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Abstract

We propose an out-of-plane high-aspect-ratio ‘whisker-like’ microwire array sensor for use in
multisite contact force and temperature detection with high spatial resolution. Although the
wire element has two terminal electrodes, the device consists of force-sensitive wire arrays
where one end of the wire is attached to the substrate and the other end is free to be touched.
We fabricated a force-sensitive wire array based on p-type (p-) silicon with 3 um diameter and
30 pwm length (1 2 cm) assembled over an n-type (n-) silicon substrate (3—6 €2 cm), which
resulted in a p-silicon wire/p—n diode system array. Due to the piezoresistance effect of the
p-silicon wire, the electrical conductance changes upon contact of an individual wire with an
object. The shift in the rectifying current—voltage (I-V) curves of the embedded p—n diode
depends on the temperature through the silicon wire. Thus, the same alignment can be used as
a force sensor and a temperature sensor. Both force- and temperature-sensitive microwire
sensor arrays with a small detection area (~20 pm?) and high spatial resolution (~100 pm in
pitch) have potential in numerous applications, including artificial electronic fingertips in a
robot hand/prosthetics, multisite sensing of contact force, shear force, surface roughness and

slip, and local temperature sensing capabilities.

Online supplementary data available from stacks.iop.org/ITMM/21/035007/mmedia

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Because biological whiskers have an exquisite tactile sensing
ability, investigations of artificial whisker sensors strive to
develop more force sensitivity and functions suitable for
touching and analyzing objects. Centimeter-order biomimetic
whisker-type tactile sensors have been developed for
displaying the surface shapes of contact objects [1, 2]. Due to
advances in micro/nanofabrication technology, ‘planar-type’
force-sensitive micro/nano-scale sensors have been realized
utilizing either the piezoresistance effect of semiconducting
materials or the piezojunction effect of p—n junctions [3-7].
However, conventional etching-based processes, such as deep

0960-1317/11/035007+07$33.00

reactive ion etching (DRIE), have limited the fabrication of
out-of-plane high-aspect-ratio ‘whisker-type’ force-sensitive
micro/nano-scale diameter wires. Although the vapor—
liquid—solid (VLS) method [8] enables the production of
out-of-plane semiconducting micro/nanowires, the electrical
interconnection to an individual wire tip to utilize the
piezoresistance effect of the wire is problematic. Additionally,
the local temperature-sensing capability of the whisker-type
sensor is another powerful functionality in thermal material
analysis [9].

Here we fabricate an out-of-plane, high-density force-
and temperature-sensitive artificial microscale whisker array
sensor. Additionally, we discuss batch fabrication of the

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Out-of-plane silicon microwire-based artificial whisker array sensor by selective VLS growth of p-silicon on an n-silicon
substrate. (a) Schematic illustration of an artificial whisker array and (b) cross-sectional device image of an individual whisker sensor
element consisting of a piezoresistive p-silicon VLS-microwire assembled over an n-silicon substrate, realizing a p-silicon wire/p—n diode
system. Using the same sensing alignment, the piezoresistive silicon microwire and the embedded p—n diode can be utilized in force and

temperature sensing, respectively.

p-silicon microwire/p—n diode arrays and the characterization
of the piezoresistance effect in the p-silicon microwire.
Moreover, we report the temperature-sensing capability of an
embedded p—n diode through the microwire for force- and
temperature-sensitive microscale artificial whisker sensors.

This sensor is based on vertically assembled piezoresistive
p-type (p-) silicon microwires on an n-type (n-) silicon
substrate by utilizing gold (Au)-catalyzed selective VLS
growth of silicon (figure 1). VLS growth is advantageous
for realizing an artificial whisker sensor because the diameter
and position of the silicon wire can be precisely defined
by integrated-circuit (IC) lithography-based patterning of the
catalytic Au. This precision results in a high-density wire array
and various lengths of out-of-plane wires can be controlled
on the micro to millimeter scale [8]. A p-silicon wire with
a high longitudinal piezoresistance coefficient [10] has been
realized by in situ doping VLS growth technology [11], and
a temperature-sensitive p—n diode system can be embedded
by simply utilizing n-silicon as the platform substrate.
Additionally, we have demonstrated an IC-compatible VLS
growth process [12, 13], which promises further on-chip
integrations for detection circuitry and signal processors for
whisker sensors.

2. Fabrication processes

Based on a reported higher longitudinal piezoresistance
coefficient value of ~93.5 x 107! Pa~! for (1 1 1) p-silicon
(bulk) compared to those for other silicon types (e.g. —7.5
x 107" Pa=! for (1 1 1) n-silicon (bulk)) [10, 14], we
designed a piezoresistive microwire using VLS-grown (1 1
1) p-silicon (figure 2). We began with an n-silicon (1 1 1)
substrate (resistivity 3—6 €2 cm) with a diameter and length of
3 and 30 um, respectively, as well as p-silicon wire arrays,
which were constructed by VLS growth using a Si;Hs—B,He
mixture gas at 0.6 Pa and 700 °C (figures 2(a) and (b)).
Herein we used a controlled Bo,Hg concentration of ~8000
ppm, which gave a p-silicon wire with a resistivity of 1

cm [15]. For the electrical insulation of the conductive wire,
a 600 nm thick silicon dioxide (SiO;) layer was deposited
by plasma enhanced chemical vapor deposition (PE-CVD)
(figure 2(c)), and only the wire-tip section was subsequently
exposed (figure 2(d)). The electrical interconnection of a
500 nm thick aluminum (Al) layer was formed over each wire
by sputtering and lithography (figure 2(e)). To completely
cover the wire, we then spray-coated a uniform photoresist
(>2 pm), which was subsequently exposed via a projection
printing technique without mechanically breaking the wires.
Figures 2(f) and (g) show the scanning electron microscope
(SEM) images of the silicon wire tip after SiO; etching and the
subsequent Al deposition, respectively, and show a completed
tip contact with an Al layer. Figures 2(h) and (i) show
the SEM images of an as-VLS-grown silicon wire and the
process completed wire, respectively, while figure 2(j) shows
a fabricated 3 x 3 silicon microwire senor array with site
spacings of 100 um.

3. Experimental results and discussion

3.1. Force sensitivity of p-silicon wire

To characterize the piezoresistance effect of an individual
p-silicon wire, we used a tungsten (W) needle with a tip
measuring 5 um in diameter and 4 cm in length affixed to
the tip of a plastic bar (5 mm in diameter and 10 cm in
length). The W needle could be precisely moved utilizing
a manipulator control system with a 0.1 um displacement
resolution (figure 3(a)). Figure 3(b) shows the current—voltage
(I-V) characteristics of a single p-silicon wire/p—n diode
measured in standard atmosphere at room temperature (RT)
while the silicon wire was compressed by the W needle.

Due to the embedded p—n diode at the p-silicon wire
base, the -V characteristics without wire compression
exhibited rectifying behavior with a threshold voltage of
+0.4 V. Figure 3(c) shows the I~V curves measured at
3.8-4.0 V, and clearly indicates that forward currents
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Figure 2. Process sequence and SEM images of the device. (a)
Substrate preparation (n-silicon) with catalytic Au particles for VLS
growth of a silicon wire, (b) VLS growth of a p-silicon wire using a
Si,H¢—B,Hg gas mixture (0.6 Pa, 700 °C), (c) electrical insulation of
the wire by PE-CVD of SiO,, (d) tip exposure, and (e) device
completion after tip metallization (Al). (f), (g) SEM images of the
wire-tip exposure and metallization, respectively. (h) As-VLS
grown p-silicon wire measuring 3 pm in diameter and 30 um in
length, and (i) process completed wire. () Fabricated 3 x 3 silicon
microwire array (site spacing = 100 pm).

progressed upon increasing the compressive force due to
the piezoresistance effect in the p-silicon wire [3]. It
should be noted that compressive-force-dependent reverse
currents were also observed (figure 3(b)). Unfortunately,
the large reverse current was due to the current through
the leakage pass of the polycrystalline silicon layer
system (p-type, ~1 um thick), which formed over the
n-silicon region during the Si;He¢ gas source-based VLS
growth. Hence, process improvements are required in future
fabrications [16] (see figure S1 in supplementary data available
from stacks.iop.org/JMM/21/035007/mmedia). Figure 3(d)
shows the compressive-force-dependent electrical resistance
of the wire where the x-axis indicates the displacement of the
plastic bar root, but not the exact displacement of the shrunken
silicon wire. We hypothesized that both the plastic bar and
W needle will be bent. The forward and reverse resistance
values were taken under biases of 2to 4 V and —10to —8 V,
respectively. Inforward biases, a 15% change in resistance was
observed, whereas the reverse biases exhibited a 9% change
in resistance.

The manipulation system precisely controlled the position
of the W needle. However, the manipulation system requires
the force measurement system to quantitatively display the
amount of applied force during the measurement. Before
employing this device, a force measuring manipulation system
can be used to calibrate the sensor. Herein we assumed that
the downward W needle applied a uniaxial stress to the wire
element, and the electric field and current were along the same
silicon wire direction. With these assumptions, the stress
applied to the silicon wire can be given by the resistivity
difference of the p-silicon wire under the forward biases:

_ befp
Mgy

where p and Ap are the resistivity under zero stress and the
variation in the resistivity with stress, respectively, o is the
stress of the p-silicon wire, and II;(1yy is the longitudinal
piezoresistance coefficient. To obtain the piezoresistance
coefficient of a fabricated silicon wire, both changes in the
resistivity and stress of the silicon wire are required (equation
(1)). Although a W needle with a force measurement system is
used, obtaining just the stress of the core silicon wire remains
problematic due to the SiO,/Al films around the core silicon
wire. However, the piezoresistance coefficient of a silicon
wire with a diameter greater than 100 nm does not differ from
the bulk-Si piezoresistance coefficient [14]. Based on this
understanding, the reported piezoresistance coefficient (93.5
x 107" Pa~! for (1 1 1) bulk p-silicon) [10, 14] was used for
the fabricated silicon microwire, and the applied maximum
stress to the wire in this measurement should be —160 MPa
(compressive stress) where the stress value corresponds to
~0.1% strain in silicon [17] and ~30 nm shrinkage for a 30 um
long silicon wire. For the change in resistivity Ap/p, we used
the 15% changed resistance (forward bias) in the calculation.
With a maximum stress of —160 MPa and the wire structure,
the calculated amount of the applied maximum compressive
force was ~2 mN (see figure S2 in supplementary data
available from stacks.iop.org/JMM/21/035007/mmedia).
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Figure 3. Force sensing via an individual piezoresistive p-silicon microwire. (a) Optical image of the experimental setup. Compressive
force is applied to a silicon microwire using a W needle with a 5 um tip diameter mounted on the micromanipulator system. (b)
Current-voltage (I-V) characteristics of the p-silicon microwire/p-n diode as a function of compressive force. The arrowhead direction
indicates an increase in the applied compressive force. (¢) Fourteen /-V curves from the same wire element with forces ranging from zero to
the maximum measured force. (d) Electrical resistance changes associated with wire compression under forward () and reverse (H) biases.
‘Displacement of manipulation’ (x-axis) in the graph means the displacement of the plastic bar root, that is, where the plastic bar and W
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Figure 4. Temperature sensitivity of the embedded p—n diode. (a) I-V characteristics of an individual p-silicon wire/p-n diode system as a
function of the device temperature (0-50 °C, 10 °C steps). The device temperature is varied by utilizing a temperature controllable stage.
(b) I-V curve shifts of the wire/p—n diode observed at forward biases of 0 to 0.7 V due to a decrease in the temperature-induced built-in
potential of the p—n diode. The temperature sensitivity of the embedded p-n diode is —2.3 mV °C~' at 0.1 uA. All measurements are

carried out in a dry nitrogen atmosphere.

3.2. Temperature sensitivity of the embedded p—n diode

With the VLS growth of p-silicon over an n-silicon substrate,
the p—n diode system was simply embedded at each
wire base, and served as a temperature sensor using the
same sensing alignment as the force-sensing microwire. To
sense temperature through silicon microwires, the temperature
sensitivity of the embedded p—n diode must initially be

characterized. A completed sensor device, which consisted
of silicon microwire/p—n diode arrays, was placed on a
temperature controllable stage (figure 4(a), inset image). All
measurements were carried out in a dry nitrogen atmosphere.
Figure 4(a) shows the measured I~V characteristics of
an individual p-silicon wire/p—n diode system when the
device temperature was varied from 0 to 50 °C in 10 °C
increments. Due to the decrease in the built-in potential of the
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p—n diode associated with the increased temperature [18],
the rectifying I~V curves of the p-silicon wire/p-n diode
negatively shifted, but the series resistance of the p-silicon
wire increased due to the enhanced lattice scattering in the
silicon wire (see figure S3 in supplementary data available
from stacks.iop.org/JMM/21/035007/mmedia).

Figure 4(b) shows the temperature-dependent I-V curves
of the wire/p—n diode measured at forward biases of 0 to
0.7 V. At forward biases between 0.1 and 0.25 V, the forward
current was mainly dominated by the characteristics of the p—
n diode (see figure S4 in supplementary data available from
stacks.iop.org/IMM/21/035007/mmedia; the resistance of a
p-silicon wire is ~50 k€2). Consequently, the temperature
sensitivity of the embedded p—n diode was —2.3 mV °C~! at
0.1 nA, which agrees well with that of reported silicon p—n
diodes (—1 to =3 mV °C~1) [19]. In addition, the measured
temperature sensitivity of the p—n diode could be used in
the temperature compensation of the series resistance of a
p-silicon wire (see figure S3 in supplementary data available
from stacks.iop.org/JMM/21/035007/mmedia).

3.3. Temperature sensing of a microscale area

Based on the temperature sensitivity of the embedded p—n
diode (—2.3 mV °C~! at 0.1 uA), we performed temperature
sensing of a microscale area through a p-silicon microwire.
The microscale ‘hot’ object was a 1 um tip diameter W
needle attached to four heating resistors (overall resistance
= 50 2) with a good thermal conductive glue of silver paste
(figure 5(a)); these resistors and the W needle were electrically
insulated. By applying 12.0 V to these resistors, the W
needle was heated by Joule heating of these resistors, and
80 °C heating from RT was quantitatively confirmed by black
marks on the needle by thermography (TH5100, NEC Avid
Infrared Technologies Co., Ltd). The heated W needle was
fixed to an electrically insulating and thermally stable bamboo
chopstick, which was then mounted on the same manipulator
system used in the aforementioned force-sensing experiment
(figure 5(a)).

Using the hot W microneedle, microscale local
temperature measurements through a p-silicon microwire were
carried out in a dark shielded box. Herein we employed
a sensing voltage range of 0.19 to 0.25 V, to eliminate the
piezoresistance effect of the p-silicon wire on the measured
I-V characteristics (the threshold voltage of the p—n diode is
~+0.4 V). To confirm the effect of the W needle contact force,
we measured the /-V characteristics of the p-silicon wire/p—n
diode system prior to heating the W needle (RT-W needle) with
and without the RT-W needle contact. Consequently, these two
I-V curves exhibited a small change in the characteristics with
a resistance of 636 k€2, confirming that the W needle contact
has a negligible contribution in this voltage range (figure 5(b)).
Next, the RT-W needle was heated (12.0 V applied to the
attached resistors), and the tip of the hot W needle was placed
5 pum above the tip of the silicon wire, resulting in a —3.0 mV
shift of the I-V curve. The heating of the silicon wire/p—n
system was due to heat transfer via the air surrounding the W
needle.
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Figure 5. Local temperature sensing via an individual p-silicon
microwire/p-n diode system and real-time temperature sensing. (a)
Optical image of the experimental setup for the local temperature
sensing utilizing a ‘hot” W microneedle (tip diameter = 1 um).
Joule heating of the attached resistors heated the W needle (bottom
image). (b) I-V characteristics of the p-silicon wire/p-n diode
system: the RT-W needle contact (dark green), without the RT-W
needle contact (red), hot W needle located 5 ym above the wire tip
(orange), and the hot W needle contact with a manipulation height z
= 0 (blue), 2 (pink), 4 (light green), and 6 um (purple). For
measurements with a ‘hot” W needle, the needle is heated by
applying 12.0 V to the resistors. (¢) Real-time temperature sensing
of the contact/separation of the ‘hot” W needle via an individual
p-silicon microwire /p—n diode system: before contact (I), during
contact (II), and after separation of the ‘hot’ needle from the silicon
wire tip (III), indicating a sub-second response speed. Microscopic
observations of the contact/separation of the needle during
real-time measurements employ a constant light condition.
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Based on the measured sensitivity of the embedded
p—n diode (figure 4(b)), the temperature at the wire-base
p-n diode was increased by 1.3 °C. Subsequently, the
hot W needle made contact with the silicon wire tip,
resulting in a significant voltage shift of —7.9 mV, and
3.4 °C heating was expected (manipulation height z =
0 pum; see more details in supplementary data available from
stacks.iop.org/JMM/21/035007/mmedia). Although the I-V
curve shifted due to contact with the needle (z = 0 um), the
needle moved downward. When the hot W needle was moved
further downward to z = 2 um and z = 4 pum, the I-V curve
shifted to —15.3 mV (expected heating of 6.7 °C) and —25.7
mV (expected heating of 11.2 °C), respectively. However, the
1-V curve measured at z = 6 wm was almost the same as that of
z=4 um.

The effect of the manipulation height (z = 0, 2, 4, and
6 pum) on the I-V curve is further discussed considering the
impact of thermal contact resistance between the hot W needle
tip and the silicon wire tip. Setting the manipulation height
z to 0 or 2 um, the heat conduction to the silicon wire/p—
n diode might be limited by the thermal contact resistance
between the W needle tip and the silicon wire tip. Increasing
the manipulation height z, which moved the W needle further
downward, shifted the I-V curves, suggesting a reduction in
the thermal contact resistance and good heat conduction to
the silicon wire. In contrast, for stronger contact forces with
manipulation heights of z = 4 and 6 um, characteristic shifts
were no longer observed. This also suggests that the effect
of thermal contact resistance becomes negligible because the
good thermal contact as well as the heat conduction to the p—n
diode through the silicon wire at manipulation heights z = 4
and 6 um is limited by the thermal resistance of the silicon
wire element.

3.4. Real-time temperature sensing

The silicon microwire-based temperature sensor should be
advantageous for accurate temperature measurements due to
the small temperature detection area and thermal material
mappings with a high spatial resolution. Additionally, this
sensor may offer a fast response time due to the small thermal
capacity system of the microwire (silicon wire length =
30 wm, silicon wire diameter = 3 um, dioxide thickness =
600 nm, aluminum thickness = 500 nm), as demonstrated
by the real-time temperature measurement using the same
hot W needle configuration (figure 5(c)) where a constant
forward bias of 234 mV was applied to a p-silicon wire/p—
n diode and forward current was measured in 0.2 s steps.
Before the hot W needle made contact with the silicon
wire (upper-left image in figure 5(c)), the measured current
was 72.5 nA, but this suddenly jumped to 89 nA at the
moment of contact (middle image in figure 5(c)). After
separating the hot W needle and the silicon wire tip
(upper-right image in figure 5(c)), the current decreased to
71.2nA. Because the hot W needle was close to the silicon wire
tip prior to the W needle contact, the heat conduction effect
of the hot W needle caused the difference between the wire
current before the contact (72.5 nA) and after the separation

(71.2 nA) of the W needle. The measured response times for
the contact and separation of the hot W needle were ~0.8 and
~0.6 s, respectively, demonstrating the temperature detection
capability in a microscale area with a sub-second temporal
resolution. Based on the designed sensor configuration and the
demonstrated real-time measurements, the measured thermal
response time was dominated by the large thermal capacity
system of the silicon substrate, indicating that further higher
thermal response times could be realized by utilizing a device
substrate with smaller thermal capacitance characteristics. In
addition, the thermal contact resistance between the hot W
needle tip and the silicon wire tip contributed to the measured
response time. The thermal contact resistance can be reduced
by a silicon wire tip coated with highly thermal conductive
liquid/glue [9].

4. Conclusion

In conclusion, we have developed force- and temperature-
sensitive p-silicon microwire/p—n diode arrays by utilizing
VLS growth. = We confirmed the compression-induced
changes in the electrical characteristics of an individual
silicon microwire due to the piezoresistance effect of the
p-silicon wire.  Temperature-sensitive p-n diodes were
successfully embedded in each force-sensitive silicon wire
base using the VLS growth of p-silicon microwires over the
n-silicon substrate, enabling a temperature sensor with the
same alignment. Although we separately demonstrated the
force- and temperature-sensing capabilities, the p-silicon
microwire/p—n diode array sensor should be applicable to
simultaneous force and temperature sensing with a high
spatial resolution; thus, this sensor has potential in numerous
applications, including artificial electronic fingertips of a robot
hand/prosthetics for sense of touch and force/temperature
mapping probe arrays to investigate small materials as well
as biological soft samples.
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