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Si membrane based tactile sensor with active matrix circuitry for artificial

skin applications

Minhoon Park,'? Min-Seok Kim,?® Yon-Kyu Park,? and Jong-Hyun Ahn'-?
School of Electrical and Electronic Engineering, Yonsei University, Seoul 120-749, South Korea
2Center for Mass Related Quantities, Korea Research Institute of Standards and Science,

Daejeon 305-340, South Korea

(Received 13 September 2014; accepted 6 January 2015; published online 29 January 2015)

The fabrication and the characteristics of an inorganic silicon-based flexible tactile sensor equipped
with active-matrix circuitry compatible with a batch microfabrication process are reported. An
8 x 8§ array of 260 nm-thick silicon strain gauges along with individual thin film transistor switches
was built on a plastic substrate with 1 mm spacing, corresponding to a human spatial resolution at
the fingertip. We demonstrated that the sensor shows excellent performances in terms of repeatabil-
ity of 1.1%, hysteresis of 1.0%, scanning speed of as much as 100 kHz and resolution of 12.4 kPa
while maintaining low power consumption and signal crosstalk through a series of experiments.
© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906373]

For biomedical and robotic applications, the develop-
ment of highly malleable, user-interactive electronic skin
with tactile sensing capabilities is in high demands as it is
one of the critical technologies. Like the human skin, the tac-
tile sensor should provide robust, reliable, and fast feedback
of force distribution including its contact shape and location
as well as enough mechanical flexibility and elasticity, while
preserving its original properties under high external strain.
A considerable amount of research to improve the sensitivity
and mechanical property of tactile sensors has been carried
out.'™ One representative approach is to use the piezoresis-
tive polymer composite, comprised conductive materials
(mostly in particle type) and elastic rubber matrixes. Despite
promising mechanical properties of the composite, its incon-
sistent repeatability, poor stability, high non-linearity, and
high hysteresis limit the range of its applications.* The
approach using resistance change of strain gauges or capaci-
tance change of dielectric material between two conductive
plates, deformed under pressure, could circumvent these
problems. Compared to the capacitance measurements, the
readout circuitry for the resistance measurements is straight-
forward and simple. This makes it much easier to implement
so-called “on-board signal processing” (i.e., the readout cir-
cuitry integrated with sensors), which is one of critical
requirements for accommodating large number of sensing
elements in the limited available space like a robot finger.>°

We employed the approach using resistance change of
strain gauges made of single-crystal silicon (Si) to develop a
flexible, high-performance, and highly integrated tactile
sensing array. The use of single-crystal Si incorporates both
benefits of high-sensitivity originated from a high gauge fac-
tor (GF) of semiconductor strain gauges measured to be
50-150 compared to that of metallic strain gauges of 2-3
and high-performances, such as high switching speed and
on/off ratio resulting from a high mobility and moderate
band-gap energy of inorganic Si compared to those of
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organic materials. In addition to such benefits, the sensing
array and its corresponding readout circuitry could be fabri-
cated together and integrated in one substrate through a batch
micromachining process. Recent research directed towards
the fabrication of ultrathin Si-nanomembrane (NM) through
etching and transfer processes permits a mechanically flexi-
ble and robust Si device, which leads to the demonstration of
various Si NM-based flexible sensors and actuators worn on
finger tips.”®* Nevertheless, significant challenge still remains
in the integration of these Si NM-sensors to active-matrix
thin film transistors (TFTs) capable of acting as a switch for
both current-driven and voltage-driven devices in order to
multiplex the sensor array with low crosstalk among sensing
elements and high switching speed.

Now we report a design, fabrication methods, and per-
formances of a Si NM-based flexible tactile sensor equipped
with basic on-board signal processing circuitry consisting of
a TFT switch array for multiplexing. In particular, a Si-NM
sheet was transfer-printed on a plastic substrate, and then the
Si strain gauges and the Si-semiconducting channels were
monolithically integrated by the conventional CMOS pro-
cess. A series of experiments demonstrated that the devel-
oped tactile sensor array with active-matrix back plane
circuitry displays faster response and better spatial contrast
resulting from a decrease in signal crosstalk along with good
sensor output characteristics in terms of repeatability, hyster-
esis, and sensitivity.

Figure 1 illustrates the steps for fabricating the flexible tac-
tile sensor consisting of an 8 x 8§ array of silicon strain gauges
and readout TFTs integrated into the area of 10 mm? (approxi-
mately corresponding to the area of fingertips) using a single-
crystal Si NM. First, an adequate doping step was applied to
the Si NM on silicon-on-insulator (SOI) wafer in order to cre-
ate p-type semiconductor strain gauge region and n-type the
source and drain region of transistors through two separate
processes of boron and phosphorus implantation with a concen-
tration of 9.0 x 10'® ions/cm> and 1.0 x 10" ions/cm3, respec-
tively. The top silicon (260nm thick) was transferred to a
polyimide substrate (25 um) using a polydimethylsiloxane

© 2015 AIP Publishing LLC
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(PDMS) stamp after a wet etching of the buried SiO, layer.
The overall transfer yield was close to 100%. The reactive-ion
etching (RIE) was used to remove the undoped region of the
top silicon layer and shape strain gauges and transistors, fol-
lowed by PECVD (Plasma enhanced chemical vapor deposi-
tion) to create a SiO, dielectric layer selectively on the Si
channel region of readout transistors. Finally, a metal (Cr/Au:
5/200nm) layer was deposited by thermal evaporation and
etched to shape electrodes and electrical lines.

The sensor array includes the switching transistors for
data readout, the strain gauges for pressure sensing, and the
electrical lines (the center inset of Figure 1). All transistors
in a same row (total 8 transistors) are turned on simultane-
ously when a voltage for on-states is applied to the corre-
sponding gate line and an external analogue-digital converter
with 8 channels reads the resistance of all strain gauges in
the turned-on gate line at the same time via the voltage meas-
urements at voltage dividers consisting of reference resistors.
Multiplexing gate lines and gathering resistance changes of
the strain gauges in the selected gate line sequentially create
a pressure map with time for visualization. The tactile sensor
with active-matrix circuitry made electrical wiring much
simpler, enabling us to integrate 64 strain sensors within an
area of smaller than 10 mm?, corresponding to the area of a
human fingertip.

Figures 2(a) and 2(b) present DC characteristics of the
single-crystal Si-based switching transistor. The single-
crystal Si transistor shows an on/off ratio of greater than 10°,
a field effect mobility, ppg, of 661 cm?/V -s, and a threshold
voltage of 0.5 V. It also provided a stable current flow even
at a high switching frequency of 100 kHz with negligible
noise during a pulse measurement test. These features enable
us to provide a real-time tactile feedback by multiplexing
sensing elements via a sequential high-speed TFT switching
operation’™'? that cannot be easily achieved by using
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FIG. 1. Illustration of the tactile sen-
sor. The dry transfer method was used
to fabricate the device in a low temper-
ature. The transferred gauges and the
transistors were shaped in such a way
to include the isolation process, gate
dielectric deposition, 1st metallization,
SU-8 passivation, and 2nd metalliza-
tion. This device was built on the poly-
imide substrate (25 um) to achieve
mechanical flexibility. The inset on the
bottom left gives an optical image of a
unit cell consisting of a strain gauge
and a transistor. The inset on the center
shows the electrical circuit including
the resistance, electrode lines, and
transistors. See Fig. S1 in supplemen-
tary material®* for the detailed optical
images at each fabrication step).

organic-based transistors due to their relatively poor carrier
mobility or using the highly semiconductor-enriched single-
wall nanotube (SWNT) transistors due to their material
non-uniformity.'*'* In addition to such complementary fea-
tures, the strain sensor is also a factor in the performance of
the tactile sensor array. PSR (pressure sensitive rubber)
materials, generally used in flexible tactile sensors, carry the
intrinsic limitation of resolution due to their anisotropic
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FIG. 2. (a) The transfer characteristic of drain-to-source current from a tran-
sistor in logarithmic (left y-axis) and linear (right y-axis) scales as gate to
source voltage (Vgs) was swept from —10V to +10 V. (b) I-V curve of the
switching transistor at gate voltages from OV (bottom) to 5V (top) in 1V
steps. (c) The characteristic curve as a function of time at various pressure
levels with 249.7 kPa steps. The inset on bottom center shows the properties
in a low range of pressure levels with 12.48 kPa steps. (d) The variation of
the output of a single tactile unit for the repeatable loads (cycles up to 1000)
with various pressure levels from 0 kPa to 1248 kPa.



043502-3 Park et al.

characteristic between vertical and horizontal conductivity
as well as problems of high hysteresis and poor repeatability
as mentioned previously.'”™'® Compared to PSR materials,
Si-based strain gauges show good characteristics in terms of
linearity, hysteresis, repeatability, and sensitivity originated
from a high gauge factor of semiconducting materials as a
function of external strain or pressure. The GF of our device
was theoretically calculated to be 85.5 using Eq. (1),'” which
is approximately 40 times higher than that of conventional
metallic strain gauges

GF=1+2i+Y xP(N,T) x n(300 K), (1)

where the Poisson’s ratio A, the young’s modulus Y, piezore-
sistance factor P(N,T), and the piezoresistance coefficient n
are assumed to be 0.05, 168 GPa, 0.7, and 71.8 x 10~"''Pa”",
respectively, at the doping concentration N of 9.0 x 10'®cm ™
and temperature T of 300 K. This theoretical estimation of the
gauge factor agrees with the one determined experimentally to
be 86.1 by measuring a change in the fractional resistance
(AR/R() and the corresponding strain under maximum pres-
sure at flat state (see Fig. S2 in supplementary material®*).

Fig. 2(c) shows the output characteristics of a Si-strain
gauge as a function of pressure and time. The inset presents
the characteristics in a low pressure range, and the minimum
distinguishable pressure (12.4kPa) is comparable to the
threshold values of human skin in a range of 10-40kPa.*"
Curves of the fractional change in output voltage (AV/V,) at
various pressure levels with 12.48 and 249.7 kPa steps show
that the Si-based tactile sensor has low hysteresis, low creep
(i.e., drift with time) [Fig. 2(c)], and low repeatable error
[Fig. 2(d)], which are determined to be maximum 1.0%,
0.5%, and 1.1% among 1000 cycle data for each pressure
level.

Our sensor was designed from the perspective of human
skin that has the receptors to measure physical quantities.
These receptors are embedded in a viscoelastic dermis to
protect themselves from the external environment. Similarly,
both sides of our Si-based sensor array are covered with
viscoelastic PDMS substrates of same thickness of 1 mm to
protect the sensing elements (Fig. S3 in supplementary mate-
rial**). This structure could also improve the bending radius
of the sensor array on a substrate by making the position of
the Si-devices close to the neutral mechanical plane. As the
top protective PDMS cover gets thinner, the sensitivity could
get better, which is improved approximately by a factor of 2
when the thickness of the top PDMS substrate is reduced to
0.7 mm. However, we have observed a malfunction of TFT
arrays due to a high strain when the thickness of the top pro-
tective layer gets smaller than 0.7 mm. Figure 3(a) presents a
variation in the fractional voltage change, AV/V,, with vari-
ous bending radius changed from 10mm to infinity (i.e.,
flat). The variation was measured to be only 5% due to such
elastomer passivation. Fig. 3(b) shows a change in normal-
ized mobility, peg/foetr, during the pressure test of the
single-crystalline transistor at various bending radii, where
Uoefe 1S @ mobility value measured at zero pressure and flat
state. The variations due to the bend radius change and pres-
sure were measured to be small enough (less than 10%) not to
deteriorate original performances of the TFTs that are
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FIG. 3. (a) The fractional change in output voltage as a function of pressure
and strain measured at various bending radii. The inset on the right bottom
presents the results at low levels of pressure. (b) The normalized effective
mobility as a function of pressure measured at various bending radii.

required to run active matrix circuitry properly even at a bend-
ing radius corresponding to the curvature of the human finger.

Since the tactile sensor is required to provide prompt and
reliable data acquisition even on curved surfaces, the Si-based
sensor array was tested while being attached on the finger.
Figure 4(a) shows the optical image of the tactile sensor
attached on the fingertip. The tactile sensor could discriminate
two contact points spaced 1 mm, corresponding to a spatial re-
solution of the human skin, as shown in the inset (top left) of
Fig. 4(b). When one tactile cell was touched by a small tip
whose size corresponds to that of the strain gauge (radius:
0.125 mm), the voltage output only at the corresponding cell
was noticeably increased, whereas the voltage changes of
other adjacent tactile cells were measured to be negligibly
low (i.e., low crosstalk among tactile cells) during multiplex-
ing operation, as shown in the inset (top right) of Fig. 4(b).
This is due to the high on/off ratio of the Si-based TFTs that
controls the current flow of each tactile cell. The crosstalk iso-
lation, which is defined as Eq. (2), was measured to be an av-
erage of 37.2dB and the maximum value of 42.0dB during
the touch test. The crosstalk isolation is given by

(@)

Silicon strain
}uge array

Moving
direction

FIG. 4. (a) The tactile sensor attached to a human fingertip. It consists of an
8 x 8 array of Si strain gauges and Si TFTs. (b) The voltage output of the
tactile sensor in response to localized pressure inputs showing its low cross-
talk and spatial resolution. (c) A pressure distribution map acquired during
the multi-touch test. (d) A series of 5 frames of the tactile image showing
tracking the position of a stylus tip moving fast on the sensing array. The
data acquisition electronic system grabbed each frame of the tactile image
every 10ms. Only 5 frames are shown among the acquired frames.
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AV ooli
(The crosstalk isolation) = 20 logy, <M> , 2
AVadjacenl cell

where AV ppiied el a1d AV gjacent cenn T€present the voltage out-
put changes of the applied cell and its adjacent cell, respec-
tively. Our tactile sensor is capable of providing better contrast
of tactile images than was previously reported using the tactile
sensor with passive-type circuitry, of which crosstalk isolation
is calculated to be only half of our values (<23 dB) due to the
leak currents in the circuit.®?"%? Furthermore, the low off-
current (<0.05nA) of Si-based TFTs leads to lower power
consumption than that of the tactile sensor of passive matrix
type whose off-current reaches to as much as 85 nA.”

Fig. 4(c) clearly shows a three-dimensional pressure
map indicating that contact was made at two spots on the
sensor. Compared to the pressure map in Fig. 4(b) obtained
when only localized pressure was applied to each tactile cell,
the pressure map in Fig. 4(c) includes both the positive and
negative voltage outputs, which means that compressive and
tensile strains coexist in the sensor array. Since the tactile
sensor is attached on the human finger, its response is much
related to the mechanical characteristics of the human skin
that undergoes both the compressive and the tensile strains
according to the type of the physical contact.”® The high sen-
sitivity of the silicon strain gauges and the high switching
speed of the transistor enable tracking the position of a stylus
tip moving fast on the tactile sensor, as shown in Fig. 4(d).

This paper explored the prototype tactile sensor employ-
ing an 8 x 8 array of Si strain gauges and their corresponding
switches made of single-crystalline Si transistors integrated in
an area of smaller than 10 mm? that corresponds to the area of
the human fingertip. Significant advantages of our Si-based
tactile sensor are good performances in terms of repeatability,
hysteresis, linearity, and sensitivity originated from the char-
acteristics of Si-semiconductor strain gauges along with the
high scanning speed, low crosstalk, and low power consump-
tion resulting from the active-matrix circuitry based on fast
speed single-crystalline Si transistor. We expect that these fea-
tures enable our device to be used in the various applications
of emerging fields, such as robot mechatronics for the sophis-
ticated pressure measurements as well as medical instruments.
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