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ABSTRACT: We introduce a high-performance and ultra-steep
slope switch, referred to as strain effect transistor (SET), with a
subthreshold swing < 0.68 mV/decade at room temperature for 7
orders of magnitude change in the source-to-drain current based
on atomically thin 1T'-MoTe, as the channel material, piezo-
electric lead zirconate titanate (PZT) as the gate dielectric, and
nickel (Ni) as the source/drain contact metal. We exploit gate-
voltage induced strain transduction in PZT leading to abrupt and
reversible cracking of the metal contacts to achieve the abrupt
switching. The SET also exhibits a low OFF-state current < 1 pA/
pm, a high ON-state current > 1.8 mA/um at a supply voltage of 1
V, a large current ON/OFF ratio > 1 X 10°, and a high
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transconductance of > 100 S/um. The switching delay for the SET was found to be < 5 us, and no device failure was observed even

after 1 million (1 X 10°) switching cycles.
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or more than eight decades, the semiconductor industry
has witnessed relentless growth across all sectors of
modern society driven by the advancements in silicon-based
complementary metal oxide semiconductor (CMOS) technol-
ogy, which in turn has been aided by material discoveries,"
improvements in device structures,” optimizations at the circuit
and architectural levels,” and progress in micro- and nano-
lithography techniques.® Aggressive channel length scaling of
metal oxide semiconductor field effect transistors (MOSFETs),
allowing more devices to be assembled per unit area while
keeping the power density almost constant, has been the
driving philosophy behind the CMOS technology in the
Dennard era, leading to orders of magnitude improvements in
the computing capabilities of modern processors compared to
their performance at their inception.” Unfortunately, the
golden era of MOSFET scaling has now ended since both
energy and dimension scaling appear to be fundamentally
challlenged.6
The stagnation in energy scaling is a direct consequence of
nonscalability of the subthreshold swing (SS), which is defined
as the gate voltage (Vi) required to change the source-to-
drain current (Ipg) of a MOSFET by 1 order of magnitude, to
below 60 mV/decade at room temperature, also known as the
Boltzmann tyranny.” This leads to an exponential increase in
the OFF-state current (Iopz) when scaling the threshold
voltage (V) of the MOSFET, Iope = 107755, To mitigate this
challenge, novel devices and structures have been proposed.
Tunnel field effect transistor (TFET), which exploits the
electrostatic control of band-to-band tunneling to achieve
steep slope switching is the forerunner in this context.” Ever
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since the first TFET based on carbon nanotube (CNT)
achieved an SS = 40 mV/decade,” the field has grown to
include Si TFETs,'® III—V material-based TFETs,'""* MoS,—
Ge TFET," and black phosphorus TEETs'*'> among others.
While extensive research in this field has produced some very
impressive results like SS = 3.9 mV/decade'’ and an ON
current value of ~15 uA/um," only a countable number of
studies (< 25) report sub-60 mV/decade SS and almost all
studies observe steep slope for only 1-2 orders of magnitude
change in the Ig. While the concept of TFET is fundamentally
sound, limited experimental success has stymied the progress
in this field in recent years."®

Negative capacitance field effect transistors (NCFETs),
which exploit a ferroelectric gate stack to achieve steep slope
switching, offer another alternative for low-power circuits'”
where SS < 20 mV/decade has been reported experimentally."®
NCFETs triumph over TFETs in their ability to achieve high
ON current. In addition, this field has recently gained
momentum owing to the development of doped hafnium
oxide (HfO,)-based ferroelectrics, which can be aggressively
scaled and integrated with silicon.'”™*' However, material and
interface nonidealities including defects, charge trapping, etc.,
can severely limit HfO,-based NCFETSs from achieving steep
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Figure 1. Operating principle of the strain effect transistor (SET). Schematic representation of SET operation in (a) ON-state and (b) OFF-state.
When no gate voltage (V) is applied to the PZT, the device is in the ON-state allowing current to flow between the source and the drain terminal
owing to the semimetallic nature of 1T'-MoTe,. With any finite V5s > 0 V, the PZT is subjected to an out-of-plane electric field resulting in an out-
of-plane strain, which is translated as in-plane strain on the 1T’-MoTe, channel and the Ni contacts since the volume of PZT must remain constant.
As Vg increases, the strain also increases, and finally, when Vg exceeds a critical value, V5, the strain crosses the threshold where the Ni contact
physically cracks or delaminates from the MoTe, channel and abruptly breaks the electrical conduction path, leading to steep slope switching from

the ON- to the OFF-state.

slope switching. Moreover, the community still appears to be
divided over the fundamental concept of negative capacitance
with both sides having valid arguments.n’23

Phase change materials (PCMs) show abrupt phase
transition from metal to insulator phase. They form another
major class of devices where steep slope switching has been
explored.””** However, since they are two-terminal devices,
they cannot be gate modulated. Devices like the phase change
TFET use a PCM in series with a TEET to mitigate the
aforementioned challenge but fail to achieve high ON/OFF
current ratio.”> While TFET, NCFET, PCM are promising
steep slope devices, they still present nonzero Ioge. Nano
electromechanical switches (NEMS) can mitigate this
challenge as these are contact-based switches comprising a
mobile structure that is deflected using electrostatic forces until
it reaches physical contact with an electrode, forming a path
that allows current to flow. The no-contact OFF state of
NEMS ensures near zero Iops and at the same time the
switching can be infinitely abrupt. In fact SS as low as 0.285
mV/decade has been achieved using CMOS/NEMS hybrid
designs.”’ Finally, while steep slope and low-Iogp are critical
needs for future low-power devices, transconductance (g,,) is
an equally important metric that determines whether a switch
can offer signal amplification. Unfortunately, NEMS devices
cannot be used for this purpose. Nevertheless, the above
discussion summarizes the basic technology requirements for a
low-power and high-performance switch, which include steep
slope switching (8S < 60 mV/decade), large current ON/OFF
ratio, low OFF-state current, high ON-state current, and high
transconductance.””

In this work, we demonstrate a novel switching device,
referred to as two-dimensional (2D) strain effect transistor
(SET) that not only overcomes the nonscalability of SS
imposed by thermodynamic limitations in MOSFETs and
achieves SS < 0.68 mV/decade at room temperature for 7
orders of magnitude change in Ijg but also exhibits a record
high ON current of ~1.8 mA/um at a supply voltage of 1 V, a
current ON/OFF ratio of > 1 X 10% a low OFF current of 1
pA/pum, and a record high transconductance of > 100 uS/pum.
The SET operates on the principle of voltage-induced strain
transduction via a piezoelectric gate stack leading to a
reversible cracking or delamination of the metal contacts. We
also found that the device can switch in faster than S ys and no
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catastrophic failure occurs even after 1 million (1 X 10°)
switching cycles. Earlier studies have shown that electrically
reversible nanoscale cracks can occur in an intermetallic thin
film grown on a ferroelectric substrate driven by a small electric
field.”® Here, we observe a similar phenomenon but at the
metal/2D van der Waals interface.

Figure 1 explains the operation of the SET schematically.
We have used molybdenum ditelluride (MoTe,) in its
orthorhombic (1T') crystal structure, which is a layered 2D
semimetal as the channel material, lead zirconate titanate
(PZT), which is a well-known piezoelectric as the gate
dielectric, and nickel (Ni), which is a high tensile strength
material as the source/drain contact. A 2 ym film of PZT is
grown on a p''-Si substrate using the sol—gel growth
technique to serve as the back-gate.”> Commercially available
ultra-thin flakes of 1T’-MoTe, are exfoliated on top of the PZT
layer. Source/drain contacts are subsequently patterned on the
flakes using electron beam (e-beam) lithography followed by e-
beam evaporation of 40/30 nm Ni/Au and finally lift-off.
Details about the fabrication and characterization processes of
these devices can be found in the Fabrication Methods section
in the Supporting Information. Clearly, the device structure
resembles that of a MOSFET, yet a radically different approach
is used by the SET to switch between the ON and the OFF
state. When no gate voltage (Vgg) is applied to the PZT
(Figure 1a), the device is in the ON-state since a large Ipg
flows between the source and the drain terminal owing to the
semimetallic nature of 1T'-MoTe,. With any finite Vizg > 0V,
the PZT is subjected to an out-of-plane electric field resulting
in an out-of-plane strain, which is translated as an in-plane
strain on the channel and the source/drain contacts since the
volume of the PZT must remain constant. MoTe, has a van
der Waals layered structure with the absence of dangling
bonds, while Ni crystallizes in the form of a face-centered cubic
structure. The dissimilarities between the MoTe, in the
channel and the Ni in the contacts make the interface between
the contact and the channel less adhesive. As Vg increases, the
strain also increases, and finally, when Vg exceeds a critical
value, Vg, the strain crosses the threshold where the Ni contact
physically cracks/delaminates from the MoTe, channel and
abruptly breaks the electrical conduction path leading to steep
slope switching from the ON to the OFF state (Figure 1b).
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Figure 2. Characterization of MoTe, and PZT. (a) Scanning electron microscope (SEM) image of a representative SET. (b) Atomic force
microscope (AFM) image and the height profile of the MoTe, showing 7.6 nm flake thickness. (c) Raman spectra of the MoTe, flake with the

prominent peak corresponding to the B, mode at 160 cm™

peak at 110 cm™

, whereas the weaker
, confirming that the flake is in the 1T’ phase with few layers. (d) Fractional change in the resistance of a Ni-based strain gauge

mode has peaks at 130 and 260 cm™, and the A, mode has a

structure (shown in the inset) as a function of the voltage across the PZT film (V) used for calibrating the in-plane strain (¢). A gauge factor of 2

was used for the Ni thin film.

Figure 2a shows the scanning electron microscope (SEM)
image of a representative SET and Figure 2b shows the atomic
force microscope (AFM) image of the flake with the height
profile shown in the inset. The flake thickness was found to be
~7.6 nm. Figure 2¢ shows the Raman spectra of the MoTe,
flake with the prominent peak corresponding to the B, mode at
160 cm™!, whereas the weaker A, mode has peaks at 130 and
260 cm™, and the A, mode has a peak at 110 cm™, confirming
that the flake is in the 1T’ phase with few layers.”’ The X-ray
diffraction (XRD) of the PZT film indicates a strong (100)
orientation with a Lotgering factor > 98%.%” The capacitance
versus electric field measurement for the PZT film, was found
to follow the characteristic butterfly shape with the relative
dielectric constant reaching a maximum value of ~1350.%
Finally, Figure 2d shows the fractional change in resistance
(AR /R) of a Ni-based strain gauge structure (shown in the
inset) as a function of the gate voltage (V) used for
calibrating the in-plane strain (€). A gauge factor of 2 was used
for Ni considering its thin film nature.*

Figure 3a shows the room temperature transfer character-
istics, i.e., Ing versus Vg for Vpg = 100 mV, in the logarithmic
scale, for a representative SET with 1 ym channel length (L)
and 1.5 ym channel width (W). Since the starting material is
metallic, the device is in the ON-state at V5 = 0 V with ON
current of ~0.2 mA/um. When Vg is increased, the electric
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field across the PZT leads to an in-plane strain on the 1T'-
MoTe, underneath the contacts. Once Vg reaches Vg, the Ni
contact to the MoTe, channel delaminates/cracks and loses
electrical contact which switches off the device with Iopp ~ 1
pA/um. Note that Ioge is determined by the noise floor of the
instrument. When Vg is swept back from 40 to 0 V, the
reverse process is triggered at a lower Vg, resulting in a
clockwise hysteresis in the transfer characteristics of the SET.

Figure 3b shows the zoomed-in region where the device is
turning off. Note that a Vg step size of 4 mV was used for this
measurement. The SS was found to be 1.6 mV/decade and 6
mV/decade when averaged over 3 and 6 orders of magnitude
change, respectively, in the Ips. In fact, as shown in Figure Sla,
b, another device demonstrated SS value < 0.68 mV/decade
for 7 orders of magnitude change in the I, although Vg was
found to be ~45 V for the forward sweep and ~40 V for the
reverse sweep. The device-to-device variations seen in Vg can
be attributed to the variations in the thickness of the exfoliated
1T’-MoTe, flakes and their adhesion with Ni, and PZT
substrate, as well as the multigrain nature of the PZT film,
which we believe can be mitigated through large area growth of
1T’-MoTe,. Nevertheless, SS values reported here are found to
be among record low numbers comparable to NEMS
switches”” and at least an order of magnitude better than
TFETs,>**° NCFETs,'®*° and PCMs*® and almost 2 orders of
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Figure 3. Experimental demonstration of ultra-steep slope and high transconductance in the SET. (a) Room-temperature transfer characteristics,
i.e., source-to-drain current, Ig versus Vg, in logarithmic scale, for a representative SET with L = 1 ym and W = 1.S pim measured using source-to-
drain voltage, Vg = 100 mV. Since the starting material is metallic, the device is in the ON-state at Vg = 0 V with an ON-state current of ~0.2
mA/pum. When Vg is increased, the electric field across the PZT leads to an in-plane strain at the Ni/MoTe, contact interface. Once Vg reaches
Vs, the Ni contact to the MoTe, channel cracks or delaminates and loses electrical contact, which turns off the device with OFF-state current values
of ~1 pA/um (red curve). Note that the OFF-state current is determined by the noise floor of the instrument. When Vg is swept back the reverse
process is triggered at a lower Vg, resulting in a clockwise hysteresis in the transfer characteristics of the SET (blue curve). (b) Zoomed-in region
where the device is turning off during the forward sweep. Note that a Vg step size of 4 mV was used for this measurement. The SS was found to be
1.6 mV/decade and 6 mV/decade when averaged over 3 and 6 orders of magnitude change, respectively, in Ipg. (c) Transfer characteristics in the
linear scale with forward (red) and backward (blue) sweeps. (d) Extracted transconductance, g, versus Vgg.

magnitude better than state-of-the-art silicon FinFETs.””*® Figure 4a, b shows the output characteristics of the
Unlike a conventional FET, the gate terminal of the SET does representative SET, ie., Ipg versus Vpg for different Vg in
not induce a conducting channel between the source and the the linear and logarithmic scales, respectively. The color
drain terminal. Therefore, this phenomenon is better gradient runs blue to red for ascending values of Vg The
characterized as a “strain effect” rather than a field effect. initial state of the channel, which is semimetallic and behaves
Hence this device is called a SET. Also note that unlike as a resistor, is evident from the linearlpg versus Vpg
MOSFETS, where the interface between the dielectric and the characteristics. However, for Vg > 10 V, the slope of the
channel significantly influences the SS, the absence of the field line in Figure 4a reduces, marking the beginning of the
effect eliminates such impact on the SS in the SET. delamination/cracking process which manifests itself as an

Figure 3c shows the transfer characteristics in the linear scale increase in the resistance. In Figure 4b, for Vg = 18 V, there is
and Figure 3d shows the extracted transconductance, g, versus an abrupt drop in the I, which is when the 1T’-MoTe, flake
Vs for the SET shown in Figure 3a, b. Peak g, was found to abruptly loses electrical contact with Ni. For all subsequent
be > 100 uS/pm for Vg = 100 mV. Note that high g, leads to (higher) values of Vg, the device stays in the OFF state with
high gain when a switch is used as an amplifier. In conventional current levels of ~1 pA/um. Our device exhibits ON currents
MOSEFETs, the mobility of the channel material determines g,,. of ~1.8 mA/pm at Vg = 1 V, which is ~2X higher than even

For example, a record high g, = 3.45 mS/um has been the most aggressively scaled Si nano CMOS devices."" This
reported for high mobility InGaAs quantum-well MOSFET at translates to an ON/OFF current ratio of 3 X 10°. Owing to
Vps = 0.5 V.*? Similarly, Zn = 282 uS/pm at Vpg = 2 V has the high ON current, the SET can be operated with ultra-low
been reported for high mobility black phosphorus FETs."’ Vps values as shown in Figure 4c. Thus, our SET achieves

Given that g, scales linearly with Vyy, it is remarkable to find impressive performance in the four basic parameters that

such a high g, in our SET device, which is comparable to define an ideal transistor, i.e., high ON current, low OFF

record high values reported in the literature. current, steep slope switching, and high transconductance.
9255 https://doi.org/10.1021/acs.nanolett.2c02194
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Figure 4. Experimental demonstration of high-performance in SET. Output characteristics of a representative SET, i.e., Ing versus Vi for different
Vgs in (a) linear and (b) logarithmic scales. The color gradient runs blue to red for ascending values of V. The starting material, which is
semimetallic, behaves as a resistor, as evident from the linear I versus Vpg characteristics. However, for Vg > 10 V, the slope of the line in panel a
is reduced, marking the beginning of the delamination process, which manifests itself as an increase in the resistance. At Vgg = 18 V, there is an
abrupt drop in Ipg in panel b, which is when the 1T’-MoTe, flake abruptly loses electrical contact with Ni owing to cracking/delamination. For all
subsequent (higher) values of Vg, the device stays in the OFF-state with current levels of ~1 pA/um. Our device exhibits ON-state currents of

~1.8 mA/um at Vpg = 1 V. (c) Ultra-low voltage operation of SET.

Note that a training or forming process is needed before the
SET can demonstrate steep switching. This process involves
poling the PZT by applying a high electric field across it. We
found that applying V; = —60 V for 10 s produced good results
for some devices. After this, the MoTe, channel was subjected
to repeated transfer sweeps with Vizg = 0 to 70 V and Vg =
100 mV. The evolution of the transfer characteristics during
this training process is captured in Figure Sa. This process was
repeated until the abrupt switching from the ON to the OFF-
state is observed within the gate voltage range as shown in
Figure Sb. This observation can be explained by the fact that
the successive transfer sweeps stress the contact interface
repeatedly until structural fatigue leads to the manifestation of
the effects of delamination/cracking at the contact edge. This
is also why the as-fabricated devices do not show any abrupt
switching behavior. We believe that the crack formation
mechanism is phenomenologically similar to the one described
in the literature.”” Most of the formed SETs show abrupt
switching for positive V5. However, as shown in Figure S2,
few devices show the abrupt switching for negative gate
voltages with an anticlockwise hysteresis between the sweeps in
both directions. Once formed, SETs demonstrate robust
switching behavior. Figure 5S¢ shows the switching endurance
of the SET for 1 X 10° cycles. During each cycle, Vg was
switched between 0 V and Vg and Iy was read using Vg = 100
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mV. The cycling frequency was 100 kHz. In the ON-state, Ijg
= ~220 pA while the OFF-state current is determined by the
noise floor of our measurement setup. The switching delay for
the SET was found to be < 5 s as shown in Figure 5d. Note
that the measurement of switching delay for the SET device
was limited by the capability of our electrical instrument, which
can sample low-current (~pA) only once every S us.
Nevertheless, formed SET devices appear promising to achieve
high endurance and speed.

Note that Hou et al.** have shown similar results for 1T"-
MoTe, anchored to lead magnesium niobate-lead titanate
(PMN-PT) films using Ni contacts, but may have
misinterpreted the results. They claim that in-plane strain at
the interface of 1T’-MoTe, and Ni leads to a reversible phase
transition in 1T’-MoTe, from a semimetallic to a semi-
conducting phase, which results in subnanosecond nonvolatile
strain switching at the attojoule/bit level with a conductance
on/off ratio of approximately 7 orders of magnitude. However,
based on our study and the previous report,”” it appears that
contact delamination/cracking is the primary cause behind the
abrupt switching in the SET device. In fact, this switching
phenomenon is not unique to 1T’-MoTe,. Figure S3 shows
that near identical abrupt switching behavior is observed in an
otherwise identical device where the channel material is
formed by ultra-thin WSe,, a semiconducting 2D material,
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instead of semimetallic 1T'-MoTe,. As shown in Figure S3a, a
similar forming process is followed where the device is
subjected to high electric fields repeatedly by cycling the Vg
from —50 to SO V for 30 times. Initially, the device shows
ambipolar transport behavior as has been shown for WSe, in
the literature.*> However, on the 28th sweep, there is an abrupt
drop in the Ig values close to Vigg = 50 V. This abrupt drop
becomes more pronounced as more sweeps are performed and
the Vs shows a decreasing trend. Once, the forming process is
complete, cycling Vs within 0 to 50 V is enough to trigger the
abrupt drop in Ipg, as shown in Figure S3b. These results
further confirm that the steep switching must be attributed to
the strain induced cracking/delamination of Ni at the metal/
2D contact interface rather than the strain induced phase
transition as claimed previously.*” It is also possible that the
cracking of the contact metal occurs elsewhere, in a region
further away from the interface between the metal and the 2D
material. While this contact delamination effect is not unique
to 1T'-MoTe,, the benefit of using this 2D material over others
is that this phase of MoTe, exists in a stable semimetallic phase
at room temperature. This leads to a high ON current and a
high transconductance.

While the working principle of the SET may appear similar
to that of the NEMS in some respects, there is an important
distinction. Most NEMS demonstrations in the literature rely
on the electrostatic attraction of a suspended channel using the
gate electrode to switch between the ON and the OFF
states.”*~*° Since the channel material must physically move
across an air gap in response to an electrostatic force during
the switching process, the mass of the suspended part of the
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channel is a limiting factor in the switching speed. However,
the SET utilizes strain-induced contact delamination in an
abrupt yet reversible manner in a simple structure which is very
similar to existing MOSFETs. Moreover, the fabrication
process for NEMS devices tends to be more complex since
the channel and the gate need to be at different heights with an
air gap between them, which is not the case for the SET. It is
challenging to observe the interface between the MoTe,
channel and the Ni contact directly where the delamination
is supposed to occur, as it would require an in situ material
characterization experiment. Our current hypothesis is that Ni
is more likely to form a van der Waal (vdW) gapped contact
with the MoTe, channel. Based on previously reported work,
the adhesion between the MoTe, and the PZT substrate will
be enhanced by repeated cycling of the electric field."” On the
application of the electric field, the PZT displaces along with
the MoTe, which is strongly adhered to it. As a result, the vdW
gapped contact between MoTe, and Ni enlarges in spacing
leading to a break in the electrical contact at the switching
voltage V. Note that edge injection from the Ni to the MoTe,
can be disregarded as the area of the edge contact is
insignificant compared to the planar contact. Further
investigation of the strain transduction, the contact delamina-
tion mechanisms, and the development of a theoretical
framework will aid the understanding and advancement of
the SET.

In conclusion, we have demonstrated a radically different
switch by exploiting strain-induced contact modification to
ultra-thin 1T’-MoTe,. We have achieved SS < 0.68 mV/
decade at room temperature for 7 orders of magnitude change

https://doi.org/10.1021/acs.nanolett.2c02194
Nano Lett. 2022, 22, 9252-9259


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02194/suppl_file/nl2c02194_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02194/suppl_file/nl2c02194_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02194?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02194?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02194?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02194?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c02194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

in the source-to-drain current, and a high ON current of ~1.8
mA/pm, in addition to a low OFF current, a high ON/OFF
current ratio, and a high transconductance. The SET uses in-
plane strain from a piezoelectric layer to induce an abrupt and
controlled delamination/cracking of the contact to the 1T'-
MoTe, channel. The PZT layer used for this device can be
scaled down in thickness to achieve lower operating voltages.
Likewise, the device dimensions can be scaled and yet strain
induced cracking should occur in the metal contacts. The
contact delamination mechanics that result in the switching
action of the SET continue to work when MoTe, is replaced
by WSe, as the channel. Therefore, this device should also
exhibit steep slope switching with a graphene channel, which
will be the focus of our future work. There are still some
challenges such as device-to-device variations, which can be
mitigated through large area growth of 1T’-MoTe,. Never-
theless, our preliminary results are promising enough to
warrant further investigation by a wider community on the
SET, given that the SET has the potential to resolve some of
the most difficult and fundamental challenges faced the
semiconductor industry today.
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