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Pulsed Gate Switching of MoS2 Field-Effect Transistor
Based on Flexible Polyimide Substrate for Ultrasonic
Detectors
Muhammad Naqi, Bosung Kim, Sang-Woo Kim,* and Sunkook Kim*
MoS2 based FETs have gained expansive
attractions due to its high performance
and easy processing.[12–18] Recently, the
ultrasonic transducer has successfully
been developed for ultrasonic biomedical
imaging, object recognition, and optoacoustic imaging applications based on
MEMS technology.[19–21] Although various
micromachined ultrasonic transducers
have been developed recently,[21,22] as of
current demand of wearable electronic
devices, high mechanical robustness
and flexibility with high performance
are required for ultrasonic biomedical
imaging.
Ultrasonic detectors are mainly used
for medical ultrasonic imaging in which
the ultrasonic probe is being used as a
wave resonator made of piezoelectric
materials.[19–22] Among various materials, piezoelectric materials with a low
dielectric constant are commonly used
for receiving ultrasonic properties.[23,24]
Although these types of ultrasonic detectors exhibit better performance to obtain
good ultrasonic properties but have the
complexity of supporting electronics, biocompatibility, flexibility, and high-frequency measurements. In this regard,
many studies on FETs merging with piezoelectric materials
have also been reported, which incorporate a gate terminal
with piezoelectric material to obtain good electrical properties.[14,25–28] The FETs incorporation is a key device function
in ultrasonic transducers as it tunes the piezoelectric sensor
to operate in low voltage bias for obtaining ultrasound properties.[29,30] The electrical characteristics for high-frequency
measurements are often limited due to the complexity of
supporting electronics, and more generally by piezoelectric
materials used during the process. The influence of the supporting electronics has a significant impact on measuring the
high-performance ultrasonic properties. In this regard, the
investigation of supporting electronics for ultrasonic detectors is now gaining interest due to possible applications in
ultrasonic imaging, acoustic imaging, touch sensing panel,
and finger-print imaging. In view of this, the present FETs
based on MoS2 channel material have been reported to obtain
good electrical performance with different structures and fabrication methods,[1,2] it remains challenging to obtain highfrequency operations with high flexibility and durability over

Molybdenum disulfide (MoS2) semiconductors have closely been studied for
potential applications in detectors, optoelectronics, and flexible electronics
due to its high electrical and robust mechanical performance. Herein, the first
experimental study of the high-speed ultrasound wave detection by the combinational structure of flexible MoS2 field-effect transistor (FET) and piezoelectric device based on polyvinylidene fluoride trifluoro ethylene P(VDF-TrFE)
is reported. The proposed flexible MoS2 based FET device exhibits maximum
mobility of 18.12 cm2 Vs−1, high on/off current ratio of ≈105, high robustness over mechanical tests, and excellent gate-pulsed switching behavior
at different frequencies (10, 100, and 500 kHz), thus, utilized as supporting
electronics to detect ultrasound wave at high-speed. The ultrasound waves
are applied to the self-assembled piezoelectric device under different power
scales (0 ≈ 1.5 W cm−2) and the transfer curve of the proposed FET is analyzed. The results show a clear detection of ultrasound waves with high stability and excellent linearity in terms of threshold voltage (Vth) shift and drain
current (Ids) under different power levels. Also, the pulsed gate-switching
behavior is analyzed and the ultrasound detection with high stability is
observed at high-speed switching, thus, enabling the development of applications in high-speed electronic devices and biomedical imaging tools.

1. Introduction
Molybdenum disulfide (MoS2), as an excellent 2D material, has
gained interest for future electronic devices due to its extraordinary electrical, optical, and piezoelectric properties.[1–4] MoS2
is a transition metal dichalcogenide, consisting of a sandwich
structure of molybdenum atom between two sulfur atoms
(SMoS) with a bandgap range of 1.8–1.2 eV in monolayer or
multilayer form.[5–8] By defining with an ideal dielectric layer,
field-effect transistors (FETs) based on MoS2 channel material exhibits high mobility, greater on/off ratio, and consistent
saturation current.[1,9–11] As greater interest of current artificial intelligence and human-machine interfacing techniques,
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complex environments. Similarly, the selection of materials,
device structure, and processing technique in FETs present
another way of optimizing the transistor performance over
high-frequency operations, but this has not been extensively
studied in biomedical based electronic devices.
Herein, we have developed a flexible MoS2 based FET device
to overcome the existing limitations such as high-frequency
operations, easy processing, and high robustness by using
an inverted-staggered bottom-gate transistor based on flexible polyimide (PI) substrate along with its integration with a
piezoelectric device to facilitate the high-frequency operation
of FETs added with detection of input ultrasound. Further,
we also demonstrate the pulsed-gate switching properties of
flexible MoS2 based field-effect transistor (FET) for obtaining
high-performance ultrasonic detectors. The presented FET is
fabricated on the flexible PI substrate to obtain high mechanical and robustness properties under various complex environments. The electrical properties of flexible MoS2 based
transistors show high performance, exhibiting stable mobility
of 18.12 cm2 Vs−1 and a high on/off ratio of ≈105 along with
high robustness performance up to 2000 bending cycles. To
obtain the pulsed gate switching properties of the proposed
flexible MoS2 based FET, the voltage pulses have been applied
to the gate terminal under different frequencies (10, 100,
and 500 kHz). The results show consistent and highly stable
switching of drain current (Ids) at high-frequency operations
and stable behavior under cyclic bending stress. Furthermore,
the results of the ultrasonic detection system show consistent
and linear behavior with high stability and no noise level in
terms of threshold voltage (Vth), Ids, and current switching
behavior at various frequency measurements. Although the
flexible MoS2 based FET device presented here was initially

intended as a supporting electronics for high-speed measurements of ultrasonic detection, it may further enhance to utilize
in high-performance biomedical imaging devices, rangefinding tools, and acoustic imaging systems, thus, providing a
unique platform for next-generation electronic and biomedical
applications.

2. Result and Discussion
Figure 1a demonstrates the schematic layout of the sequential
fabrication process of the proposed flexible MoS2 based FET. To
fabricate the proposed flexible MoS2 based FET, the solutionbased PI layer is spin-coated on a rigid glass substrate, and then
the gate terminal is patterned through the photolithography
technique. As a dielectric layer, Al2O3 (80 nm) is deposited on the
patterned gate electrode by atomic layer deposition (ALD)
technique and then MoS2 channel material is mechanically
transferred onto the surface of patterned gate electrode-Al2O3
layer using exfoliation method. Next, the via of gate electrode
is patterned by photolithography process to establish a contact
with gate terminal. The lift-off process is adopted to pattern
the source and drain electrodes using lift-off resist and photo
resist (PR), and then the passivation layer of Al2O3 (20 nm)
was deposited onto the patterned MoS2 FET. To eliminate the
PI layer from the rigid glass substrate, thermal release tape is
attached to the top of patterned MoS2 FET and put into the DI
water at 70 °C. After the elimination of glass substrate from
the PI-based flexible MoS2 FET, the Polyethylene terephthalate (PET) is laminated on the back of the PI layer to enhance
the flexible properties. As a final step, the thermal release tape
was removed from the top of the proposed device by putting

Figure 1. Flexible local bottom gate FET based on multilayer MoS2 semiconductor. a) A stepwise fabrication process in the 3D section view of the
proposed FET device. b) A real image of the proposed FET device with MoS2 channel length and width of 9 and 18 µm, respectively. c) A photograph
of the proposed flexible MoS2 FET device. d) Layer-by-layer schematic layout of the proposed flexible MoS2 based FET device.
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onto the hot plate at 90 °C. A detailed overview of the fabrication process of the proposed FET device is described in the
experimental section. The optical image of the proposed flexible MoS2 based FET can be visualized in Figure 1b, describing
the channel length of 9 µm and width of 18 µm measured in
ambient conditions. Furthermore, the real image of the proposed device is described in Figure 1c along with the top to
bottom schematic layout structure, elaborating each layer of the
presented device (Figure 1d).
The schematic layout of the proposed flexible MoS2 based
FET is shown as a flexible 3D section view in Figure 2a. The
configuration of the presented device has similarity to a commercially available bottom-gate inverted-staggered structure,
containing the gate terminal underneath the channel layer
with source and drain electrodes on the top.[31,32] The transistor
characteristics of proposed flexible MoS2 FET were first measured in terms of transfer and output curves at ambient conditions. Figure 2b demonstrates the transfer (Ids–(Vgs−Vth)) curve
in a logarithm scale along with the extracted mobility value of
the presented FET. The maximum mobility of 18.12 cm2 Vs−1
at Vds = 1V, a threshold voltage of −17.61 V, and Ion/Ioff of
≈105 were observed at ambient conditions. Here, the mobility
is calculated by (μeff = Lgm/WCoxVds), where L/W represents
the channel length/width value of 9/18 µm, Cox represents
the oxide capacitance value of 10.6 µF cm−2, and gm represents the transconductance value of 13.6 µS. Furthermore,
the transfer curve presented here is explained in a form of
gate-bias voltage Vgs–Vth versus drain current (Ids) where the
applied gate-bias voltage (−20 to 20 V) was subtracted from the
threshold voltage (≈17.61 V). The gate dielectric layer of Al2O3
(80 nm) exhibits excellent insulating properties, observing

the leakage current (Ig) in ≈pA range which offers good electrostatic potential control over applied gate-bias modulation.
The output (Ids – Vds) curve of the same device is shown in
the Figure 2c in terms of applied gate-bias voltage (Vgs–Vth)
with an interval of 4 V. The output curve demonstrates the
linear behavior at low Vds and the full current saturation at
high Vds due to excellent ohmic contact of Titanium/Gold
(Ti/Au) source and drain electrodes with the multilayer MoS2
channel material. To analyze the pulsed gate switching of the
proposed flexible MoS2 FET device, the gate pulse of −10 V to
10 V was applied to the gate terminal at different frequencies.
Figure 2d,e show pulsed gate switching (Vgs – Ids) curves at
different frequencies of 10, 100, and 500, respectively, where
the Vds was set to 1 V. The switching behavior of applied
gate voltage (−10 to 10 V) at the frequency of 10 and 100 kHz
show a consistent current (Ids) flowing in the range of ≈10–4 A
without any interruption as shown in Figure 2d,e, respectively. The pulse width is set to 5 × 10–5 and 5 × 10–6 for 10
and 100 kHz frequency measurements, respectively, with
10–7 s of rising, falling, and delay time. The 500 kHz pulsed
gate switching behavior shows a stable current switching
in the range of ≈10–4 A with a negligible noise level having
a pulse of 10–6 with 10–8 s of rising, falling, and delay time,
shown in Figure 2f. Additionally, to compare the pulsed gate
switching behavior of proposed flexible MoS2 FET with commercially available other FET devices, amorphous indium gallium zinc oxide (a-IGZO), and amorphous silicon (a-Si) semiconductors based FET devices were fabricated. To fabricate the
a-IGZO based FET device, the channel material (a-IGZO) has
been deposited by radio frequency sputtering process on Si
wafer and the electrical measurements of a-IGZO FET device

Figure 2. Electrical characteristics of the proposed flexible FET device. a) A schematic layout of the proposed flexible FET device based on MoS2
channel material. b) Transfer characteristic curve ((Vgs–Vth)–Ids) and charge carrier mobility (µ) of the flexible MoS2 based FET at Vds = 1V. c) Output
characteristic curve (Vds–Ids) of the same FET device at a different gate-bias voltage (Vgs –Vth) with 4 V steps. d–f) Pulsed-gate switching behavior of
the proposed flexible FET device at different frequencies ranges from 10, 100, and 500 kHz, respectively.
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exhibits high Ion/Ioff of ≈106, a threshold voltage (Vth) of 0.2 V,
and charge mobility of 4.96 cm2 V s−1 with channel length/
width of 10/100 µm (Figure S1a, Supporting Information).
Then, the pulsed gate switching was analyzed at frequencies of 1, 10, and 100 kHz with a pulse width of 5 × 10–4,
5 × 10–5, and 5 × 10–6, having the 10–7 s of rising, falling, and
delay time, respectively. A stable to noisy current switching
results were obtained from lower to higher frequencies (1 to
100 kHz), as shown in Figure S1b–d, Supporting Information.
The FET device based on a-IGZO channel material is unable
to obtain stable and noise-free switching behavior at higher
frequency (100 kHz) due to low charge carrier mobility and
100 kHz is estimated to be a cut-off frequency for the fabricated a-IGZO FET device. Similarly, a-Si based FET device was
fabricated, exhibiting Ion/Ioff of ≈109, Vth of 1.8 V, and charge
carrier mobility of 0.21 cm2 Vs−1 with channel length/width of
9/90 µm, shown in Figure S2a, Supporting Information. The
pulsed switching behavior of a-Si based FET exhibited a current switching behavior at a low frequency of 1 kHz with low
noise (Figure S2b, Supporting Information). Due to relatively
low charge carrier mobility, a high noise level, and no current
switching behavior were obtained at frequencies of 10 and
100 kHz, revealing a cut-off frequency of 10 kHz for a-Si based
FET device, shown in Figure S2c,d, Supporting Information, respectively. After comparing the pulsed gate switching
behavior of presented flexible MoS2 FET with the commercially available a-IGZO and a-Si based FET, our device shows
high performance with stable and reliable switching behavior
over high-frequency operations with no noise level due to high
mobility and device design.

The mechanical stability was then analyzed at the active
channels of the proposed flexible FET array against an upward
bending test, as shown in the inset of Figure 3a. The tensile
stress could lie to the entire zone of proposed flexible FET
array due to the lamination of 100 um thick PET film on the
backside of the PI layer. As a result, the mechanical stability of
the proposed flexible MoS2 FET can be analyzed under complex environments. Figure 3a depicts the transfer characteristics of our FET device under static and bending cyclic test up to
2000 cycles with a bending radius of 5 mm. The Ids–Vgs curves
of the flexible MoS2 FET show no significant effect under different bending cycles with respect to the static condition.
Figure 3c shows the mobility (µ) and the threshold voltage (Vth)
variations of the flexible MoS2 FET device under the bending
cyclic test. The value of mobility (µ) in the flat condition
is 18.12 cm2 Vs−1. After the bending cyclic test of our device
with a radius of 5 mm, the variation of mobility values shows
a negligible effect under 2000 bending cycles. The threshold
voltage (Vth) of the flexible MoS2 FET shows unchangeable
behavior, maintaining the performance of transistor characteristics under the bending cyclic test. As proposed flexible MoS2
FET device intends to obtain high-frequency operations for the
ultrasonic application with high flexibility and durability. The
pulsed-gate switching behavior of the presented FET device
was then analyzed over the above-mentioned frequencies
under different bending cycles. Figure 3c–e compare pulsed
gate switching variations at 10, 100, and 500 kHz frequency
under various bending cycles up to 2000 cycles with the flat
condition. The results show stable behavior with unchangeable
behavior under the bending cyclic test. The presented flexible

Figure 3. Mechanical characteristics of the proposed flexible FET device. a) Transfer characteristic curve of the proposed device under various bending
cycles up to 2000 cycles with a bending radius of 5 mm. The inset shows a real image of the bending state of the presented flexible MoS2 FET device
with a predefined bending radius (red dashed circle and radius R). b) Variations of the µ and Vth of the proposed flexible MoS2 based FET device under
a defined bending cyclic test. The pulsed-gate switching behavior of the proposed device at different frequencies ranges from c) 10 kHz, d) 100 kHz,
and f) 500 kHz as a function of different bending cycles (n = 0, 100, 1000, 2000).
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MoS2 FET device shows resistant behavior to mechanical tests,
exhibiting high durability and flexibility with excellent electrical performance.
Next, the ultrasound detection was analyzed where the proposed flexible MoS2 FET device was utilized as an extended gate
approach and externally connected to the self-assembled flexible piezoelectric device based on P(VDF-TrFE) material. The
externally connected piezoelectric device to a flexible FET is the
key to realizing ultrasound-input in FET output-characteristics,
the conceptual overview is defined in the 3D section view of
Figure 4a. The proposed assembly of the devices gives the
applicability of a piezoelectric device to power the FET via an
adequate supply of gate voltage. In other words, the effective
sensing of input ultrasound stimulus of the piezoelectric device
through the performance of FET, transfer curve in particular.
For more clarity, a block diagram of the assembly is presented
in Figure S3, Supporting Information. Additionally, it is essential to understand the standalone piezoelectric response of the
P(VDF-TrFE), to accomplish the same, both structural (x-ray
diffraction response) as well as electrical characterization of
the flexible MIM (PEN/ITO/P(VDF-TrFE)/Au, shown in the
inset of Figure 4a). The thickness of P(VDF-TrFE) is measured
about 25 µm, shown in cross-sectional scanning electron
microscope image of Figure S4, Supporting Information, along
with 3D-section view of the self-assembled piezoelectric device
configuration. The pronounced diffraction response of the
β-phase at an angle of about 2θ = 19.7 provides evidence for
the piezoelectricity P(VDF-TrFE), shown in Figure S5, Supporting
Information.[33] Further, the electrical characterization of the
independent piezoelectric device depicts the direct dependency

of the output voltage in altering the threshold voltage of FET
at different power of applied ultrasound waves (frequency of
20 kHz) ranges from 0.5 to 1.5 W cm−2, shown in Figure 4b.
The generated ultrasound stimulus waves applied to the piezoelectric material with different power scales (0.5 to 1.5 W cm−2)
promote not only the gradual shift of threshold voltage but also
deteriorate the magnitude of maximum achievable drain current (Ids at Vgs of 3V, Figure 4c), which is the direct consequence
of enhanced piezoelectric voltage output (Figures S6 and S7,
Supporting Information), as a function of input ultrasound
stimulus. In addition, the peak voltage and current values of the
P(VDF-TrFE)-based piezoelectric device under 20 kHz of ultrasound waves are 0.164 V and 13.8 µA at 0.5W cm−2, 0.222 V and
24.7 µA at 1.0W cm−2, and 0.315 V and 33.9 µA at 1.5W cm−2,
shown in Figures S6a/S7a, S6b/S7b, and S6c/S7c, Supporting
Information, respectively. To verify the presented electrical
output is generated from ultrasonic wave, one period of ultrasound is measured. The one period of sine wave in the output
graph is 50 µs, indicating that the voltage and current output
is generated from ultrasound wave at 20 kHz. To analyze the
ultrasonic detection on a gate switching scale, different frequencies (10, 100, and 500 kHz) were applied at the gate contact
in presence of a piezoelectric device along with ultrasound wave
(power of 1.5 W cm−2), as shown in Figure 4d–f, respectively.
Clear detection of ultrasound waves was observed, elaborating a
slight decrement in Ids with high stability and reliability. Given
this, the variation of FET characteristics with high-frequency
switching performance is proposed to be an effective way of
realizing the nature of ultrasound input to the piezoelectric
device at high-speed, thus, providing a novel platform for

Figure 4. Data acquisition of the proposed ultrasound detection system. a) A schematic layout of the proposed ultrasound detection system combined
with the proposed flexible MoS2 FET device and piezoelectric device based on P(VDF-TrFE). b) Transfer characteristic curve (Vgs–Ids) of the flexible MoS2
FET device while connected with the piezoelectric device under different ultrasound power (0, 0.5, 1.0, and 1.5 W cm−2). The inset shows a schematic
configuration of the proposed ultrasound detection system. c) Variations of Vth and Ids of the proposed system at different power (0, 0.5, 1.0, and
1.5 W cm−2) of the ultrasound wave. d–f) The pulsed-gate switching responses of the proposed ultrasound detection system under various applied
frequencies of 10, 100, and 500 kHz, respectively, where the power of ultrasound wave was fixed at 0 and 1.5 W cm−2.
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high-speed ultrasonic detectors, optoacoustic imaging devices,
biomedical imaging tools, and object recognition systems.

3. Conclusion
We have reported a combinational structure of flexible local
bottom gate FET based on MoS2 and piezoelectric device based
on P(VDF-TrFE) material to detect the ultrasound wave at highfrequency measurements. The FET device was fabricated by
using easy processing methods, and its electrical performance
was characterized in terms of transfer curve, output curve,
mechanical robustness, and pulsed-gate switching response at
different high frequencies (10, 100, and 500 kHz), elaborating
maximum of 18.12 cm2 Vs−1, high on/off current of ≈105, stable
electrical performance under complex environments, and reliable switching behavior with no noise level when compared
to other fabricated FET devices. The ultrasound waves were
applied to the piezoelectric device, in which one electrode was
connected to the gate electrode of the proposed FET device, and
the pulsed-gate switching with a voltage range of −10 to 10 V
was applied on the other electrode to analyze the ultrasound
wave detection at different frequencies. Additionally, the transfer
characteristics of the proposed FET device were also analyzed at
different power of ultrasound waves, elaborating high linearity,
and reliability with greater electrical performance. The measurement results show that this system is capable of detecting
ultrasound waves at high-speed with stable and good electrical
performance, thus, enables the promising potential for futuristic applications in the electronics and biomedical field.

(20 nm) was deposited by the ALD process and via of the FET device
was then patterned by the abovementioned photolithography process.
To peel-off the PI layer, the thermal release tape was laminated on the
front side of the FET device and dipped in the water at 70 °C for 5 min.
After peeling off the proposed FET device from the glass substrate,
the lamination of PET film was performed on the backside of the FET
device and then, as a final step, the laminated thermal release tape was
then released at 90 °C on a hot-plate. Additionally, the commercially
available a-IGZO and a-Si channel FET device were fabricated through
the abovementioned photolithography process.
Fabrication of Piezoelectric Device: A 2 × 2 cm ITO/PEN films were
used as substrates. Before using the films, the film was cleaned with
methanol, acetone, and deionized water using an ultrasonic bath. (For
about 10 min each) And then, we prepare P(VDF-TrFE) solution by
dissolving the 3g P(VDF-TrFE) powder in 10 mL dimethylformamide
solvent and the solution is stirred for 12 h to be completely dissolved.
The prepared P(VDF-TrFE) solution is poured and coated on a cleaned
ITO/PEN substrate by using an automatic bar coater (DAO-CO, 02VH).
The thin film is annealed at 60 °C for 30 min to evaporate the solvent and
annealed at 140 °C for 2 h to change the phase of P(VDF-TrFE) from α to
β. After that, 200 nm of Au electrode was deposited on the P(VDF-TrFE)
film by the thermal evaporation method. To improve the piezoelectricity
of P(VDF-TrFE) film, an external electric field was applied for the poling
(1 kV, 10 min) by high voltage power supply (ConverTech, SHV30R).
Electrical Measurements: The transistor and gate switching properties
were measured by using a semiconductor characterization system
(Keithley, 4200 SCS) with the addition of a pulse modulation unit. The
ultrasound wave was applied by using an ultrasound generator (AFG
3021B, frequency of 20 kHz) in ambient conditions.[34]

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.

4. Experimental Section
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