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Crack-Based Complementary
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Abstract— Reconfigurable computing (RC) enables hard-
ware to operatewith the flexibility of software. This is
achieved by programming the interconnections between
logic blocks. In this study,we exploited crack-based comple-
mentary nanoelectromechanical (CNEM) switches to con-
struct energy-efficient and high-density RC. Our proposed
device integrates the advantages of ferroelectric and NEM
switch, such as nonvolatility, a quasi-zero OFF-state leakage
current and a low operating voltage. Complementary switch-
ing enables our device to operate asa CMOS inverter in a
very simple manner. Thus, this device can readily implement
programmable routings. The voltage required to maintain
the routings is not needed, leading to significant saving in
static and dynamic power consumption. In addition, the fun-
damental AND, OR and NOT logic gates can be condensed
into a single CNEM switch device to implementthe recon-
figurable logics, thereby reducing chip area and energy
dissipation. We believe that our device paves the way for
development of energy-efficient electronics.

Index Terms— CNEM switches, electric field control,
switchable cracks, reconfigurable computing.

I. INTRODUCTION

ECONFIGURABLE computing (RC) can be specialized

to a particular task through its universal programmabil-
ity, offering large flexibility and short time from design to
realization [1]-[3]. Yet, conventionally, RC based on CMOS
technology often consumes high static and dynamic power
consumption [4]. Further decrease of leakage current, even to
zero, and operating voltage was bounded [5], [6]. In addition,
the requirement of voltages to maintain the data and routing
paths in RC introduces additional power dissipation [7]. More-
over, with further dimensional scaling, a remarkable growth of
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energy dissipation will take place [8]. Therefore, considerable
effort has been devoted to beyond-CMOS devices that can
exhibit nonvolatility, simplicity, and energy efficiency, such as
spintronics [9], ferroelectric [10] and nanoelectromechanical
(NEM) switches [11], [12].

Ferroelectric devices, which generally exploits ferroelec-
tric polarization switching, feature nonvolatility, high speed
and low energy, but a non-destructive readout process is
highly desirable [13]. NEM switches, which constitute another
type of beyond-CMOS devices, created exciting opportu-
nities for energy-efficient electronic devices owing to the
quasi-zero OFF-state leakage current and abrupt switching
behavior [14], [15]. Electrostatically actuated NEM switches
usually rely on a cantilever or suspended nanostructure,
which is implemented through an involved fabrication process.
A complementary structure is even more difficult [16], [17].

Recently, a single-crack based NEM switch that combines
the advantages of both ferroelectric and NEM switches was
demonstrated for memory applications [18], [19]. Such cracks
are originally induced from ferroelectric oxide. The naturally
formed nanoscale air gap enables its behave as a NEM
switch. In this study, we propose a two-crack based com-
plementary nanoelectromechanical (CNEM) switch operating
as a CMOS inverter. Remarkably, complementary switching,
which spontaneously occurs once cracks are induced, provides
a simple way to construct RC.

[I. EXPERIMENTS

The ferroelectric substrate we used was 500-xm thick (001)-
oriented [Pb(Mgj,3Nb2,3)03]0.7-[PbTiO3]0.3 (PMN—PT)
single crystal. A 40-nm MnPt intermetallic alloy film was
sputtered from a MnjsoPtsg metallic target using a magnetron
sputtering system at room temperature. Then, the MnPt film
was processed into two separate rectangular areas with a
size of 50 x 100 gm? and a gap width of 6 um by using
photolithography and argon ion milling. Thereafter, a Keithley
2410 source meter was used to apply a triangular cyclic
control voltage with an amplitude of 30 V and a period
of 120 s between these two MnPt areas to induce cracks
(for details, see ref. [19]). Subsequently, the same control
voltage was used to manipulate the switching of cracks. For
the electrical measurements, Keithley 2400 and 2450 source
meters were used to apply a constant voltage of 1 mV across
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Fig. 1. (a) Schematic of the crack-based CNEM switches. The device
comprises a ferroelectric oxide and an intermetallic alloy thin film grown
thereon. For further actual application, a multilayer stack with an inserted
insulating layer could be used, replacing the single layer film. The control
voltage V was applied on two separate rectangular patterns such that
the complementary switching of two cracks occurs. The opening of one
crack is always accompanied by the closing of the other one. This
property can be employed to construct programmable routings and logic
blocks of RC. The cross-section SEM images of crack-1 with (b) open
state and (c) closed state based on the PMN-PT/MnPt heterostructure.
The hole is fabricated via FIB etching [19]. (d) -V characteristics of the
crack-based CNEM switches. (e) Corresponding leakage current (/) in
the PMN-PT substrate. The arrows and numbers in (d) and (e) indicate
the field-sweeping sequence.

the two cracks and measured the channel currents /; and I,
respectively.

I1l. RESULTS AND DISCUSSION

As schematically illustrated in Fig. 1(a), the device consists
of two main parts: (1) switchable cracks induced by ferro-
electric domain switching, (2) the current path in metallic
films controlled by the states of extended cracks. Fig. 1(b)
clearly demonstrates the spatial structure based on a PMN-PT/
MnPt heterostructure, in which the crack propagates from
PMN-PT into the MnPt film. In our case, the writing operation
is implemented by applying the control voltage Vc onto the
ferroelectric oxide. Specifically, one of the two cracks (crack-1
or crack-2) is always at OFF state and the other is ON. The
polarity of V¢ determines these states. The readout operation
is performed by detecting the states of cracks using a small
constant voltage, thus achieving a non-destructive process.
Fig. 1(b) and 1(c) clearly illustrate the open and closed state
of one crack. The air gap at OFF state can entirely block the
current in the film while the area metallic contacts recover
back to its ON state.

In actual experiment, an MnPt intermetallic alloy thin
film was selected owing to its moderate mechanical prop-
erty [18]. Fig. 1(d) shows the electrical performance with
readout operating at 1 mV. The initial states, i.e., I1 & 10 pA
and L =~ 150 A when Vc = 0 V, correspond to
a high-resistance state (OFF) of crack-land low-resistance
state (ON) of crack-2. The negative V¢ with an average
magnitude of 15 V sharply switched the crack states whereas
the symmetrical positive Vc recovered the cracks to the initial
states. The demonstrated square non-volatile switching loop
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Fig.2. (a)and (b) AFM images (3 x 3 um?) of one crack after scanning
Vc from +30 to 0 V and from —30 to 0 V, respectively. (c)-(e) Top-view
distributions of x-, y- and z-components of electric fields via COMSOL
Multiphysics simulation. (f) Schematic of the electric field decomposition.
(g) Z-component of electric field distribution with a gap width of 60 nm.

50 pm Z

could be associated with the 109° domain switching in PMN-
PT [20]. The ferroelectric leakage current (/1) in PMN-PT
(Fig. le) indicated that the peaks of I, exactly corresponded
to the crack switching field, which further confirmed the
correlation between the domain switching and switchable
cracks [18], [19].

Furthermore, the surface morphology details of the crack
were imaged via atomic force microscopy (AFM). Given that
Ve was swept from +30 to 0 V, the crack remained in open
state with a width of ~50 nm (Fig. 2a) and it had a close
contact after applying Vo = —30 V (Fig. 2b). Next, we discuss
the mechanism for the complementary switching of cracks.
As reported previously [18], [19], crack formation in such a
heterostructure was induced by the local micron-scale strain
at the domain boundaries originating from the electrically
switchable ferroelectric domains and defect-pinned domains.
Therefore, we analyzed the electric field distributions in our
device, which mainly determine the domain switching process.

We conducted simulations of x-, y- and z-components of
electric fields (Ex, Ey and Ez) using the COMSOL software.
Fig. 2(e) clearly shows the exactly opposite distribution of Ez
in the two studied areas. In contrast, Ex (Fig. 2c) is nearly
zero owing to the symmetry, and Ey (Fig. 2d) does not vary
in the two areas, thereby preventing its contribution to the
complementary switching. From the schematic of the electric
field decomposition shown in Fig. 2(f), we can easily conclude
that Ez is opposite and Ey is always the same at a symmetrical
position. This agrees with the simulated results. Accordingly,
the complementary switching of cracks is mainly determined
by the Ez distribution. Considering further dimensional scal-
ing, V¢ will be drastically reduced with the decrease in gap
width between two separated film areas, given that switching
is dominated by electric field rather than by the voltage
magnitude. For example, when the gap width is reduced to
60 nm, the required voltage to obtain similar E7z distribution
is significantly reduced to 0.38 V, as shown in Fig. 2(g).
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Fig. 3. (a) The upper plot shows the applied voltage signals whereas

the lower one illustrates the measured currents /; and /. The data were
collected both when the voltage was applied and removed. (b) and (c) The
repeatability test for the opening and closing of the cracks via voltage
pulses, respectively. (d) and (e) Data retention performances.

We also investigated the switching performance under volt-
age pulses. An alternating +30 V voltage signal with a pulse
time of 2 s (Fig. 3a) was applied. The current I; and I
were measured with a delay time of 0.15 s after the voltage
pulse was applied and removed. From the obtained results,
we concluded that the positive voltage pulse led to low values
of I} (represented by blue line) and the high values of I
(indicated by red line), while the negative voltage induced
high values of 17 and low values of I, demonstrating comple-
mentary switching. Remarkably, when the pulse was removed,
the values of I} and I, remained unchanged, illustrating a
stable nonvolatile control of these two cracks.

Subsequently, we performed the repeatability test. The data
were collected during the application of the voltage. As shown
in Fig. 3(b) and 3(c), the reversible opening and closing of
the cracks could be cycled for several hundred times and
the current ON/OFF ratio is maintained around 10*. Note
that the closing state of cracks would degrade due to the
contact contamination and the uneven contact surface. It is
expected that the endurance could be largely increased by
using the contact material with high robustness to the surface
contamination and the ferroelectric layer with a regular domain
structure [19]. In addition, after applying a single voltage
pulse, the retention data for two cracks were collected within
10* s and the states remained unchanged all the time, as shown
in Fig. 3(d) and Fig. 3(e), respectively.

Next, we discuss the implementation of RC based on
our crack-based CNEM switches. As a typical enabler
of RC, conventional island-style FPGA architectures [21]
mainly comprise reconfigurable logic blocks (RLB), connec-
tion boxes (CB) and switch boxes (SB) in which the CBs
connect adjacent RLBs with each other and interface the LBs
to the channels, as shown in Fig. 4(a).

From the above results and discussions, it was demonstrated
that our CNEM switches are appropriate for implementing

Fig. 4. Block diagrams of the proposed RC based on CNEM switches.
(a) Schematic of a generic FPGA. (b) Internal structures of programmable
CB and SB. (c) Four-to-one MUX (left panel) and one-to-four MUX (right
panel) based on CNEM switches. (d) RLB based on CNEM switches.

energy-efficient CB and SB. This plays a key role in dynamic
operating of FPGAs. Fig. 4(b) shows the internal structure
of programmable CBs and SBs, which consist of numerous
multiplexers (MUXs) [7], [12]. The four-to-one and one-to-
four MUX cases based on our CNEM switches are shown in
Fig. 4(c). In these cases, smaller time delay compared with
the CMOS-based counterpart could be achieved owing to the
simple signal passing paths without additional selecting tran-
sistors [7]. Moreover, the low ON-resistance can significantly
reduce the dynamic power. Particularly, the nonvolatile control
of crack states enables the data signal paths to be maintained
without any control voltage.

For the RLB module, our crack-based CNEM switches
could achieve a variety of logic functions within a limited
number of devices, providing a higher integration density for
RC. For example, as shown in Fig. 4(d), basic logic functions
such as AND, OR and NOT can be implemented with a single
device by programming the data signals D; and D;. From
the truth table, it can be concluded that such a device can
achieve the logic function as follows: OUT = IN - Dy +
IN - D;. Note that for isolating the output from the input
signals, an insulating layer should be integrated into the device
structure.

IV. CONCLUSION

In summary, RC implemented by the crack-based CNEM
switches is proposed in this letter. Programmable intercon-
nections based on complementary switching of cracks were
demonstrated. Low dynamic and static power consumption
were obtained owing to the low ON-resistance and quasi-zero
OFF-state leakage current. In addition, the proposed technol-
ogy consumes less device numbers than the conventional real-
ization of RC, offering potential for high integration density.
We believe that the proposed technology provides a new way
for RC and promote the ‘More than Moore’ paradigm.
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