
rated nanoparticles are placed on top of the previous
ones due to the self-shadowing effect [16, 17]. The
selective deposition and growing of NWs are also
possible when a pre-patterned substrate is used [18].
Although the diameter of the NWs fabricated via
GLAD is mainly affected by the atomic mobility of
the deposition material, the density and tilting angle
of the NWs can be controlled by the oblique angle,
and the length of the NWs can be controlled by the
deposition time [19, 20]. In addition, the shape of the
nanowires can be controlled by the rotation of the
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substrate, thus one can obtain tilted NWs without
substrate rotation and can obtain spiral or vertical
NWs by controlling the substrate rotation speed [21].
Since the GLAD process is a wafer-scale fabrication
process, and can provide both the vertical SINWs and
tilted Cu NWs in a single chamber by controlling
substrate rotation and target material change, in this
study, we proposed a wafer-scale monolithic fabri-
cation method of the vertical SINW gas sensor using a
simple two-step GLAD process. A well-ordered array
of isolated vertical SINWs was produced via GLAD
using substrate rotation at a high oblique angle, and
the Cu TPE was sequentially fabricated via GLAD
without substrate rotation on the vertical SINWs. The
Cu GLAD without substrate rotation was selected to
generate a tilted Cu NWs on SiNWs because we
thought the tilted Cu NWs has more opportunity to
connect each other than the vertical Cu NWs to
achieve high electrical conductivity. The effects of the
GLAD conditions during the Cu TEP deposition on
the conductivity and porosity of the TPE were
examined and the optimum processing conditions
were selected. Humidity measurement sensitivity
was also studied to examine the performance of the
proposed monolithic fabrication method for the ver-
tical SINW gas sensor.

2 Materials and methods

2.1 Monolithic fabrication method
for vertical SINW gas sensors
via GLAD

Figure 1 shows schematics of the proposed mono-
lithic fabrication process for the vertical SINW sensor
using the two-step GLAD. The upper part shows the
schematics of experimental setup and conditions, and
the bottom part shows the schematics of fabricated
samples at the initial and final stages of each step. An
electron-beam (E-beam) evaporator having a rotating
6-target-crucible changing system with a chamber
diameter of 1 m (a modified SEE-7, Ultech Co., Ltd,,
Korea) was used in the experiment (Fig. 2a). For
GLAD, a motorized substrate jig for controlling the
oblique angle and substrate rotation speed was
attached in the chamber, as shown in the upper parts
of Fig. 1. In the 1st step GLAD process, the evapo-
ration of Si material was carried out on a bare Si
wafer with a relatively large oblique angle and
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Fig. 1 Schematics of the monolithic fabrication process of vertical SINWs and TPEs using GLAD. The upper parts show the system setup
and conditions, and bottom parts show the fabricated samples at the initial and final stages of each step

Incoming A Target E-beam gun
Fig. 2 Photographs of a the e-beam evaporator system, b the motorized substrate holder jig, and c the rotating target changing system
used in the study

substrate rotation to generate isolated vertical SINWs.
At the initial stage of the 1st step GLAD process, the
randomly distributed Si nanoparticles are arranged
on the bare substrate and grow to the vertical SINWs.

In the 2nd step GLAD process, the evaporating target
material is changed to Cu and the evaporation was
conducted on the vertical SiNWs with a relatively
small oblique angle without substrate rotation. The
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Cu nanoparticles are distributed on the top of SINWs
and grow to the tilted NWs. The oblique angle for
2nd Cu GLAD process was selected for that the tilted
NWs partially contact together to realize the TPE as
shown in Fig. 1. Figure 2 presents photographs of
(a) the E-beam evaporator system, (b) the motorized
substrate holder jig and (c) the rotating target
changing system used in this study.

A boron (B)-doped p-type Si (100) 4-inch wafer
with a resistivity of ~ 5 Q cm (Fine Science Co., Ltd.,
Korea) was used as the conductive bottom substrate
for the vertical SINW gas sensor. The substrate was
sequentially cleaned with acetone, isopropyl alcohol,
and deionized water and attached to the substrate jig
in the chamber. Another B-doped p-type Si wafer
was chopped and used as the target material for the
vertical SiNWs, and the Cu pellets (99.999%, RND
Korea, Co., Ltd., Korea) were used as the target
material for the TPE. Each Si and Cu target materials
were poured into the graphite crucibles and placed in
the rotating target changing system of the E-beam
evaporator (Fig. 2c). After the evacuation process
with a pressure of ~ 9.5 x 1077 Torr, the 1st GLAD
process was carried out to fabricate vertical SINWs
on the Si substrate: the Si target was deposited on the
substrate at a deposition rate of ~ 5 A/s, an oblique
angle of 85°, and a substrate rotating speed of 5 rpm.
At the initial stage of the 1st GLAD process, the
evaporated Si particles were randomly attached to
the substrate and grew as vertical SINWs due to the
relatively fast substrate rotation [21]. The deposition
time was controlled to obtain vertical SINWs with a
length of 1,000 nm. Figure 3 shows (a) top-view and
(b) cross-sectional scanning electron microscopy
(SEM) images of the fabricated vertical SiINWs. It
clearly shows that the isolated vertical SINWs were

(a)

300 nm
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uniformly fabricated on the substrate. The measured
length of vertical SiNWs from the cross-sectional
SEM image was ~ 1000 nm and the average diame-
ter of SiINWs from the top-view SEM image was
~ 90 nm. During the growing of the vertical SINWs,
the diameter slightly increased due to the atomic
mobility of the material and some nanowires stopped
growing because they entered the shadow area of the
neighboring nanowires, which is in the nature of
GLAD, as shown in Fig. 3b.

To fabricate the TPE, Cu was used as the evapo-
rating target source and its sequential deposition on
the vertical SiINWs was carried out at a deposition
rate of ~ 0.5A/s, changing the oblique angle
(45-85°) without substrate rotation, and controlling
the deposition time to obtain a Cu TPE layer with a
thickness of 50-200 nm. In the 2nd step GLAD for Cu
TPE, the substrate was not rotated to fabricate tilted
Cu NW. At the initial stage of GLAD of the Cu
material, the Cu nanoislands were formed on the top
of each SiNWs and grew to create tilted NWs. Since
the atomic mobility of Cu is relatively large, the
diameter of the tilted Cu NW was larger than that of
the SINW and rapidly increased with increasing
length. Therefore, the connection of neighboring Cu
NWs could occur during GLAD without substrate
rotation. Since the TPE of vertical SINW sensor
requires high conductivity and porosity for good
electron transfer and gas permeability, respectively,
and the probability of the connection between Cu
NWs is affected by the tilting angle and length of Cu
NWs, the effects of the oblique angle and deposition
thickness of GLAD process on the resistance and
porosity of the TPE were analyzed. After fabrication
of the vertical SiNWs and a Cu TPE on a 4-inch Si
substrate by the two-step GLAD process, the 4-inch

Fig. 3 a Top-view and b cross-sectional SEM images of fabricated vertical SINWs with a height of 1000 nm
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wafer-scale sensor was diced to 5 x 5 pieces and 21
vertical SINW gas sensors with sizes of ~ 2 x 2 cm®
were obtained (nine 2 x 2 cm? sensors at the center
of the wafer and twelve little smaller samples at the
rim of the wafer).

2.2 Measurement of the conductivity
and porosity of the TPE

To examine the conductivity of TPE, 4 electrical wires
were attached at the 4 edges of the TPE on the diced
vertical SINW gas sensor using silver paste. The
resistances between two electrical wires (6 combina-
tions) were measured using a multimeter and the
average value was calculated. The porosity of TPE
was evaluated from the top-view SEM image of the
fabricated TPE. The top-view SEM image was con-
verted to a black-and-white image and the ratio of the
void (black region) was calculated using the Image]
program (National Institute of Health, USA).

2.3 Measurement of relative humidity
using the fabricated vertical SINW
sensor

To evaluate the performance of the sensor, the rela-
tive humidity was measured using the fabricated
vertical SINW sensor in an acrylic humidity control-
lable chamber equipped with a humidity monitoring
sensor and water vapor supply system. Since the
resistance of the SiNWs decreased when water
molecules were absorbed on their surfaces, the
resistance between the bottom Si substrate and the
Cu TPE were measured at various humidity levels
(~ 25 to 85% relative humidity).

3 Results and analysis

3.1 Effects of the Cu TPE morphology
on electrical conductivity and porosity

In this study, a series of investigations was carried
out to assess the impact of various TPE morphologies
used in the vertical SINW sensor on humidity mea-
surement sensitivity. For highly sensitive vertical
SiNW gas sensor, high conductivity and porosity are
essential for good electron transfer and gas perme-
ability, respectively. Therefore, the GLAD process for
the Cu TPE was optimized for maximizing the
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conductivity and porosity of the TPE. Figure 4a—e
shows top-view SEM images of the fabricated
100 nm-thick Cu TPE on vertical SiNWs via GLAD at
various oblique angles of (a) 45°, (b) 55°, (c) 65°,
(d) 75°, and (e) 85°. These clearly show that the con-
nections of the tilted Cu NWs were decreased and the
porosity was increased with increasing oblique
angles. The cross-sectional SEM image in Fig. 4f
clearly indicates that the Cu NWs were well con-
nected with the Si NWs after GLAD at an oblique
angle of 65°. To confirm the formation of top Cu NWs
on bottom SiNWs, an -dispersive X-ray spectroscopy
(EDX) analysis (FESEM-6330F (JEOL Ltd., Tokyo,
Japan)) with an acceleration voltage of 18.0 kV was
carried out and the measured spectra at the bottom
NWs and top NWs are shown in Fig. 5. It clearly
shows that Si is the dominant chemical at the bottom
NWs and Cu is the dominant chemical at the top
NWs. Some amount of Cu at the bottom NWs might
be due to the diffusion of Cu molecules during the
deposition process and EDX measurement. Some
amount of Si at the top NWs might be due to the
irregular heights of the SiNWs. The existence of
oxygen was coming from the natural oxidization of Si
materials.

For the quantitative analysis of the conductivity
and porosity, the electrical resistance and porosity of
TPEs on 5 diced gas sensors were examined. Figure 6
shows the measured electrical resistance and porosity
of Cu TPE with a thickness of 100 nm. As the porosity
of Cu TPE increased, the resistance also increased
due to the lack of connections between the Cu NWs.
Although high porosity values were observed for the
Cu TPEs produced by GLAD at oblique angles of 75°
and 85°, they did not show any conductivity. Since
the resistance of the Si substrate for the fabricated
2 x 2 cm? sensors was ~ 21.5 kQ, the oblique angle
of 65° was selected as the optimum condition for
GLAD because the resistance value of ~ 6 Q was
acceptable for the vertical Si NWs gas sensor in this
study, and higher porosity was observed than the
TPEs fabricated at the oblique angles of 45° and 55°.

Since the connections between the neighboring Cu
NWs are also affected by the length of tilted NWs, the
effect of the Cu TPE layer thickness on the electrical
resistance and porosity was analyzed. The vertical
SiNW gas sensors with a TPE deposited at an oblique
angle of 65° with various thicknesses (50-200 nm)
were fabricated, as shown in Fig. 7, and the electrical
resistance and porosity of TPE with different
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100 nm

Fig. 4 Top-view SEM images of a fabricated 100 nm-thick Cu
NW TPE on vertical Si NWs via GLAD at oblique angles of a 45°,
b 55° ¢ 65°,d 75°, and e 85° and f a cross-sectional SEM image

thickness were measured, as shown in Fig. 8. As
expected, the connections between neighboring Cu
NWs increased with increasing thickness and the
electrical resistance and porosity decreased. The
maximum porosity was observed at a TPE thickness
of 50 nm, but there was no electrical conductivity due
to the lack of Cu NW connections.
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of the vertical Si NWs with the Cu NW TPE fabricated by GLAD
at an oblique angle of 65°

3.2 Effects of Cu TPE morphology
on humidity measurement sensitivity

Although the electrical conductivity and porosity of
the Cu TPE were analyzed, the optimum fabrication
conditions for the Cu TPE should be selected to
maximize the sensitivity of the SINW gas sensor.
Hence, relative humidity measurements were carried
out in the humidity range of 25-85% to examine the
performance of fabricated SINW gas sensor. Since the
initial resistances between the bottom electrode (Si
substrate) and Cu TPE were not exactly same
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Fig. 5 Measured energy-dispersive X-ray spectra obtained at a the bottom SiNWs and b top Cu NW TPE; the tables in the graphs shows

the detailed atomic compositions of the elements
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Fig. 6 Effect of the GLAD oblique angle on the electrical
resistance and porosity of Cu NW TPEs with a thickness of
100 nm

between the fabricated vertical SINW gas sensors due
to the randomness of the GLAD process used in the
fabrication of SiNWs and Cu TPE, different contact
resistance of electrical wiring, different resistances of
Cu TPE prepared by different fabrication conditions,
and so on, the relative measured resistance (R,,,/Ry)
was selected as the sensor response, where Ry, is the
measured resistance between top and bottom elec-
trodes at a specific relative humidity condition
(~ 25-85%) and the R, is the resistance at the relative
humidity of 25%. Figure 9 shows the effects of rela-
tive humidity on the sensor response (relative resis-
tance, R,/ Rp). The relative resistance was decreased
as increasing the humidity because the resistance of
SiNWs were decreased when the water molecules
absorbed on their surface. Figure 9 clearly shows the

linear co-relation between the relative humidity and
Rin/Ro as the value of R? is 0.99.

The sensing response or the sensitivity of the
resistive type sensors can be determined as Eq. (1)
[22-25].

A_R o R0 - Rmin

Sensitivity = S =
ensitivity R R,

(1)
where R refers to the resistance at relative humidity
of 25% and R, represents the resistance of the
sensors at relative humidity level of 85%. The sensi-
tivity of the fabricated vertical SINW sensor was
defined as the change of relative resistances between
at relative humidity values of 25% and 85%. Fig-
ure 10 illustrates the effects of (a) oblique angle and
(b) thickness of the Cu TPE on humidity measure-
ment sensitivity. The measured porosity values are
also shown in Fig. 10. As can be clearly seen, the
sensitivity increased with increasing oblique angle
and decreasing thickness of the Cu TPE because it
was mainly affected by the porosity of TPE [13].
Based on the sensitivity measurement results, an
oblique angle of 65° and a deposition thickness of
100 nm was selected as the optimum Cu NW TPE
GLAD fabrication conditions for the vertical SINW
sensor. Although the higher porosity could be
obtained from the Cu TPE fabricated with higher
oblique angle and thinner thickness, these fabrication
conditions could not provide sufficient conductivity
of Cu TPE which is essentially required for TPE of
vertical SINW gas sensor.
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Fig. 7 Top-view SEM images of Cu NW TPEs with thicknesses of a 50, b 100, ¢ 150, and d 200 nm. The GLAD oblique angle was fixed

at 65°

45

—e— TPE Porosity Data 40

Electrical Resistance of TPE (Ohms)
Porosity (%, areal ratio of void)

T T T
50 100 150 200

Obligue Thickness of GLAD process (nm)
Fig. 8 Effects of Cu NW TPE thickness on the electrical
resistance and porosity. The GLAD oblique angle was fixed at 65°

4 Conclusions

A cost-effective and large-area monolithic fabrication
method for a vertical SINW gas sensor using a simple
two-step GLAD process is proposed and the perfor-
mance of the fabricated sensor was evaluated using
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the sensitivity and porosity of a Cu NW TPE

relative humidity sensitivity measurements. The isolated
vertical SiNWs with a diameter of ~ 90 nm and length of
1000 nm were successfully fabricated on a whole 4-inch
Si substrate via GLAD at an oblique angle of 85° and with
substrate rotation. The Cu TPE was also fabricated in the
following GLAD without substrate rotation. As increas-
ing the oblique angle in the Cu GLAD process, the
porosity of Cu TPE was increased and the sensitivity was
also increased because more gas analyte can pass through
the pores on Cu TPE. However, with the oblique angle
higher than 75°, the conductivity of the Cu TPE was too
low to work as an electrode. As increasing the deposition
thickness, the porosity of Cu TPE was decreased and the
sensitivity was also decreased. However, the thickness of
Cu TPE lower than 50 nm, we could not achieve suffi-
cient conductivity due to fewer connections between Cu
NWs. Based on the experimental comparisons, the Cu
TPE GLAD process with an oblique angle of 65° and a
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deposition thickness of 100 nm was selected as the opti-
mum condition. The fabricated vertical SINW gas sensor
shows good linearity in the measurement of relative
humidity. The analysis of the effects of morphological
characteristics (various lengths, zigzag, spiral, etc.),
crystalline structure, and doping concentration of SINWs
on the sensitivity and the application of the fabricated
vertical SINW gas sensor for real gas sensing applications
are the subjects of ongoing research.
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