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Mechanical Modulation of 2D Electronic Devices at
Atto-Joule Energy via Flexotronic Effect

Pengwen Guo, Mengmeng Jia, Di Guo, Wei Wang, Yufei Zhang, Lele Ren, Aifang Yu,

Zhong Lin Wang,* and Junyi Zhai*

In addition to electrical, optical, and magnetic fields, mechanical forces have
demonstrated a strong ability to modulate semiconductor devices. With the
rapid development of piezotronics and flexotronics, force regulation has
been widely used in field-effect transistors (FETs), human-machine inter-
faces, light-emitting diodes (LEDs), solar cells, etc. Here, a large mechanical
modulation of electronic properties by nano-Newton force in semiconductor
materials with a large Young’s modulus-based force FET is reported. More
importantly, this FET has ultralow switching energy dissipation (7 a) per
decuple current gain) and nearly zero leakage power; these values are even
better than those of electronic FETs. This finding paves the way for practical
applications of nanoforce modulation devices at high power efficiency.

1. Introduction

The rapid growth of semiconductor physics has promoted the
continuous development of information technology. Most of
these works focus on the electrical, optical, and magnetic prop-
erties and their coupling effects in semiconductor materials
or heterostructures. With the rapid development of electronic
devices and the great demand for human-machine inter-
faces, the coupling effect between force and semiconductor
properties has drawn increasing attention, especially in the
last 20 years.'3] The piezoresistive effect can be observed in

P. Guo, M. Jia, D. Guo, W. Wang, Y. Zhang, L. Ren, A. Yu, Z. L. Wang, J. Zhai
Beijing Institute of Nanoenergy and Nanosystems

Chinese Academy of Sciences

Beijing 101400, P. R. China

E-mail: zhong.wang@mse.gatech.edu; jyzhai@binn.cas.cn

P. Guo, M. Jia, W. Wang, Y. Zhang, L. Ren, A. Yu, Z. L. Wang, |. Zhai
School of Nanoscience and Technology

University of Chinese Academy of Sciences

Beijing 100049, P. R. China

D. Guo, A. Yu, J. Zhai

Center on Nanoenergy Research

School of Physical Science and Technology

Guangxi University

Nanning, Guangxi 530004, P. R. China

Z. L. Wang

School of Materials Science and Engineering

Georgia Institute of Technology

Atlanta, GA 30332, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202202779.

DOI: 10.1002/adfm.202202779

Adv. Funct. Mater. 2022, 2202779

2202779 (10f9)

nearly all semiconductor materials,**

with a linear modulation of the semicon-
ductor properties under an applied force.!
However, the tuning ratio is low for most
semiconductor materials. In 2007, the
piezotronic effect (PE) was proposed
to modulate the electrical properties in
piezoelectric semiconductor-based hetero-
structures (Schottky junctions or p-n junc-
tions) via the piezoelectric effect.®”) The
PE can exponentially tune electronic or
optoelectronic properties by changing the
bandgap of the heterostructure by means
of the piezoelectric potential at the inter-
face under an applied external force, thus
dramatically enhancing the sensitivity of
piezotronic force sensors or improving semiconductor proper-
ties with the applied force.l'>2 However, the PE requires semi-
conductor materials to have piezoelectric properties; thus, in
many important semiconductor materials (such as silicon and
germanium), this effect cannot be used to improve electrical,
phototronic or magnetic properties. Even in piezoelectric!”®!
semiconductors, there is no piezotronic effect along the unpo-
larized direction.

The coupling between electric polarization and the strain
gradient, namely, flexoelectricity* 1 describes the contribu-
tion to the thermodynamics of a solid and widely exists in all
dielectric materials in any space group, even centrosymmetric
semiconductors.”%! By these means, mechanical modulation
of semiconductor properties can be expanded from piezoelectric
semiconductors to all semiconductors, and the flexoelectricity
can even enhance piezoelectrical properties,?*2!l which has pro-
moted the wide implementation of flexoelectronics™ (simplified
as flexotronics). However, as the Young’s modulus of an inor-
ganic semiconductor is large,?>?3] the force and energy required
for each modulation are large, and these are key obstacles to the
further development and actual application of the mechanical
modulation of electronic or optoelectronic devices. Unlike the
piezoelectric effect, the flexoelectric effect shows an attractive
thickness dependence.’*?’! Under a fixed external force, the
flexoelectric response is dramatically enhanced when the thick-
ness is reduced to the nanoscale, 228 which is attributed to the
allowable large strain gradient at nanoscale sizes. Alternatively, to
achieve a designated flexoelectric response, decreasing the thick-
ness is an effective method for reducing the externally applied
force. Therefore, there should be a large flexoelectric modulation
of the electronic and optronic properties in ultrathin semicon-
ductor materials under a very small external force.
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Field-effect transistors (FETs) are the most important basic
electronic devices in information technology. The development
of integrated circuits (ICs) requires large-scale integration of
FETs to improve performance and energy efficiency and to
obey Moore’s law.?%) However, as the size of the classic Si FET
approaches the quantum limit,?”! designing a new principle for
FETs becomes increasingly important. The main energy con-
sumption of a FET involves two aspects: one is the energy for
switching the “on” and “off” states of the FET and the other is
the electrical energy leakage from the gate to the source and
drain when the FET is in the “on” status.’!] A mechanical FET
does not have an electrical gate, which means that there is no
energy consumption when the FET is in the “on” state.?”l When
the semiconductor is thin enough, the energy for switching the
“on” and “off” states of a mechanical FET can be even lower
than the electrical switching energy in typical FETs.

In this work, we report the mechanical modulation of
electronic properties by nano-Newton forces in single-layer
MoS,-based devices. Here, MoS, is just a representative mate-
rial, and any ultrathin semiconductor material can be sub-
stituted. Our mechanical modulation of electronic devices
(MMEDs) based on a single-layer MoS, suspension structure
can achieve significant transport modulation with a strain gauge
factor (GF) of up to 4801 by the flexotronic effect (FE), far out-
performing conventional piezoelectric, piezoresistive, and capac-
itive electronics;* moreover, the switching energy dissipation is
extremely reduced, to the attojoule level (7 aJ per decuple cur-
rent gain), by the nano-Newton tip-force, and the leakage power
approaches zero if other mechanical losses are excluded, which
can decrease the energy consumption of the electronics in the
design principle. This work demonstrates that electronic devices
can be effectively modulated by ultrasmall forces through the FE
and offers a new means to compensate for low heat generation
and extremely low power consumption ICs.

2. Results and Discussion

2.1. Fabrication and Characterization of MMEDs

The FE was explored during the nanoindentation process.
This approach can not only achieve a high strain gradient
(=1.3 X 10° m™) by utilizing nonlinear bending deformation but
also effectively distinguish the relative contributions of flexo-
electricity and piezoelectricity to the resulting polarization.}l
MoS, flakes were exfoliated by micromechanical cleavage, and
the number of layers was confirmed to range from single layers
to trilayers based on the differences between the peak posi-
tions of the E;, and A;, modes in the Raman spectra (Figure 1d)
and the height profiles of atomic force microscope (AFM) scan
images. The selected MoS, thin films were transferred onto
a perforated indium tin oxide (ITO)/glass substrate. Then,
the morphologies and flexotronic properties of the films were
studied by conductive AFM (C-AFM) mode, in which high-con-
ductivity, high-transparency, and simple-etching ITO were used
as the bottom electrode, as shown in Figure la. The polariza-
tion potential induced by the FE can be regarded as a “gate”
modulating the electronic process, as shown in the equivalent
circuit diagram in the middle. In situ measurements of the
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nanoindentation test and electrical transport could be imple-
mented synchronously by a C-AFM probe. Here, the probe
had a radius of 30 nm (Figure 1b) to ensure nonlinear bending
behavior for ultrathin films under nanoindentation testing.
An optical photograph (Figure 1c) of the array of circular wells
(diameters =2 um, depth =260 nm) and one MoS, flake span-
ning over the wells is presented. A tapping mode AFM image
(Figure Sla, Supporting Information) indicates the suspension
structure of the MoS, film, and the inset reveals that the film
adheres to the sidewall of the well at a depth of =10 nm. The
adhesion may be due to van der Waals interactions and con-
traction effects during the process of the dry-transfer technique,
which is the probable origin of the film pretension.

For a Schottky contact device, the area of the interface in
the metal-semiconductor contact may affect electrical transport
when the external circuit is at a fixed voltage bias. To evaluate
the concrete contribution of the contact resistance (CR) of the
AFM probe and the MoS; film to electrical transport during
the nanoindentation test, we designed a CR device; the sche-
matic diagram is shown in Figure le, where one half of the
single-layer MoS, was mechanically deposited on an ITO sub-
strate with a 10-nm HfO, epilayer (shown in Figure 1g, with the
inset AFM height profile along the white dotted line). Figure 1f
shows the optical image of the device, illustrating the actual
structure of our device by color contrast, and Figure 1g shows a
scanning electron microscope (SEM) image of the device, indi-
cating that the single-layer MoS, tightly contacts both the HfO,
and ITO substrates without visible wrinkles or discontinuities,
which ensures the accuracy and effectiveness of the subsequent
nanoindentation test. The yellow and blue dashed lines display
the test region for 1 and 2 L flakes, which ensures that the car-
rier transport channel length is the same as that of the corre-
sponding layers of the suspension device for comparison with
their current levels (SEM images of the suspension structure
are shown in Figure S1b, Supporting Information).

To verify the FE in an ultrathin electronic device, we first
measured the electrical transport of a typical single Schottky
junction modulated by a flexoelectric polarization field induced
by a strain gradient under a voltage bias in the suspension
structure MMEDs (Figure 2a). The forward current increases
steadily with increasing load, whereas the reverse current
remains comparable to the noise level below 200 nN. The later
increase may be due to the existence of a barrier between the
flake and the substrate (¢ in Figure 3c), which is certainly
due to the FE. Our single-layer MMEDs display a minimum
force response (1 nN) during the measurement test when
withstanding a load in the range of 1-7 nN, which illustrates
a fascinating force/strain-gradient resolution of the FE in
2D materials.

The film is presumed to deform smoothly under the
indenter as long as the AFM tip is recognized as an ideal
hemisphere. During the nanoindentation test, the contact
area between the AFM conductive probe and the MoS, flake
increases, which leads to the expansion of the Schottky junction
area and further influences the transport of the majority car-
riers. We characterized the electrical transport properties of the
contact resistant device under AFM tip nanoindentations, and
the current—voltage (I-V) characteristics change with increasing
force (Figure 2b). This variation may be due to the interstices
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Figure 1. Fabrication and characterization of the MMEDs. a) Three-dimensional schematic of the MMEDs and its equivalent circuit diagram. The
region delineated by red dashed lines is a two-terminal device, in which R, represents the equivalent tunable resistor modulated by a strain gradient
and light, and Csp represents the equivalent parallel capacitance. b) The SEM images of probe-tip topography before nanoindentation test. Scale bar,
100 nm. c) The optical microscopy image, d) Raman spectra (excited by 532 nm laser) of 1, 2, and 3 L MoS, flakes. e) Three-dimensional schematic of
the designed MoS, contact resistance device. f) The optical microscopy image, g) SEM image of the MoS, flake upon the patterned HfO,/ITO substrate
(inset shows the thickness of the HfO, layer; yellow and blue dashed lines display the region of test for 1 and 2 L flakes, respectively).

existing between the flake and HfO, substrate, leading to a
small increment and then a stable current, with tight contact
occurring. Moreover, to further explore the effect of the CR, we
adopted another conductive Ag-probe (W = 4.23 eV) (ref. [35])
with a work function smaller than that of the previous Pt-probe
(W =5.7 eV, whereas ¢y = 1.7 eV) (ref. [36]) to fabricate a device
with a lower Schottky barrier height (¢5 < 0.5 eV) device. Then,
we characterized the electrical transport properties of the device
under AFM Ag-probe nanoindentations. Figure 2c shows that
the [-V characteristics exhibit typical ohmic contact behavior,
and the forward currents are efficiently modulated by the
loading force. Then, the current reaches saturation, which indi-
cates the existence of a lower Schottky barrier and can even be
considered to represent an ohmic contact device. Depending on
the loading force, the rectification ratios of the Schottky/ohmic
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contacts reach 45.7 to 2.7 at 1 to 400 nN under a +1 V voltage
bias, respectively (Figure S2, Supporting Information). The
above measurements indicate that the contribution of CR to
carrier transport is appreciably lower than that of the FE.

In addition to the FE and CR, flexoresistive effect (FR) and
PE factors may influence the modulation of the loop current
if the system’s internal resistance and measurement error are
neglected. The strain gradient may strongly disturb the band
structure of MoS, and then affect the bandgap width and the
carrier effective masses, leading to the FR, analogous to the pie-
zoresistive effect, and a reduction in the band gap at a rate of
=59 meV per percent strainl*’ for a single-layer MoS,. For our
MMEDs, the change in Schottky barrier height (SBH) (A¢g)
for a +1 V bias induced by two factors (FE and FR) is shown in
Figure 2d, which indicates that the modulation of the barrier

© 2022 Wiley-VCH GmbH
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Figure 2. The FE in 2D MoS, MMEDs. Electrical transport properties of various structure single-layer devices under AFM probe-tip nanoindentation,
in which a) suspension structure under Pt-probe, b) contact structure under Pt-probe, and c) suspension structure under Ag-probe, respectively. The
derived change in SBH as a function of the loading force d) and strain e) at a bias voltage of +1 V. f) The normalized percent contribution of four factors
(PE, FR, CR, and FE) to current modulation at +1V voltage bias, respectively. Electrical transport properties of suspension structure under Pt-probe for
2 L g) and multilayer/bulk h) MoS, flakes; i) The gauge factor of flexotronics in 1, 2, 3 L, and ML MoS, MMEDs under the same measuring conditions

(the tip-force within 400 nN).

dominates the current transport process. Utilizing the models in
Figure S3 (Supporting Information), we can calculate the change
in SBH induced by FE/PE, and Figure 2e shows that the change
in SBH has an approximately linear relationship with axial strain
corresponding to the larger loading force. The inflexion appears
because of inhomogeneous strain during nonlinear bending
deformation (Figure 2d), which is one factor that differs from the
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PE. In addition, we measured the FE in bilayer and bulk MoS,
(as shown in Figure 2gh, respectively), which is another factor
different from the PE because the piezotronic response exhibits
only an odd number of atomic layers MoS, in the in-plane direc-
tion.*® To intuitively estimate the four effects (FE, CR, FR, and
PE) on the modulation of current transport during the nanoin-
dentation test, based on the modulation of the FE, Figure 2f was
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Figure 3. The mechanism of flexotronics in 2D MoS,. a) Schematic diagram of nonlinear deformation. A circular suspended film with Young’s modulus
E, Poisson ratio v, and prestrain & is elastically deformed in the middle by an AFM tip. The film is fixed at the edges and is loaded in the center, resulting
in a vertical deflection w. b) Inhomogeneous strained centrosymmetric crystal structure. c¢) Band diagrams of flexotronic response in the MoS; MMEDs.
i) the flexotronic behavior induced by strain gradient; ii) the low Schottky contact of the interface between Ag-probe and the film. The symbols “h*”
(in black) and “e™ (in red) represent the strain-induced positive and negative polarization charges. ¢sg and ¢’sp represent the Schottky barrier heights
formed between metal and semiconductor contacts without and with strain gradient, respectively. The FE in 2D MoS, obtained from theoretical simu-
lations with a tip-force model, showing d) the corresponding strain distribution and e) the flexoelectric polarization distribution under a tip-force of
400 nN. Arrows in (e) denote the polarization direction. The force is directed downward by the AFM tip (radius, 30 nm), which is centered at the origin.

plotted to illustrate the force dependence of the normalized per-
cent contribution in the single-layer MoS, device under a +1 V
voltage bias, which reveals that the FE dominates the modula-
tion of the carrier transport. Moreover, the effect of CR continues
throughout the nanoindentation process, which is attributed
to the increase in the contact area between the nanoindenter
and the film with mechanical deformation. During the strong
nanoindentation test, the influence of the FR and the PE on the
current modulation appears and increases gradually, but it is
much weaker than that of the FE, which illustrates the necessity
of small mechanical deformation. Thus, we realize flexotronic
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properties in all 2D MoS, within this limited test range, and a
MMED GF of >4801 is reached (Figure 2i), which is orders of
magnitude larger than that of conventional piezoelectric/pie-
zoresistive/capacitive sensors (Table S1, Supporting Informa-
tion), illustrating the high strain sensitivity of the suspension
structure. A stability test (Figure S4a, Supporting Information)
shows that the MoS, flakes on the perforated substrate do not
slip during the nanoindentation test. In addition, the C-AFM
measurements proceed synchronously under the nanoindenta-
tion test in situ well without visible wrinkles or discontinuities.
These results indicate that the elastic deformation of MoS, films

© 2022 Wiley-VCH GmbH
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under nanoindentation and the loading history cannot affect IV
measurements and that the electrical transport of our MMEDs as
active electronics depends only on the bias voltage and the pre-
sent mechanical loading.

2.2. Mechanism of the MMEDs

Considering the circular symmetry of the measured structure
and the six equivalent crystalline directions (Figure S5, Sup-
porting Information) in the stress—strain response in MoS,,
an isotropic film is described by Young's modulus E, Poisson
ratio v, and thickness h (Figure 3a) under nonlinear bending
(Figure S6, Supporting Information). Uniaxial point loading,
applied by an AFM tip, can generate inhomogeneous strain at
the interface of the tip-film contact and localized breaking of the
original centrosymmetry, which generates polarization from the
net negative charge to the cations after lattice deformation, and
the polarization field inside the crystal has an enormous influ-
ence on the concentration and distribution of free carriers in
the metal-semiconductor (M-S) interface and semiconductor
(Figure 3b), which leads to engineering of the M-S interface
and the band structure of the semiconductor(as shown in
Figure 3c). While MoS,; is a centrosymmetric semiconductor
along the thickness direction, the polarization distributions in
the out-of-plane direction are analogous for a single layer and
multilayers; hence, a single layer can represent all flakes. For
our tip-film model, the strain/polarization distribution within
the range of tip radii sufficiently establishes interface engi-
neering; the local strain distribution in MoS, calculated from
the x and z components is shown in Figure 3d, and Figure 3e
shows the simulated flexoelectric polarization distribution
under the same mechanical deformation (the related simula-
tion distributions from side views of the whole film are shown
in Figure S7, Supporting Information). In fact, we referenced
related reports®*“#! about the electromechanical response of
2D semiconductors and found that there seem to be no pre-
vious direct measurements of flexoelectric polarization; most
flexoelectric polarization was calculated by the strain/strain gra-
dient. In our measurements, the maximum out-of-plane polari-
zation P is =5.7 uC m™2 below the center of the contact area
(the force-dependent polarization induced by FE/PE is shown
in Figure S8, Supporting Information), which is the same mag-
nitude as the theoretical values (=1.5 uC m~2) (ref. [34]).

For our MMEDs, the change in SBH (A¢g) induced by
FE under uniaxial point loading (F) can be calculated by
(Supporting Information Text).

8y f (V) EVa Py (Fh)"”
(Ea)2/3 K,ohl/} + [f(V)]Z KOFZB

Agy = @

where 1, is the flexoelectric coefficient, f (V) is a coefficient
related to v, a is the radii of the wells, g is the electronic charge,
wy is the width of the depletion layer, and «; is the dielectric
constant of MoS,. For MoS, MMEDs with identical suspension
structures, the relationship between A¢y induced by the FE and
the thickness of films is Agg = —h™"/3 when the loading force is
fixed and the change in mechanical properties (such as .,
v, and E) for MoS, films with different layers is neglected; the
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change in SBH versus normalized thickness at 100 nN loading
force shows a significantly negative correlation (Figure S9a,
Supporting Information), which explains the thickness
dependence property of the FE and the excellent perfor-
mance for our single-layer MoS, MMEDs. Conversely, the rela-
tionship between the change in SBH and the loading force is
Agg = —F'3/(0.2681 + F*3) under the same prerequisites, which
exhibits an apparent positive correlation (Figure S9b, Supporting
Information), and the loading force-dependent curve has a large
slope under a small load, which reveals why our MMEDs have
both nano-Newton resolution and extremely high GF value sen-
sitivity. Furthermore, the switching energy dissipation of the
MMEDs is incredibly reduced, to the attojoule level, due to the
electromechanical properties of the single-layer MoS,.

2.3. Power Consumption of the MMEDs

The total power of semiconductor chips includes dynamic
power consumption and static power. Dynamic power refers to
the power consumed in a complementary metal-oxide-semicon-
ductor (CMOS) circuit when the inputs switch from one level
to another and includes both short circuit power and switching
power. A Schottky barrier junction-based MMED is analogous
to a switching capacitive node, and only the switching power
dissipation should be considered for dynamic power. For our
MMEDs, the energy consumption per current gain (I/Iy), gener-
ated by the process of applying force modulation, is defined as the
switching energy dissipation, and is equivalent to the mechan-
ical work during the nanoindentation test without considering
mechanical and circuit losses. This work can be expressed as
W = JFdw, where F is the applied force of the probe tip, and w
is the deformation of the film. Then, we calculated the current
gain and the switching energy dissipation for different layers of
MMEDs and plotted their relationship, as shown in Figure 4a,
which shows that the switching energy of the single-layer device
consumption is mainly located in the attojoule region. Indeed,
there exists one subattojoule point (=0.67 aJ) that can realize a
definitive current gain, and the switching energy of multilayer
device consumption approaches the femtojoule region, which
indicates that the 2D MMEDs have ultralow energy dissipation.
Referring to the definition of subthreshold swing (SS), we com-
pared the switching energy dissipation per decuple current gain
of the MMEDs with other types of devices, and the results are
plotted in Figure 4c (refer to Table S4, Supporting Information).
Based on the modulation of the carrier realized by the gate poten-
tial, we chose three main types of devices: (i) capacitors, such as
MOM and MIM; (i) FETs, such as MOSFET and FinFET; and
(iii) junctions, such as MT]J, FT], vdWH, and SBJ. Our results
show that via the FE, the single-layer MoS, MMEDs can imple-
ment a decuple current gain that consumes only 7 aJ, showing
that the perspective of ultralow power consumption micro/nan-
odevices are possible; in addition, our MMEDs realize a 1.6 MHz
(quality factor Q = 404) response for the mechanical switch
(Figure 4b), which approaches the read/write speed of a typical
mechanical hard drive (Mb s7}), and the switching frequency can
be enhanced by changing the tension and well diameter.?!

Static power, namely, leakage power, is consumed by leakage
currents even though the electronics are inactivee. CMOS

© 2022 Wiley-VCH GmbH
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Figure 4. Ultralow power 2D MoS, MMEDs. a) The switching energy dissipation under different current gain for 1, 2, 3 L, and multilayer MoS, devices,
respectively. b) The resonance frequency of the MMED system. c) Comparison of the switching energy dissipation per decuple current gain for different
types of devices. The energy consumption is 7 a) for the 2D MoS, MMEDs (red circle). d) The leakage power for various nanometers technology nodes
and typical commercial technologies to reduce power, where 2D MMEDs approach zero in design principle (red star). The abbreviation of devices is
as listed: Metal-oxide-metal (MOM), metal-insulator-metal (MIM), Fin Field-Effect Transistor (FinFET), magnetic tunnel junction (MT]), ferroelectric
tunnel junction (FTJ), van der Waals heterojunction (vdWH), and Schottky barrier junction (SBJ).

technology, as the core of the ICs and the backbone of the global
semiconductor industry, has developed rapidly obeying Moore’s
law in the past four decades and improving device performance
while reducing the production cost of individual MOSFETs. More-
ovet, according to Dennard’s law,*l power consumption decreases
as the dimensions of a device decrease; however, the short-
channel effects become significant as the feature size of the semi-
conductor device approaches ten of nanometer. To extend the sus-
tainable development of Moore’s law, several typical commercial
technologies have been implemented, such as Cu-interconnects
technologies, Ge-strained channels, high-x/metal gates, and
FinFET device structures. While the feature size approaches
7 nm, the leakage power of a single CMOS accesses the designed
limit (as shown in Figure 4d and Table S5, Supporting Informa-
tion). An unprecedented device architecture based on new mate-
rials and transport mechanisms should be proposed for “More
than Moore” (ref. [44]) to achieve reduced power dissipation,
improved integration density, and enhanced device performance.
For example, our MMEDs adopt a Schottky barrier junction struc-
ture through the introduction of a strain gradient and the use of
the FE to realize a large current transport modulation. Benefitting
from tip-nanoindentation of the suspension structure, the static
power approaches zero if mechanical losses and environmental
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influence are not considered, therefore fundamentally avoiding
the generation of the leakage current, which indicates the direc-
tion for the next generation of low-power devices.

3. Conclusion

In summary, we demonstrated a significant FE in 2D MoS,
and the thickness-dependent properties of the effect, by which
we fabricated high-performance MMEDs. The high electrome-
chanical resolution/sensitivity and ultralow energy dissipation
of 2D MoS, MMEDs via the FE demonstrate their potential in
novel device architecture design for low power consumption
ICs. The wide existence of the FE in 2D semiconductor mate-
rials provides promise for the integration of MMEDs and other
functional units or devices for sensing, logic computation,
human-machine interfacing, and neuromorphic devices.

4. Experimental Section

Device Fabrication: The substrate was fabricated by using UV
lithography and reactive ion etching (RIE). The original substrate
(10 mm x 10 mm x 1 mm) was a transparent glass with a layer of

© 2022 Wiley-VCH GmbH
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260 nm thick ITO on top. The ITO layer was then etched to patterned
array of wells with the same depth of 260 nm and various diameters
(1, 2, and 3 pum) through 400 nm UV lithography and RIE, whose
composition is HCl: HNOj: H,0 = 9:1:6 (volume ratio). MoS, flakes
were deposited by mechanical cleavage and exfoliation. Firstly,
MoS, flakes were exfoliated from commercially available crystals
of molybdenite using the scotch-tape micromechanical cleavage
technique pioneered for the production of graphene. Then MoS, flakes
were deposited on polymethyl methacrylate (PMMA), and the number
of layers were identified by Raman spectra (HORIBA JY, FRA). Lastly,
the selected MoS, flakes within three layers were deposited upon the
wells in the specific location of the perforated ITO substrate by using
the dry-transfer technique (Metatest, E1-M). The substrates of contact
resistance device were patterned by electron beam lithography (EBL)
and atomic layer deposition (ALD), and the other half was directly
deposited on the adjacent ITO substrate.

AFM Measurements: The measurements of electrical transport
properties during nanoindentation test. The electrical transport
characterizations of the MoS, devices under a tip force were
measured with a commercial AFM equipment Icon (Bruker, USA)
with PeakForce Tuna mode. Conductive Pt/lr-coated AFM probe
(NT-MDT & TipsNano) with a radius of =30 nm and spring constants
of =11.8 N m™, and the PeakForce Tuna module with measurement
ranges of 1 to 10 nA, were used to apply compressive forces and
simultaneously measure the current. The PeakForce Tuna mode was
used to characterize the mechanical deformation of the MoS, ultrathin
film at variable mechanical loads and could precisely convert the
preset voltage into applied force. The AFM probes were calibrated by
a thermal tuna method, then the deflection sensitivity (DS, nm V)
and the spring constant (k, N m™) of the probes can be accurately
gained. The precise force (F, nN) is calculated by multiplying the
spring constant, DS, and Applied Voltage (AV, V), which above can
be formulated as F = k x DS x AV. The gauge factor is defined as
GF = (Al/ly)/Ag, o = Eg, where |, € 0, and E represent the current,
the strain, the normal pressure, and the effective Young’'s modulus,
respectively. All the above measurements were performed in a glove
box vacuum environment at room temperature.
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