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ABSTRACT A highly sensitive piezoresistive tactile sensor combined with the thin-film transistors (TFTs)
is produced in this letter. The sensor uses two-dimensional Ti3C2-MXenes as piezoresistive material which
is one type of transition metal carbide, nitride and/or carbonitride with a lamellar structure. A voltage
divider circuit is designed by connecting piezoresistive material with TFT technology. TFT works in the
subthreshold and saturation region during the sensing process to ensure that the magnitude change of
current is measured in a small voltage range. The tactile sensor shows high sensitivity of 4636.1 kPa−1,
ultra-low tactile detection of 0.98 Pa, and extremely durability for 1,500 sensing cycles. Resultantly, the
sensor demonstrates excellent potential for electronic touchscreens and advanced medical testing.

INDEX TERMS Piezoresistive, TFTs, voltage divider circuit, ultra-low tactile detection.

I. INTRODUCTION
As human beings gradually enter the intelligent society,
sensors will be widely used in many fields, such as
human-machine interface, on-line medical care, intelligent
skin and so on [1]–[3]. The tactile sensor is an extremely
important kind of sensor, which can directly collect and
analyze the position and value information of the human
body. And then they transmit and respond electrical sig-
nals accordingly. Currently, the commonly used modes of
mechanical information acquisition are piezo-electric [4],
piezo-capacitive [5] and piezo-resistive [6]. Among them,
piezoresistive has become a research hotspot because of its
high response sensitivity, wide response range, low cost and
durability [7]–[9].
Recently, a kind of MXenes Ti3C2 sensor was studied

because it can be used in tactile loading detection [10]. It
has been proven that Ti3C2 can detect external pressure sig-
nals precisely due to its high electrical conductivity and large
specific surface area [11]–[13]. The fabrication technology
and stable performance of Ti3C2 are outstanding among the

MXenes. The resistance of sensor is controlled by a vari-
able layer distance under tactile pressure, rather than the
insertion and removal of ions [11]. Nevertheless, traditional
sensors which use MXenes are slightly complicated for large-
scale integration [7] and less sensitive to ultra-low pressure
detection [13]. Thin film transistors (TFTs) technology has
been successfully used in large-scale integration, such as dis-
play panels [14], sensor devices [15] and so on, owing to its
advantages of small-size, low-cost and amplification effect.
It approves that the gate voltage and the source-drain cur-
rent are used as the basic sensor signals extracted from the
TFTs [16]. In the saturated region of TFT, the slight pressure
change can even lead to the obvious magnitude change of
current. However, the change of current measured by a sepa-
rate voltage divider without TFT is not obviously enough to
be subdivided [17]. So, it is hard for the device without TFT
to detect the pressure which is loaded in a small range. And
the sensitivity of the device without TFT is lower than that
of devices with TFT. Therefore, it is necessary to explore
a new and high-performance tactile sensor connecting TFTs
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TABLE 1. VG and RMX under different pressure.

with piezoresistive units. Meanwhile, the stability, the on-
off ratio and the amplification of TFT are also crucial to
the stability and sensitivity of the sensor. The a-IGZO TFT
shows its applicability to tactile sensors due to its excellent
characteristics and low manufacturing cost, which has the
potential for large-area fabrication [18]–[19].
In this letter, a tactile sensor was manufactured and con-

nected to a voltage divider circuit, TFT, which is compatible
with display technology. During the sensing process, TFT
worked at the subthreshold and saturation region to ensure
that the current signal was amplified, and the magnitude
changes of source-drain current were detected with a small
shift of gate voltage caused by tactile pressure. The novel
design makes the sensor have ultra-low tactile detection limit,
high sensitivity and can be used in large-area integration.

II. EXPERIMENTAL
The whole circuit including interdigital electrodes, TFTs
and square resistances, is designed and manufactured on
a 200 mm × 200 mm glass substrate. The bottom-gate,
top source/drain TFT configuration was adopted. A 150-nm-
thick molybdenum (Mo) film was grown by sputtering and
was patterned as gate electrode. And interdigital electrode
of sensors was prepared at the same time. Subsequently, a
300-nm-thick SiNX and 100-nm-thick SiOX dielectric film
was deposited as gate isolate layer by PECVD. The a-IGZO
film with a thickness of 50 nm was grown as the active chan-
nel layer at room temperature by sputtering. Then 200 nm
SiOX was grown as etching stopper layer and 100 nm Mo
was sputtered as source-drain metal. Finally, 200 nm SiOX
passivation layer was deposited to prevent the damage of
water and oxygen in air and 50nm thick ITO was sputtered
as resistance of the circuit. Patterns were produced by pho-
tolithography. The circuit is annealed at 200 ◦C for 2 hours.
The structure diagram of the device obtained by photolithog-
raphy is depicted in Fig. 1. Then, the MAX phase precursor
(Ti3C2) powder was prepared by etching the MAX phase
precursor (Ti3AlC2) [13], [17]. And the piezoresistive tac-
tile sensor was obtained by dropping Ti3C2 solution on the
glass and heating at 80 ◦C for 15 minutes, and inverting the
glass encapsulation with Ti3C2 on the interdigital electrode.

The static pressure was provided by weights of different
masses, and dynamic pressure was loaded by an acquisition

FIGURE 1. The structure diagram of the device.

FIGURE 2. (a) Photograph of the fabricated tactile sensor. (b) Circuit
diagram of the sensor.

analyzer (DH5922N, D.H.) and a scanning signal genera-
tor (DH-1301, D.H.). The characteristic parameters of the
tactile sensor were measured by a constant voltage source.
A semiconductor parameter analyzer (4200-SCS, Keithley)
was used to record transfer characteristics of TFT and the
performance of the sensor.

III. RESULTS AND DISCUSSION
The image of the tactile sensor is illustrated in Fig. 2(a). The
sensing device comprises three parts as shown in Fig. 2(b):
10V DC input voltage Vin, two resistors (variable piezoresis-
tor RMX and constant R1) for voltage division, and TFT unit.
The source and drain electrodes of the TFT are connected to
the probes of Keithey 4200. RMX decreased when the tactile
pressure was applied on the sensor. The value of MXenes’
initial resistance (at 0 Pa) is 15 k� and R1 is 4 k�. The
gate voltage of TFT VG, which changes with the change of
RMX according to the circuit diagram, can be described as
following:

VG = Vin ∗ R1

R1 + RMX
(1)

During the sensing process, TFT works in the subthreshold
and saturation region to ensure that response current signals
can be measured and amplified by orders of magnitude with
a slight change in piezoresistor. Therefore the sensitivity of
the tactile sensor is greatly improved.
In addition, the transfer characteristic curve of TFT device

is as depicted in Fig. 3. It could be indicated that the thresh-
old voltage of the TFT device is 0.2 V and on-off ratio is
106. The changes of RMX can be amplified into a current
signal by TFT The current signal is the drain current of the
TFT, which is detected by Keithley 4200. The drain current
varies with applied gate voltage by more than three orders
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FIGURE 3. Transfer characteristic curve of TFT.

FIGURE 4. Working mechanism diagram of MXenes.

of magnitude when TFT works in the subthreshold and sat-
uration range of 2.1V to 7.7V under a constant drain voltage
at 10V, which means the weak touch force can be detected
sensitively.
MXenes is a kind of material with variable layer spac-

ing. the layer distance Dn decreases after loading pressure,
resulting in the decrease of resistance RMX. Fig. 4 shows
the working mechanism diagram of MXenes.
In this paper, the current of the sensor is measured under

different pressure from 0 Pa to 294 pa. Table 1 shows the
resistance values of MXenes under different pressures and
the corresponding gate voltage VG. Figure 5 shows VG under
different pressures vividly.
Responsive drain current curves with respect to the pres-

sure from 0 Pa to 294 Pa are illustrated in Fig. 6. The drain
current of TFT Id increases monotonically in the subthresh-
old and saturation region as the pressure increases, which
corresponds to the increase in the gate voltage of the TFT
from 2.1 V to 7.7 V in the subthreshold and saturation
region. At the same time, the voltage across the RMX is
decreasing. It indicates that the resistance of the sensing
unit decreases with the increase of pressure. The work-
ing micromechanism of the sensing unit can explain its

FIGURE 5. VG under different pressure.

FIGURE 6. Responsive drain current curves under the pressures ranging
from 0 Pa to 294 Pa. (Insert: The responsive drain current under 0Pa to
0.98 Pa).

conductive performance. The total resistance of the sensing
unit is defined as RMX = RMX’ + Rcon, where RMX’ is the
resistance of Ti3C2-MXenes itself, and Rcon is the contact
resistance between the interdigital electrodes and Ti3C2-
MXenes. The internal structure of Ti3C2-MXenes is unique
because the distance between interlayers of Ti3C2-MXenes
is variable under different pressure. When the applied exter-
nal pressure increases from 0 Pa to 294 Pa, the distance
between neighboring interlayers in Ti3C2-MXenes shortens
and the conductivity increases which results in the decrease
of RMX’. Simultaneously, the tighter contact between the
electrodes and Ti3C2-MXenes makes the conductive path
increase, and then Rcon decreases. Consequently, and the
responsive current increases and RMX decreases from 15 k�
to 1.2 k� under the pressures ranging from 0 Pa to 294 Pa.
The decrease in RMX causes the voltage divided by R1 to rise
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FIGURE 7. Change in current (�I/I0) of the sensor with respect to
increased tactile pressures from 0Pa to 294Pa.

because R1 is constant resistance in the voltage dividing cir-
cuit. Thus, the gate voltage of the TFT increases. Resultantly,
the current signal is amplified by TFT in the subthreshold
and saturation region from 2.1 V to 7.7 V. It is concluded
that the drain current changes by order of magnitude after
the tactile pressure loaded from 0 Pa to 294 Pa.
Additionally, the sensitivity of the tactile sensor to pres-

sure is shown in Fig. 7. The sensitivity is defined as S =
(�I/I0)/�P, where �I is the relative change of Id, I0 is the
initial Id under unloading pressure and �P is the pressure
change. The rate of current change �I/I0 increases from 0 to
1363 as the pressure increases because the distance between
electrodes and MXenes shortens and the conductive path
increases continuously. The sensitivity curve consistent with
the transfer characteristic curve of TFT is non-linear because
the current signal originates from the TFT. According to cal-
culations, the sensitivity of the sensor reaches the maximum
4636.1 kPa−1 under 294 Pa. It is speculated that the current
sensitivity of the sensor is high because Id is sensitive in
the low voltage range when TFT works in the subthresh-
old and saturation region. The current amplification effect
of TFT makes the current signal present three magnitude
changes in a small voltage range. Therefore, the piezoresis-
tive sensor has ultra-low pressure detection limit of 0.98 Pa
and exhibits high sensitivity in the low tactile range from
0.98 Pa to 294 Pa because of the excellent conductivity of
MXenes, the interdigital electrodes and the voltage divider
circuit based on TFT.
In order to characterize the repeatability of the piezoresis-

tive sensor with TFT, 1500 cycles of testing (1 s per cycle)
are measured by loading/ unloading a pressure of 127.4 Pa.
As depicted in Fig. 8, the piezoresistive sensor based on
a voltage divider circuit with TFTs can maintain a stable
current response even when external tactile signals change
rapidly. It can be seen from the figure that the current show
no obvious degradation after 1500 pressure cycles. Thus it

FIGURE 8. Repeatability tests of the sensor for 1500 cycles under 127.4 Pa.

is proved that the sensor shows good repeatability and high
reliability.

IV. CONCLUSION
A high-performance piezoresistive tactile sensor composed
of the Ti3C2-MXenes and TFTs, with a voltage divider
circuit was produced successfully. During the voltage divi-
sion process, TFT works in the subthreshold and saturation
region to ensure that the magnitude change of current is
measured in a small voltage range. This novel proposed
design makes the sensor highly sensitive (4636.1 kPa−1),
highly stable (1500 cycles under 127.4 Pa) and capable of
measuring ultra-low pressure (0.98 Pa). These superior char-
acteristics demonstrate the excellent potential of this sensor
for electronic touchscreens and advanced medical testing.
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