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Ultralow-Power Atomic-Scale Tin Transistor with Gate

Potential in Millivolt

Fangqing Xie,* Fabian Ducry, Mathieu Luisier,* Juerg Leuthold, and Thomas Schimmel

After decades of continuous scaling, further advancement of complementary
metal-oxide-semiconductor (CMOS) technology across the entire spectrum

of computing applications is today limited by power dissipation, which scales
with the square of the supply voltage. Here, an atomic-scale tin transistor is
demonstrated to perform conductive switching between bistable configurations
with on/off potentials <2.5 mV in magnitude. In addition to the low operation
voltage, the channel length of the transistor is determined experimentally and
with density-functional theory to be <1 nm because the atoms instead of elec-
trons are information carriers in this device. The conductance at on-states of
the bistable configurations varies between 1.2 G, to 197 G, (G, = 2¢* h™,

e stands for the electron charge and h for Planck’s constant). Thus, the device
can supply driving current from 1 to =375 PA in magnitude for logic circuits
with the drain-source dc voltage at decades of millivolts. The switching fre-
quency of the atomic-scale tin transistor has reached 2047 Hz. Furthermore,
the on/off potentials in millivolts can reduce the energy consumption in the
interconnects of integrated circuits at least by =400 times. Therefore, the
atomic-scale tin transistor has prospects in digital circuits with ultralow-power
dissipation and can contribute to the sustainability of modern society.

ultimate energy efficiency of digital logic
computation based on complementary
metal-oxide-semiconductor (CMOS)
technology. The advanced CMOS tech-
nology now faces a grand power con-
sumption challenge due to a stagnation in
the scaling of the supply voltage and the
channel length.># Yet, the lowering of
the supply voltage and overall power con-
sumption is precluded by the subthreshold
swing of a metal-oxide-semiconductor
field-effect transistor (MOSFET) which
is found to be at 60 mV dec! and room
temperature.[*%! These values are defined
by the transport mechanism of CMOS
devices based on thermionic emission over
the barrier with fundamental thermionic
limits (so-called Boltzmann tyranny).®”]
More precisely, the total switching energy
of a logic operation can be found as the
sum of the dynamic, leakage, and intercon-
nect components versus Vpp:

1. Introduction

Information and communication technology (ICT) has spread
into all aspects of social society. Therefore, its energy consump-
tion in devices and services has become of strategic importance
and a sustainable issue for modern society.! The energetics
issue of ICT in the current and future raise a question of the

B =E dynamic T E leakage T Einterconnect
[0 . )
=LiCVpp| @+10 5 |+ ACiuerconnea VoD
where L, is the logic depth, C is the switched capacitance,
Vpp is the supply voltage, « is the logic activity factor (typi-
cally =0.01), and S is the subthreshold swing.l>8 Equation (1)
indicates that the most effective way to control the power
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density is to scale down the supply voltage The only way to
decisively break the power dissipation bottleneck is to change
the operation mechanism of a transistor in ways that facili-
tate the further reduction of operating voltage.’! “There is
an enormous research space to be explored once you step
outside the confines of the established technology,” says
Thomas Theis.'” In this spirit, we have introduced atomic-
scale metallic transistors operated with a novel fundamental
switching paradigm./'

This paper demonstrates an atomic-scale tin transistor
operated with an electrochemical potential applied to a gate.
The required switching potential can be as low as 2.5 mV in
magnitude, which is much lower than the minimal level
on the supply voltage of a CMOS digital logic circuit set by
Landauer’s limit:'**) Vp > 2(In2)k Te™' = 35.8 mV, where kg is
Boltzmann constant, T = 300 K, and e the electron charge,[”18l
and even smaller than the “action potentials” of neuron fire
(=20-100 mV) in magnitude.l'’]

2. Operation Mechanism of Electrochemically
Controlled Atomic-Scale Tin Transistors

Figure 1a shows that the electrochemically controlled single-
atom tin transistor is a modified electrolytic cell. Electrical
potential energy is converted to chemical potential energy in
the electrolytic cell. The electrolytic cell uses an electric current
to force a particular chemical reaction, which would otherwise
not occur. A standard electrolytic cell consists of two electrodes.
One of the two electrodes is the anode, where oxidation takes
place. The cathode is the electrode where reduction takes place.
In the atomic-scale tin transistor, the gate electrode is taken
as one electrode and the combination of source and drain as
another. The gate electrode is an electrochemical counter elec-
trode, which can be placed at any location in the electrochem-
ical cell (sometimes decades of millimeters apart). Therefore,
no static electric effect is related to the gate in the atomic-scale
tin transistor with the operational potential in a few decades or
even a few millivolts. We take the terminology of “Gate” from
the semiconductor transistor and name our counter electrode
“Gate” in our device. The “Gate” in the atomic-scale metallic
transistor is not comparable with the gate of a semiconductor
transistor. The source electrode is virtually grounded. A nega-
tive dc voltage of Upg is applied to the drain electrode.!213]
When the Ug > Upg, the gate electrode is the anode, and the
combination of source and drain is the cathode. Some tin
atoms on the surface of the gate are oxidized and dissolved as
ions into the electrolyte:

Sn(solid) — Sn**(aq.) +2¢” ()

At the same time, an equal number of ions are reduced on the
surface of the combination of source and drain electrodes:

Sn**(aq.)+2e” — Sn(Solid) 3)

Some nano- or microcrystals grow on the surfaces of both
source and drain. Two of them are large enough to meet in the
gap between the source and drain and form a tin point-contact,
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as illustrated in Figure la. As the Ug < Upg, the functions of
the gate and the combination of source and drain are reversed.
The oxidation reaction takes place on the combination and the
reduction on the gate. The tin point-contact is dissolved because
of oxidation. When the Upg is fixed, the tin point-contact can be
built and dissolved reversibly by letting Ug > Upg or Ug < Upg.

On clean gold (or copper) microelectrodes to fabricate an
atomic-scale tin transistor, the initial deposition potential
should be 30 mV. We applied 30 mV to the gate, deposited elec-
trochemically tin on the source and drain electrodes, and finally
formed a point-contact in the gap between the two electrodes
on a new sample. After stabilizing the point-contact for some
time, many tin micro-and nanocrystals were deposited on the
gold (or copper) surfaces of both source and drain electrodes.
The deposition potential can be reduced to a few millivolts in
the training and operation phases.

3. Results

3.1. Performance of Electrochemically Controlled Atomic-Scale
Tin Transistors

The schematic diagram of our experimental setup for
the atomic-scale tin transistor is shown in Figure la. The
atomic-scale tin transistor is in an oxygen-free electrolyte pro-
tected with Argon. The electrolyte solution consisted of SnSO,
(10 mm) + H,SO, (40 mm) in bi-distilled water. The model of
an atomic configuration at on-state with the conductance of
1.5 Gy (G = 2¢?h7, e stands for the electron charge and h for
Planck’s constant) is illustrated with the data calculated with
density-functional theory (DFT). The operating mechanism, the
experimental setup, and the fabrication of atomic-scale tin tran-
sistors are described in more detail in the Experimental Section.
Figure 1b shows an SEM image of the two working electrodes
(source and drain) in an open window insulated with PMMA
950 photoresist. Figure 1lc displays an SEM image to detail
the gap between two working electrodes. Figure 1d describes
the surface morphology of the two working electrodes after the
operation of the atomic-scale tin transistor with an SEM image.
For comparison and consistency, the high conductance is indi-
cated in units of the quantum conductance G,. Following the
gate potential via the feedback mechanism,™ Figure le pre-
sents a high conductance (0-14 G,) and current (0— —14 pA)
switching. Figure 1f exhibits conductance switching between
0 and 7 G, and a current changing between 0 and —7 pA con-
trolled via an A/D card (NI PCI-6221) by a virtual function-
generator (NI Labview software package). The conductance and
the corresponsive current switching follow the gate potential
variation in a delay of 0.1 s.

3.2. Searching for the Smallest Operation Potential Window

In the atomic-scale tin transistor, the potential differences
between the gate, source, and drain were determined through
Ups applied between the drain and source and the gate poten-
tial Ug. The on/off operation ranges of the gate potential
are of interest because of an energy-efficient operation. The
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Figure 1. Performance of electrochemically controlled atomic-scale tin transistors. a) Schematic diagram of an atomic-scale tin transistor operated in the argon
environment. The electrolyte consisted of SnSO, (10 mm) + H,SO, (40 mwm) in bi-distilled water. The source electrode was virtually grounded via a trans-
impedance circuit while a dc Ups was applied to the drain electrode for conductance measurements. The model of an atomic-scale tin point-contact with the
conductance of 1.5 Gy is illustrated with theoretical data. b-d) Three SEM images of the two working electrodes (source and drain) in overview, in detail as
prepared and after usage. ) Conductance switching is controlled via the feedback mechanism. The top blue ramping wave between 8 and —30 mV expresses
the potential change on the gate, the middle red digital graph presents the conductance variation (0-14 Gg) following the gate potential, and the bottom
magenta rectangular curve shows the corresponding current from 0 to =14 pA measured with Ups of —12.9 mV. f) Virtual function-generator-controlled conduct-
ance switching between 0 and 7 Gy. The upper blue rectangular wave between 5 and —15 mV illustrates the potential applied to the gate by the virtual function
generator. The middle red digital signal exhibits conductance switching between 0 and 7 Gy succeeding the gate potential with a delay at 0.1 s. Simultaneously,
the lower magenta rectangular wave demonstrates the corresponsive current variation in a digital form between 0 and —7 uA when Ups is set at =12.9 mV.

atomic-scale tin transistors are put into operation in four steps,
that is, building tin point-contact, training the point-contact,
reducing the absolute value of Upg, and decreasing the differ-
ence between Ug and Upg from both upper and lower sides
of Upg, as described in the Experimental Section. Figure 2a—d
illustrates 4 bistable switching sequences (0-16 G,) achieved
by setting Upg at a) —12.91, b) —6.48, ¢) —3.23, and d) —-1.62 mV,
individually. The corresponding on/off potentials (Ug) were
a) 12/-30 mV (AUg = 42 mV), b) 2/-10 mV(AUg = 12 mV),
¢) 0/—4.5 mV(AUg = 4.5 mV), and d) 0.5/-2.5 mV (AUg = 3 mV).

Adv. Electron. Mater. 2022, 2200225 2200225 (3 of 13)

As a general tendency, the switching period increases as the
magnitudes of Upg and Ug decrease. The absolute current values
were reduced by half, by a quarter, and by one eighth when the
magnitude of Upg was decreased from —12.91 mV to —6.48, —3.23,
and -1.62 mV, correspondingly. The values of current Ipg were a)
-16, b) -8, ¢) —4, and d) -2 pA, respectively. Figure 2e demon-
strates a bistable switching sequence (Conductance: 0-24 G, and
current: 0— —6 pA) achieved by setting Upg at —3.23 mV. In the
beginning, the on/off potentials at the gate were —1.5 mV/—4 mV
for some periodic switching cycles (AUg = 2.5 mV). Then, an

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 2. Searching for the smallest operation potential window. The potential differences between the gate, source, and drain were determined
through Ups and the gate potential Ug. Four bistable switching sequences (0-16 G) were achieved by setting Ups at a) —12.91, b) —6.48, c) —3.23, and
d) —1.62 mV, individually. The corresponding on/off potentials (Ug) were 12/-30 (a), 2/-10 (b), 0/—4.5 (c), and 0.5/-2.5 mV (d). The current Ips was
measured to be —16 (a), =8 (b), —4 (c), and —2 pA (d), respectively. ) Demonstration of the smallest operating gate potential window of an atomic-
scale tin transistor. Graph (e) presents a bistable conductance switching (0—24 Gy) controlled with two different on-gate potentials (Ug). The current
(Ips) at the on-state was —6 pA. f) Cyclic voltammogram of tin performed in the electrolyte of SnSO, (10 mm) + H,SO,4 (40 mm) in bi-distilled water.

effort was made to find the limit of the potential window. The
switching process became slower and irregular when the on-
potential was reduced from —1.5 to —2 mV, and the off-potential
was kept at -4 mV (AUg = 2 mV). As on/off potentials were set
back at —1.5/—4 mV, the switching periodicity recovered at once.
Figure 2f presents a cyclic voltammogram of tin performed in
the electrolyte of SnSO, (10 mm) + H,SO, (40 mwm) in bi-distilled
water. One piece of gold wire with a diameter of 0.25 mm was
used as a working electrode and two pieces of tin wire with a

Adv. Electron. Mater. 2022, 2200225 2200225 (4 0f13)

diameter of 0.5 mm as counter and quasi-reference electrodes.
The electrochemical potential was scanned reversibly within the
ramping range between —120 and 120 mV at a 4 mV s in the
aqueous electrolyte. The cyclic voltammogram is depicted in
the Convention of the International Union of Pure and Applied
Chemistry (IUPAC). The formal reduction potential is calcu-
lated by (Ej. + Ey,)/2. Therefore, the potential is —2.5 mV in
this case. The electrochemical potential from the cyclic voltam-
mogram can be translated into the potential applied to the gate

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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electrode in the atomic-scale tin transistor by just multiplying
the value by —1. Therefore, the smallest reduction potential of
tin is at =2.5 mV, which has been confirmed in Figure 2d, e.

3.3. Demonstration of Bistable Conductance Switching
To verify the variations in possible bistable atomic configura-

tions in atomic-scale tin transistors, we investigated the opera-
tion behavior of atomic-scale tin transistors via the feedback

Gps (2¢*h™) o

Gps (26*h") ©
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mechanism, as aforementioned in Figure le. For this test,
Ups was set at —12.91 mV. Ten switching sequences with seven
cycles are selected as examples and presented in two columns
in Figure 3. The conductance is plotted on the same scale in
each column because of comparison and clear presentation, but
the scales are not the same for the two columns. The scales are
—0.25-3 (left column), —0.5-7 (right column). Time axes vary to
meet the time length of individual switching sequences. In the
left column, five graphs demonstrate that the atomic-scale tin
transistors can implement operation between an “off-state” and
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Figure 3. Demonstration of bistable conductive switching between 0 and different non-integer and integer quantum conductance levels. Ten switching
sequences with seven cycles are selected as examples and presented in two columns. Via the feedback mechanism, the operation behavior of atomic-
scale tin transistors was investigated while Ups was set at —12.9 mV. The axes of conductance in the left column are divided into different units in each
panel to plot adapted gridlines as eye guidance at on-states. Gridlines separate the conductance axes at integer quantum conductance levels in the
right column. Time axes vary to meet the length of individual switching sequences. In the left column, five graphs demonstrate that the atomic-scale tin
transistors can implement operation between an “off-state” and “on-states” with non-integer quantum conductance at a) 1.2 Gy, b) 1.4 Gy, ¢) 1.75 G,
d) 2.25 Gy, and e) 2.5 G, respectively. In the right column, five digital wave plots illustrate the drain-source conductance switching between the non-
conducting “off-state” and the conducting “on-state” with integer quantum conductance at f) 2 Gy g) 3 Gy, h) 4 Gy, i) 5 Gy, and j) 6 Gy, correspondingly.
The plots utilize both lines (as eye guidance) and empty circles (measured points).
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“on-states” with non-integer quantum conductance at a) 1.2 G,,
b) 1.4 Gy, ¢) 1.75 Gy, d) 2.25 Gy, and e) 2.5 G, respectively. The
deposition/dissolution potentials for each switching sequence
were 15/-35 mV (L2 Gy, 15/-35 mV (L4 G,), 8/-24 mV
(L75 Gy), 10/-30 mV (2.25 Gy), and 10/-30 mV (2.5 G),
correspondingly. A longer sequence of 0-2.25 G, quantum
conductance switching in 1500 s is illustrated in Figure S2,
Supporting Information, indicating the cyclic endurance of
single-atom tin transistors. As indicated in the conductance his-
togram of atomic-scale tin point-contacts, the conductance of
single-atom tin point-contacts should be enveloped in the first
peak (0—4 Gy) of the tin conductance histogram.?% In the right
column, five digital wave plots illustrate the drain-source con-
ductance switching between the non-conducting “off-state” and
the conducting “on-state” with integer quantum conductance
atf) 2 Gy, g) 3 Gy, h) 4 Go, i) 5 Gy, and j) 6 G, individually.
During the investigation of atomic-scale tin transistors, the
quantum conductance periodic switching between 0 and 1 G,
has not been observed. The on/off potentials for each switching
sequence were 8/—24 mV (2 Gy), 8/-24 mV (3 Gy), 8/-24 mV
(4 Gy), 8/-24 mV (5 G), and 8/-24 mV (6 G), correspond-
ingly. In Figure S4, Supporting Information, five graphs in
rectangular waveform demonstrate the conductance switching
sequences with on-states at a) 8 Gy, b) 9 G, ¢) 10 Gy, d) 11 G,
and e) 12 G, respectively. Since the plots utilize both line and
empty circles (measured points), almost only direct transi-
tions of closing edges are observed between these two states.
A few intermediate levels are found in the opening edges.
This behavior is the same as that observed for the atomic-
scale lead (Pb) transistors.” Thus, the results indicate that the
switching transition of a tin transistor is also due to a repro-
ducible, bistable atomic-scale reconfiguration. The values of
on/off switching potentials in each graph are 10/-30 mV (8 G),
10/-30 mV (9 G), 10/-30 mV (10 Gy), 8/-30 mV (11 G), and
8/—30 mV (12 Gy), correspondingly.

The contacts are formed electrochemically in a diluted elec-
trolyte, and they differ from contacts formed in a vacuum by
mechanical methods such as the mechanical break junc-
tion technique. Electrochemically formed contact is free of
the mechanical stress and dislocations, vacancies, and other
defects produced due to the deformation process. This method
gives the unique opportunity to study the transport properties
in a system free from mechanical defects, which is always in
equilibrium with the solution by exchange current.?%?2 Silver
has the ground state configuration of [Kr}4d!%5s! and only one
s-valence electron. Theoretical calculations indicate that the
conductance of silver single-atom point contacts changes only
a little by tilting and twinning the angles of the two electrode
tips with respect to one another. Therefore, the silver single-
atom transistor switches between a nonconducting off-state
and an on-state only at n G, (integer n).l1" Tin has the elec-
tronic ground-state configuration of [Kr]4d'5s25p?, two s,
and two p electrons on the outside shell. Its atoms exhibit a
valence of either two or four. In the bulk crystal, complicated
effects of hybridization (sp®) and considerable spin-orbit inter-
action make these metals very poor candidates for free-electron
approximation.l?”) The hybrid orbitals have a specific orienta-
tion, and the four lobes are naturally oriented in a tetrahedral
fashion like Pb. The Pb electronic ground-state configuration

Adbv. Electron. Mater. 2022, 2200225 2200225 (6 of 13)
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is [Xe]4f1*5d1%s26p?. Since the outermost d electrons are nearly
10 eV below the 6s band and approximately 20 eV below the
Fermi level, the 5d levels can be viewed as core levels, and the
electronic properties of Pb are dominated by the 6s and 6p
bands.[?¥l The multiplicity of atomic reconfigurations has been
observed in an electrochemical Pb single-atom transistor.[12:20:24
With the same mechanism as the Pb single-atom transistors,
the single-atom tin transistors exhibit non-integer and integer
quantum conductance switching except 1 G, The multiplicity
of atomic configurations in the atomic-scale tin transistors does
not mean that the conductance of the tin point-contacts is not
controllable. We can set the conductance of tin point-contacts
in the training process.

3.4. Demonstration of Atoms Instead of Electrons
as Information Carriers

To confirm the influence of the gate potential (Ug) and drain-
source dc voltage (Ups) on the operation behaviors of atomic-
scale tin transistors, the switching-on gate potential, the
switching-off gate potential, and the drain-source dc voltage
were changed in step 2 mV in three experiments, respectively.
The experimental results are presented in Figure 4a. (via vari-
ation of the switching-on gate potential, 0-70 G, switching,
Figure S5, Supporting Information, in detail), Figure 4b (via
variation of the switching-off gate potential, 0-166 G, switching,
Figure S6, Supporting Information, in detail), and Figure 4c
(via variation of Upg, 0-197 G, switching, Figure S7, Supporting
Information, in detail). Because the atomic-scale tin transistors
perform bistable conductance switching, the conductance at
on-states in these three figures keeps constant during variation
of the gate potentials and the drain-source dc voltage. How-
ever, the variation of the gate potential and the drain-source
dc voltage influences the switching period. At on-states, the
electric current does not depend on the gate potential during
bistable conductance switching. Since the atomic-scale tin
transistor has metallic point-contact at on-state, its I-V charac-
teristic is Ohmic.[?>! The electric current at on-state is linearly
proportional to the drain-source dc voltage, as Graph in Color
Magenta (Figure 4c) indicates. The current changes (Ipg) from
—197 to =376 WA when Upg varies from —13 to =25 mV. The con-
stant conductance at on-states in these three experiments dem-
onstrates robust bistable configurations.

For Boolean computation to occur, a physical state vari-
able must be able to reside in two distinguishable states, be
controlled between states (write), read, and initialized in a
defined state (erase). In addition, information is also required
to be transmitted from one physical location to another.[2¢!
For the modern ICT, semiconductor-based electronics, com-
monly referred to as electron/hole charge-based electronics,
can be fundamentally considered a physical state variable
that can alter between various states of electron population
(charging/discharging of capacitance).l?®! Therefore, electrons/
holes work as information carriers in semiconductor-based
electronics. For example, a collective state switch implements
binary operation by reversing a material’s order parameter such
as ferromagnetism, ferroelectricity, and ferroelasticity as a phys-
ical state variable. The information carriers for magnetization,

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 4. Demonstration of atoms instead of electrons as information carriers with robust bistable configurations in atomic-scale tin transistors.
a) Graphs show the influence of the switching-on gate potential (Ug) on the operation behaviors of an atomic-scale tin transistor. The upper blue graph
shows the switching-on gate potential increasing from 6 to 14 mV at 2 mV. The middle red graph illustrates the conductance switching between 0 and
70 Gy. The on-state electric current was —70 pA as the Ups was set at —12.9 mV. The lower graph presents the switching periods as solid round violet
points versus the switching-on gate potential (Ug). b) Graphs indicate the impact of the switching-off gate potential (Ug) on the operation behaviors of
a nano-scale tin transistor. The upper blue graph shows the switching-off gate potential increasing from —30 to —22 mV at the step of 2 mV. The middle
red graph illustrates the conductance switching between 0 and 166 G,. Since the Ups was set at —=12.9 mV, the on-state electric current was —166 uA. The
lower graph presents the switching periods as solid round violet points versus the gate potential. The switching period decreased gradually when the
switching-off gate potential increased from —30 to —22 mV at the step of 2 mV. Finally, (c) graphs present the influence of the drain-source dc voltage
(Ups) on the operation behaviors of a nano-scale tin transistor. The upper blue graph shows the gate potential switching between —28 (switching-off)
and 10 mV (switching-on). The red graph illustrates the conductance switching between 0 and 197 G,. The magenta graph presents the switching
drain-source current. The black graph displays the stepwise change of Upgs from —13 to =25 mV at the step of —2 mV. The violet graph demonstrates
the switching period as solid round points versus the drain-source dc voltage.

polarization, and strain are electron spin or magnon, electron,  dissolved and rebuilt by the electrochemical processes indicated
and phonon, respectively.*”] By comparison, quantum conduct-  in Equations (2) and (3). Therefore, atoms instead of electrons
ance as one physical state variable represents information in  are information carriers in the atomic-scale tin transistors. Both
the atomic-scale tin transistor. The quantum conductance as  semiconductor-based devices and atomic-scale tin transistors
the physical state is determined by the atomic configuration  work in the electrical domain.#2°-28] The electrical current in
of the atomic-scale tin point-contact. The point-contact can be  both devices transmits information from one physical location
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to another. The difference between the information carriers
related to the physical state variables and electric current car-
riers in the electronic circuits should be made.

The constraint on the signal voltage swing (2kgT
In2e! = 35.8 mV, e stands for electron charge and T = 300 K)
of CMOS (two transistors as one unit, electrons and holes as
information carriers) digital logic circuits by Landauer’s limit
(kgTIn2)."] The fundamental minimum binary switching
energy dissipated for a single electron in equilibrium with the
thermal bath is kgTIn2 = 179 meV at 300 K. We can derive the
minimum operating voltage of a single-electron device imple-
menting the binary logic switch to be kT 1In2e™! =179 mV.[26:28:29]
The switching sequences illustrated in Figure 2b—e show that
the magnitude switching on/off potentials are smaller than
179 mV. These data can preclude electrons as information car-
riers in the atomic-scale tin transistors with thermodynamics.

3.5. Increasing the Switching Frequency of an Atomic-Scale
Tin Transistor

An atomic-scale tin transistor consisted of two microelec-
trodes in the separation of 100 nm as the source and drain, a
tin wire in diameter of 0.5 mm with high purity as the gate,
and the electrolyte of SnSO, (30 mm) + H,SO, (40 mm) in the
cell. The transistor was connected to two computers to deter-
mine how fast the transistor with the current configuration
could perform conductive switching. As described in detail in
the Experimental Section, the first computer-controlled the gate
potential with a feedback mechanism and read the voltage from
the trans-impedance circuit at the sampling rate of 40 000 sam-
ples s via an A/D card (NI PCI 6031E) by a program written
in C without the data recording function. A fast program devel-
oped in NI LabView in the second computer recorded the gate
potential and the voltage signal from the trans-impedance cir-
cuit at a sampling rate of 500 000 samples s at maximum via
an A/D card (NI PCI 6120). The gate potential in a rectangular
wave and the conductance of the atomic-scale tin transistor
converted from the voltage signal are illustrated in the upper
graph (blue) and the lower graph (red) in Figure 5, respectively.
The transistor switched in a bistable configuration between 0
and 13 Gy. The frequency reached 2047 Hz. The on/off gate
potentials were 12 and —30 mV, respectively. The conductance
at the on-state decreased from 13 G, gradually to some level
and then jumped into off-state with signal oscillation at the
off-state because of the capacitance in the circuit. A section of
the switching sequence in 268 ms is illustrated with Graph a
in Figure S3, Supporting Information. Graphs b and c are the
zoom-in of Graph a in different time scales. This result demon-
strates that the conductive switching frequency of the atomic-
scale tin transistor can be improved by optimizing the source,
drain, and gate configuration and increasing the electrolyte
concentration. The atomic-scale transistors are one kind of
electrometallization cell with three electrodes, as described in
Section 2. To estimate their switching time, we can get enlight-
enment from the experimental results (5 ns)i*% and theoretical
simulations (from hundreds of picoseconds to a few nanosec-
onds)BY of two-terminal resistive switching in nanoscale elec-
trometallization cells. The experimental and theoretical results
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Figure 5. An atomic-scale tin transistor performing conductive switching
in kHz. The upper rectangular wave presents the electrochemical poten-
tial applied on the gate electrode, while the lower red graph shows the
conductive switching signal of the atomic-scale tin transistor.

demonstrate that the building of metallic junctions via solid
electrochemical processes in nanoscale electrometallization
cells can be finished in nanoseconds. The theoretical simula-
tion indicates that stable switching only occurs when the con-
centration of Cu in the dielectric is over 12% per SiO, formula
unit. The copper ions in the SiO, matrix are not freely movable
without the assistance of an external electrical field. The Sn?*
ion concentration in a saturated aqueous solution of SnSO,4 can
reach a 2.7% molar ratio to water molecules in ambient condi-
tions. The Sn?* ions are freely movable in the aqueous electro-
lyte. Therefore, there should be an approach to realize the fast
switching with the atomic-scale tin transistors in nanoseconds
or hundreds of picoseconds. The cycling endurance of two-

terminal resistive switching devices has reached 10232 or even
1015.[33]

3.6. Analysis of Energy Consumption

To develop the atomic-scale tin transistor as a potential alter-
native to the CMOS device, we should analyze where this new
technological approach can reduce energy consumption: in the
switching process or the interconnects. The energy consump-
tion in an atomic-scale tin transistor comes from electrochemi-
cally building and dissolving the tin point-contact between the
source and drain. These building and dissolving procedures
of the point-contact involve the material transfer of tin atoms
amid the gate and the gap between the source and drain. The
minimal switching energy (Egy) is estimated by the product of
the number (Ngnue) Of tin atoms building the point-contact,
two electrons needed by reducing Sn®* ions, the potential dif-
ference between the gate and drain (U, (on) or U, (off) in volt),
and one building and one dissolving procedure in a cycle.
Therefore, the energy consumption of an atomic-scale tin tran-
sistor in one period is calculated as the sum of the dynamic and
leakage parts:

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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T T
Etotal = Edynamic + Eleakage = JIGUc,dt+ jITUDSdt
0 0

T
:Ncontact'z‘e’Ul+Nconmct'2'e'UZ+JItUDSdt
0

where T is the period T = 1/f, f the operation frequency, Upg is
the dc voltage applied across the drain and source electrodes, I
is the electrochemical current between gate and drain-source,
It tunneling current between the drain and source.

The tunneling current at the off-state in the atomic-scale tin
transistor is calculated with the formula applied in an electro-
chemical scanning tunneling microscopy (EC-STM),

I,(d) = AeUps exp(—4n: A 2;”"’ . d) = AeUps exp(~1.025/pd) (5)
where A is a constant, e electron charge, ¢ the tunnel barrier
in the electrolyte in volt, Upg the voltage across the drain and
source, and d the gap width in A.?*33 Considering the electro-
lyte concentration applied in the experiment, the tunnel barrier
@ is set at 1.6 V for further estimation.* A tunneling regime
with Ry < 107 Q was assigned approximately to a substrate-tip
separation range < 1 nm in an EC-STM.B With Equation (5),
it is estimated that when the gap width increases by 5.33 A,
the tunneling current should decrease by 1000 times. The tun-
neling current at off-state in the atomic-scale tin transistor was
measured to be —1.7 nA when Upg was set at —3.23, and the
conductance at on-state was measured to be 16 G,. The gap is
estimated to be 0.85 nm.

To estimate the “lower limit” to the number of atoms con-
tributing to the switching, we performed ab initio simulations
of Sn filaments, an example of which is illustrated in Figure 6a.
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Several models of tin point-contacts were constructed using DFT.
The simulations were performed using the CP2K code,’”] the
PBE functional,*® Goedecker-Teter-Hutter (GTH) pseudopoten-
tials,*” and a double zeta-valence polarized (DZVP) basis set.*!
The initial structures are prepared by cutting an hourglass-shaped
configuration out of bulk Sn. This point-contact is embedded
between two Sn electrodes. Subsequently, the electrodes are
repeatedly pulled apart and pushed together to optimize the
atomic configuration. Detailed information on the simulation is
presented in Experimental Section. The distribution of © over
26 cones is displayed in Figure 6b, with the mean value of © being
32°. With the help of ©, the volume and the number of atoms of
a cone of any cross-section can be calculated. The extrusions all
adopt a double conical shape. The apex angle © of each cone is
extracted from the radius as a function of the cone’s height and is
shown in Figure 6¢. The number of atoms (Neone) in the point-
contact in dimensions (length, 0.85 nm; diameter, 0.75 nm) with
the conductance of 16 G, is theoretically calculated to be 80.

With the N onwe and Equation (4), we predict that the minimal
switching-on energy is 0.34 eV (13.1 kgT at 300 K) when Uy is
2.12mV (0.5 mV—(-1.62) = 2.12 mV), as shown in Figure 2d. The
minimal energy is about 18.9 times larger than the ultimate limit
on the minimum energy per switching at kzTln2 (Landauer’s
limit, approximately 3 x 102! ] at room temperature). The max-
imal energy is estimated to be 3.99 eV (154.2 k3T at 300 K) when
the reduction potential (12 mV—(-12.91) = 24.91 mV) is taken
from the switching sequence shown in Figure 2a. However,
the projected switching energy of a semiconductor transistor at
the technology node of “0.7 eq” is 4.99 eV (193 kgT, T at 300 K)
(Table S1, Supporting Information). Thus, if the atomic-scale
tin transistors can replace the Si-based CMOS devices in logic
circuits, the energy consumption in the interconnects should
be dramatically reduced by at least 400 times or at a maximum
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Figure 6. Atomic representation of the tin point-contact with a conductance of 16 Gy. a) The structure consists of an hourglass-shaped filament between
two tin bulk electrodes. The red lines highlight the two approximately conical shapes constituting the point contact. b) Distribution of the opening
angle ©. c) “Cone radius versus cone height” for thirteen hourglass filaments with two cones each. The dots refer to the simulated values, while the
lines represent the linear fit. The slope of the lines is directly related to the aperture of the cone 20.
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of 57 600 times according to the second term in Equation (1).
(See Supporting Information).

3.7. Relation between Channel Length and Information Carriers

In the atomic-scale tin transistor, the information carriers are
tin atoms. Tin atoms as information carriers are considerably
different from electrons or spin due to their natural weight and
size. They are physically heavier and more massive. The mass
ratio of a tin atom to an electron is 2.18 x 10°. The through-
barrier-tunneling probability of the information carriers can
be estimated using the Wentzel-Kramers—Brillouin (WKB)
approximation:[*

Pwxs :exp(—@-bmj (6)

where m denotes the carrier mass, L the barrier width, and E, the
barrier height. Considering both the “classic” over-barrier transi-
tion and “quantum” through-barrier tunneling, using atoms as
information carriers has apparent advantages for L < 2.5 nm.18l
According to the WKB approximation, the tunneling probability
of tin atoms through an energy barrier with a height of 1.6 eV
and a width of 0.85 nm is exp (—5123.42). For comparison, the
tunneling probability of electrons through the same barrier
is calculated to be exp (—11.05). Therefore, the tunneling of tin
atoms through the gap of 0.85 nm can be ignored. Because of the
high conductivity of tin as a metallic material and the low tun-
neling probability of tin atoms as information carriers, we can
reduce the channel length and diameter to the sub-nanometer
scale. It has been confirmed both experimentally and theoreti-
cally with the DFT that the conductive channel of the atomic-
scale tin transistor has geometrical dimensions: a few A in
diameter and < 1 nm in length. In contrast, when the body thick-
ness of silicon is below 5 nm, the mobility (i) theoretically scales
with the sixth power of #, (u o #,°) owing to thickness (f,) -fluc-
tuation-induced scattering.[*”l The feature poses a critical limit to
the continued silicon transistor scaling. The projected channel
parameters of a semiconductor transistor at the technology node
of “0.7 eq” are 12 nm in length, 10 nm in width, and 5 nm in
thickness (See Table S1, Supporting Information).

Unlike the CMOS devices, the bit value is presented by the
conductance of the point-contact in the atomic-scale tin transistor.
However, in this case, information is easy to be transferred back
to electrical current in the electrical domain (quantum resistance
to current in microampere), where nearly all of the information
processing takes place today. Therefore, the atomic-scale tin tran-
sistor fulfills the requirements pointed out by Galatsi et al. on
an electronic device as an alternative to the CMOS device.?%l The
conductance of the tin point-contact as a physical state variable
can reside in two distinguishable on/off states, can be controlled
between the on/off states (write) by the gate potential, read by an
electrical current through the tin point-contact, transmitted from
one physical location to another via the electrical current, and ini-
tialized in a defined state (erase) just by setting the gate potential.
It has been demonstrated that the conductance of the tin point-
contact as a state variable can compete with the thermal noise
bath at room temperature. Furthermore, the inner resistance of
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metallic atomic-scale transistors is < 12.9 kQ,2"™ much less than
that of molecular electronic devices (in decades MQ).[’]

3.8. Discussion about Compatibility with CMOS Manufacturing
and Design Practices

The footprint of the atomic-scale tin transistors can be reduced
by encapsulating a small volume of oxygen-free electrolyte into
a cubic nanometer space via nanofluidic! and microfluidic
techniques.*! Such an encapsulation makes integrating a vast
number of tin transistors into a circuit possible. For example,
the devices displayed in Figure S1(a), Supporting Information,
can be converted into encapsulated cells by putting a cover
layer on the top. A self-sacrification technique can fabricate the
channel under the cover. The channel height is only a few dec-
ades of nanometers. The channel is closed by electrochemical
deposition of tin on both ends of electrodes, and a micrometer-
scale cell is produced in the channel limited by a gate electrode
and one working electrode.

The conductance variability of the atomic-scale tin tran-
sistors at on-state from device to device can be overcome
by the preselectable technique® and the current compli-
ance approach is successful in controlling resistive random
access memory (RRAM) in the contact-forming phase.*l The
whole resistance of the atomic-scale tin transistors consists of
Rinterconnect + Riead electrodes + Rpoint-contact: Advanced nanofabrica-
tion techniques make it easy to control Ry,erconnect + Riead electrodes:
As demonstrated in Figure 4D, ¢, the conductance of the tin point-
contact has reached hundreds of G,. Therefore, even Rpuint.contact
varies in some range, the variation of the whole resistance can be
controlled in some small percentage. To be honest, we think that
the switching rate and lifetime are two grant challenges for the
fabrication of integrated circuits (ICs) with atomic-scale metallic
transistors. Short retrospect of the evolution of MOSFET from
conception to very large scale integration (VLSI) may encourage
us to face and deal with these grand challenges.”’! Since D.
Kahng and M. M. Atalla of Bell Telephone Laboratories reported
the first demonstration of a Si-SiO, MOSFET in 1960, many
innovations and the countless number of perhaps small but
indispensable contributions were made to improve the manufac-
turing techniques of MOSFET by many unsung heroes.*’ Espe-
cially the invention and demonstration of the self-aligned planar
gate silicon MOSFETS in the late 1960s eliminated the barrier of
the conductance variability from device to device in MOSFET
and laid the foundation of the semiconductor IC industry.’” Our
research in atomic-scale tin transistors is involved in electronics,
electron transport in metallic point-contact, electrochemistry,
surface science, micro-and nanofabrication, micro-and nano-
fluid (in future), and liquid encapsulation (in future). Multidis-
ciplinary efforts should be made to overcome the challenges in
conductance variability, switching rate, lifetime, and miniaturiza-
tion before this novel fundamental switching paradigm can be
put forward for application. Our invention has proposed a novel
approach to overwhelm the grand challenge of power dissipation
in modern digital logic circuits. Therefore, the distinguishing
features of the atomic-scale tin transistors and grand challenges
in the integration indicate an enormous research space to be
explored in investigating atomic-scale metallic transistors as an
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alternative to the CMOS devices once we step outside the con-
fines of the established technology for digital logic electronics.

4, Conclusions

In addition to C,°Y Si,? Ge,P3 and Pb,"™ Sn is the last one
in the fourth main group in the periodic table of elements
exploited by us as a working material for transistors. The
atomic-scale tin transistor has specifications of low on/off
potentials (so low as < 2.5 mV in magnitude), short channel
length (<1 nm), high drain-source current (so high as —375 pA
in magnitude), and low dynamic energy (=154.2 kgT, 3.99 eV).
Furthermore, the on/off potentials are much lower than the
constraint on the signal voltage swing (35.8 mV) of CMOS dig-
ital logic circuits by Landauer’s limit and even smaller than the
“action potentials” of neuron fire (-20-100 mV) in magnitude.
The low on/off potentials in the atomic-scale tin transistor can
reduce the energy consumption in the interconnects of ICs at
least =400 times by comparison with the digital logic circuits
based on the CMOS technology. The conductance at on-states
of the bistable configurations has been demonstrated to vary
between 1.2 Gy to 197 Gy. The drain-source current (Ipg) at
the on-state (197 G) reaches —375 pA when the drain-source
voltage (Upg) is set at —25 mV. In the atomic-scale tin transistor,
tin atoms as information carriers are considerably different
from electrons or spins due to their natural weight and size.
According to the WKB approximation, the natural weight of tin
atoms makes the channel length less than 1 nm. Furthermore,
the metallic property of the tin point-contact in the atomic-scale
tin transistor ensures high electrical current transport. The low
on/off potentials of the transistor depends on the electrochem-
ical characterization of metallic tin. Unlike the CMOS devices,
the bit value is presented by the conductance of the atomic-
scale tin point-contact in the transistor. Therefore, its infor-
mation carriers are atoms instead of electrons. On the other
hand, the switching frequency of the atomic-scale tin transistor
has reached 2047 Hz. There is space to enhance the switching
frequency of the atomic-scale tin transistor by optimizing the
source, drain, and gate configuration and increasing the elec-
trolyte concentration. Thus, the ultralow-power atomic-scale tin
transistor has the potential to serve as an alternative to CMOS
for digital logic circuits.

5. Experimental Section

Using Cyclic Voltammetry to Determine the Formal Reduction Potential:
Before starting to investigate tin as a working material for atomic-scale
metallic transistors, one piece of gold wire with a diameter of 0.25 mm
was taken as a working electrode and two pieces of tin wire with high
purity (Puratronic, 99.9985%) in diameter of 0.5 mm as counter and
quasi-reference electrodes and performed cyclic voltammetry. Within a
sweeping range between —120 and 120 mV, the electrochemical potential
was scanned reversibly at a rate of 4 mVs™ in the aqueous electrolyte of
SnSOy4 + H,SO,. The cyclic voltammogram is plotted in Figure 2f in the
Convention of the International Union of Pure and Applied Chemistry
(IUPAC). From the cyclic voltammogram, the cathodic peak potential
(Epc) was at =30 mV, and the anodic peak potential (E,) was at 25 mV.
According to cyclic voltammetry, the formal reduction potential (E%)
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should be equal to (E,, + E,)/2.°Y Therefore, the formal reduction
potential was determined with this cyclic voltammogram to be —=2.5 mV.

Fabricating and Training Atomic-Scale Tin Transistors: Atomic-scale
tin transistors were operated electrochemically in an electrochemical
cell protected by an inert gas (Ar) environment. Gold (or copper)
microelectrodes on thermal oxide silicon wafers (SiO, layer in the
thickness of 50 nm) shown in Figure S1, Supporting Information, were
fabricated with photolithography or e-beam lithography methods. The
gap between two gold (or copper) microelectrodes was 2 um prepared
with photolithography or =60-160 nm made with e-beam lithography.
Because the electrochemical current was in the range of =1 nA, a counter
electrode was used as a gate instead of two electrodes (reference and
counter electrodes) in this case. The gate electrode was made of a tin
wire with high purity (Puratronic, 99.9985%) in diameter of 0.5 mm.
The two gold (or copper) microelectrodes with a small gap were used
as the source and drain. The source electrode was virtually grounded
via a trans-impedance circuit. For conductance measurements, a dc
Ups was applied to the drain electrode. Only the potential of the gate to
the ground was changed. Therefore, the potential differences between
the gate, drain, and source were determined through Ups and the gate
potential. To fabricate an initial tin point-contact in the gap between
the source and drain, potential was applied at 30 mV to the gate and
set Ups at —12.9 mV. While tin islands were deposited on the drain and
source electrodes, the conductance between the source and drain was
monitored continuously. When two of the tin islands on the source and
drain met each other in the gap, an atomic-scale tin point-contact was
built. After the first tin point-contact formed between the source and
drain, the deposition procedure continued for some time to stabilize the
tin point-contact.

After the initial stage, the point-contact was opened just by setting the
gate potential in the range between —18 and —30 mV. The freshly opened
tin point-contact was closed again by setting the gate potential between
2 and 12 mV. The gate potential was changed at a ramping mode in the
deposition/dissolution cycling at the ramping rate of 300 mV s™'. The
cyclic deposition/dissolution procedure should train the freshly built
atomic-scale tin point-contact with the feedback mechanism, similar
to the one previously described for the atomic-scale silver and lead
(Pb) transistors."2 After the cyclic training procedure, the atomic-
scale tin point-contact formed bistable configurations and can perform
bistable conductive switching between the source and drain. The sign
and the magnitude of the dc voltage (Ups) applied across the source
and drain directly influence the growth of the tin point-contact. The
three electrodes (gate, source, and drain) and the tin point-contact in
the aqueous electrolyte built an atomic-scale tin transistor. The trained
atomic-scale tin transistor can implement conductance switching via the
feedback mechanism or a virtual function-generator embedded in the NI
Labview software.

Microfabrication with Photolithography and E-Beam Lithography: Two
masks with patterns for microelectrodes and windows in the insulating
layer were prepared with a direct laser writer (Heidelberg Instruments
DWL 66). The microelectrodes covered with a SU-8 film on a silicon
wafer with a thin thermally oxidized SiO, film (50 nm) were fabricated
with the photolithography technique in 7 steps. First, a photoresist (AZ
5214E) was spin-coated on the wafer. Second, the microelectrode pattern
was transferred to the spin-coated photoresist with a mask aligner.
Third, the photoresist film was developed in a developer (MIF 726).
Next, Cr/Au (or Cu) (3 nm/40 nm) films were evaporated with an
e-beam evaporator (Lesker PVD75). Fourth, the as-evaporated wafer was
lifted in a photoresist remover in an ultrasonic bath. Fifth, the wafer with
the microelectrodes was spin-coated again with SU-8 in a thickness of
2 pm. Sixth, the pattern with opening windows was transferred to the
spin-coated SU-8 film using the mask aligner. Seventh, the wafer with
the SU-8 film was developed by a developer (Microposit EC Solvent)
and then backed at 210 °C for 1 h to solidify the SU-8 film. Besides
the photolithography technique, microelectrodes with gaps between
60 and 160 nm were fabricated with e-beam lithography in Karlsruhe
Nano Micro Facility at Karlsruhe Institute of Technology.
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Hardware and Software: Under test, the atomic-scale tin transistor
was connected to a computer via a homemade electronic device and
an A/D card (NI PCI-6221). A dc voltage (Ups) was applied to the drain
electrode for conductance measurement. The source electrode was
connected to a trans-impedance circuit in the homemade electronic
device. The trans-impedance circuit converted the drain-source
electrical current in the microampere range to a voltage signal in volt
and virtually grounded the source electrode. The voltage signal was
readable as an input by the A/D card. The A/D card gave a voltage
signal to the gate electrode via the homemade electronic device. The
device reduced the magnitude of this voltage signal by N times and
gave the output signal in millivolts. To achieve conductance switching
of atomic-scale tin transistors, a NI LabVIEW program was developed
to control the electrochemical potential applied to the gate, read the
voltage signal from the trans-impedance circuit via the A/D card
synchronously at a sampling rate of 50 samples s, and record the
input and output data. The electrochemical gate potential was set using
a feedback mechanism. The measured conductance was compared
with a preset value of quantum conductance of the atomic-scale tin
transistor or by a virtual function-generator (NI Labview software
package). The transistor was connected to two computers to realize
the fast conductance switching of an atomic-scale tin transistor. In
the first computer, a program developed in C on Linux controlled the
gate potential and read the voltage from the trans-impedance circuit
at a sampling rate of 40 000 samples s™' at maximum via an A/D card
(NI PCI 6031E) without the data recording function. A fast program
developed in NI LabView in the second computer recorded the gate
potential and the voltage signal from the trans-impedance circuit at a
sampling rate of 500 000 samples s™' at maximum via an A/D card (NI
PCI 6120).

Ab Initio Modeling of the Tin Point-Contact: Two sets of initial
structures were prepared. The first set encompassed five bulk structures
of the Bphase. Their cross-sections measure was 2.61 x 2.67 nm?, and
the length was 8.21 nm. The second set consisted of four bulk structures
of o-phase of Sn with a cross-section of 2.46 x 2.67 nm? and a length of
6.14 nm. Because of the large size of these simulation boxes, the k-point
sampling was restricted to the I'-point. In all samples, a gap was created
to form two separate electrodes, and an hourglass-shaped filament was
inserted. Next, the forces on the atoms were minimized. The electrodes
were slowly pulled apart in steps of 0.5 A until the point-contact breaks
and then pushed together to re-form the connection to obtain more
realistic extrusion geometries. At each step, a force minimization was
performed. This process of breaking and re-forming the point-contact
was repeated five times. A final structure is illustrated in Figure 6a of the
main text.

Supporting Information

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

Acknowledgements

This work was supported by the Werner Siemens Foundation
within the Center for Single-Atom Electronics and Plasmonics, the
VolkswagenStiftung, and the Deutsche Forschungsgemeinschaft within
the Center for Functional Nanostructures (CFN). In addition, the authors
thank Simone Dehm, Lothar Hahn, Andreas Bacher, Judith Hohmann,
Torben Staiger, and Jonathan Endermann for the microelectrodes
fabrication with e-beam lithography; Daniel Harter, Florian Wertz, and
Heinrich Mayer for the development of the fast control program in C on
Linux; and Jin Wu for discussions. The KNMF and NSL in KIT facilitate
the nano- and microfabrication.
Open access funding enabled and organized by Projekt DEAL.

Adv. Electron. Mater. 2022, 2200225 2200225 (12 0f13)

MATERIALS

www.advelectronicmat.de

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

F.X. designed and performed the experiments and wrote the whole
manuscript except the theoretical part. F.D. performed the theoretical
calculation and wrote the theoretical part. M.L. supervised F.D.'s
theoretical research. J.L. was the project director from the Werner
Siemens Foundation, who discussed and revised the manuscript. M.L.
and T.S. were the project co-directors and joined the discussion of the
manuscript. F.X. was the subproject leader of Single-Atom Electronics.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords

atom-based  electronics, beyond complementary  metal-oxide-
semiconductors, single-atom transistors, sustainability, ultralow-power
dissipation

Received: March 2, 2022
Revised: April 8, 2022
Published online:

[1] a) M. Dayarathna, Y. Wen, R. Fan, IEEE Commun. Surv. Tutor. 2015,
18, 732; b) W. Van Heddeghem, S. Lambert, B. Lannoo, D. Colle,
M. Pickavet, P. Demeester, Comput. Commun. 2014, 50, 64.

[2] https://irds.ieee.org/editions/2020 (accessed: January 2020).

[3] A. M. lonescu, H. Riel, Nature 2011, 479, 329.

[4] S. Manipatruni, D. E. Nikonov, I. A. Young, Nat. Phys. 2018, 14, 338.

[5] M. Si, C. - J. Su, C. Jiang, N. J. Conrad, H. Zhou, K. D. Maize,

G. Qiu, C. - T. Wu, A. Shakouri, M. A. Alam, Nat. Nanotechnol. 2018,

13, 24.

D. Sarkar, X. Xie, W. Liu, W. Cao, J. Kang, Y. Gong, S. Kraemer,

P. M. Ajayan, K. Banerjee, Nature 2015, 526, 91.

S. Manipatruni, D. E. Nikonov, C. - C. Lin, T. A. Gosavi, H. Liu,

B. Prasad, Y. - L. Huang, E. Bonturim, R. Ramesh, I. A. Young,

Nature 2019, 565, 35.

[8] D. Etiemble, arXiv preprint arXiv:1803.00254 2018.

[9] T. N. Theis, P. M. Solomon, Science 2010, 327, 1600.

[10] M. M. Waldrop, Nature 2016, 530, 144.

[11] F. Q. Xie, L. Nittler, C. Obermair, T. Schimmel, Phys. Rev. Lett. 2004,

93, 128303.

F. - Q. Xie, X. - H. Lin, A. Gross, F. Evers, F. Pauly, T. Schimmel,

Phys. Rev. B 2017, 95, 195415.

F. Q. Xie, M. N. Kavalenka, M. Réger, D. Albrecht, H. Holscher,

J. Leuthold, T. Schimmel, Beilstein J. Nanotechnol. 2017, 8, 530.

F. Xie, A. Peukert, T. Bender, C. Obermair, F. Wertz, P. Schmieder,

T. Schimmel, Adv. Mater. 2018, 30, 1801225.

[15] F. Q. Xie, R. Maul, C. Obermair, W. Wenzel, G. Schén, T. Schimmel,
Adv. Mater. 2010, 22, 2033.

[16] R. Landauer, IBM J. Res. Dev. 1961, 5, 183.

[17] ). D. Meindl, Q. Chen, J. A. Davis, Science 2001, 293, 2044.

[18] J. D. Meindl, ). A. Davis, IEEE J. Solid-State Circuits 2000, 35, 1515.

[6

[7

(2]
(13]

(4]

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH


https://irds.ieee.org/editions/2020

ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

[19] Q. Liu, P. B. Kidd, M. Dobosiewicz, C. I. Bargmann, Cell 2018, 175,
57.

[20] A. 1. Yanson, Vol. Dissertation for Ph.D., University Leiden, 2001.

[21] F. Q. Xie, R. Maul, S. Brendelberger, C. Obermair, E. B. Starikoy,
W. Wenzel, G. Schon, T. Schimmel, Appl. Phys. Lett. 2008, 93, 043103.

[22] L. Gmelin, Gmelin Handbook of Inorganic Chemistry, Vol. Pt. A4,
Springer, Heidelberg 1973.

[23] ). C. Lian, Z. H. Cheng, Y. H. Jiang, Y. Y. Zhang, L. W. Liu, W. Ji,
W. D. Xiao, S. X. Du, W. A. Hofer, H. J. Gao, Phys. Rev. B 2010, 81,
195411.

[24] F. Q. Xie, F. Huser, F. Pauly, C. Obermair, G. Schén, T. Schimmel,
Phys. Rev. B 2010, 82, 075417.

[25] N. Agrait, A. L. Yeyati, . M. van Ruitenbeek, Phys. Rep. 2003, 377, 81.

[26] K. Galatsis, A. Khitun, R. Ostroumov, K. L. Wang, W. R. Dichtel,
E. Plummer, ). F. Stoddart, ). I. Zink, ). Y. Lee, Y. - H. Xie, IEEE Trans.
Nanotechnol. 2008, 8, 66.

[27] https://irds.ieee.org/editions/2018 (accessed: June 2018).

[28] V. Zhirnov, R. Cavin, ECS Trans. 2007, 11, 17.

[29] C. H. Bennett, Int. J. Theor. Phys. 1982, 21, 905.

[30] Y. C. Yang, F. Pan, Q. Liu, M. Liu, F. Zeng, Nano Lett. 2009, 9, 1636.

[31] N. Onofrio, D. Guzman, A. Strachan, Nat. Mater. 2015, 74, 440.

[32] M. J. Lee, C. B. Lee, D. Lee, S. R. Lee, M. Chang, ). H. Hur,
Y. B. Kim, C. J. Kim, D. H. Seo, S. Seo, U. I. Chung, I. K. Yoo, K. Kim,
Nat. Mater. 2011, 10, 625.

[33] C. - W. Hsu, Y. - F. Wang, C. - C. Wan, I. - T. Wang, C. - T. Chou,
W. - L. Lai, Y. - ). Lee, T. - H. Hou, Nanotechnology 2014, 25, 165202.

[34] G. Binnig, H. Rohrer, C. Gerber, E. Weibel, Phys. Rev. Lett. 1982, 49, 57.

[35] D. Woo, E. Choi, Y. Yoon, K. Kim, I. Jeon, H. Kang, Surf. Sci. 2007,
601, 1554.

[36] M. Binggeli, D. Carnal, R. Nyffenegger, H. Siegenthaler,
R. Christoph, H. Rohrer, J. Vac. Sci. Technol., B: Microelectron.
Nanometer Struct.—Process., Meas., Phenom. 1991, 9, 1985.

Adv. Electron. Mater. 2022, 2200225 2200225 (13 of 13)

MATERIALS

www.advelectronicmat.de

[37] T. D. Kihne, M. lannuzzi, M. Del Ben, V. V. Rybkin, P. Seewald,
F. Stein, T. Laino, R. Z. Khaliullin, O. Schitt, F. Schiffmann,
J. Chem. Phys. 2020, 152, 194103.

[38] ). P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865.

[39] S. Goedecker, M. Teter, ). Hutter, Phys. Rev. B 1996, 54, 1703.

[40] ). VandeVondele, . Hutter, J. Chem. Phys. 2007, 127, 114105.

[41] A. P. French, An Introduction to Quantum Physics, Routledge, New
York 2018.

[42] Y. Liu, X. Duan, H. - J. Shin, S. Park, Y. Huang, X. Duan, Nature
2021, 591, 43.

[43] a) C. Joachim, J. K. Gimzewski, A. Aviram, Nature 2000, 408, 541;
b) F. Evers, R. Korytédr, S. Tewari, ]. M. van Ruitenbeek, Rev. Mod.
Phys. 2020, 92, 035001.

[44] M. A. Zevenbergen, P. S. Singh, E. D. Goluch, B. L. Wolfrum,
S. G. Lemay, Nano Lett. 2011, 11, 2881.

[45] D. ). Case, Y. Liu, I. Z. Kiss, J. - R. Angilella, A. E. Motter, Nature
2019, 574, 647.

[46] F. Zahoor, T. Z. A. Zulkifli, F. A. Khanday, Nanoscale Res. Lett. 2020,
15, 90.

[47] S. Chih-Tang, Proc. IEEE 1988, 76, 1280.

[48] D. Kahng, M. M. Atalla, in IRE-AIEE Solid-State Device Research
Conf., Carnegie Inst. of Technol., Pittsburgh, PA 1960.

[49] D. Kahng, IEEE Trans. Electron Devices 1976, 23, 655.

[50] S. Datta, S. Dutta, B. Grisafe, J. Smith, S. Srinivasa, H. Ye,
IEEE Micro 2019, 39, 8.

[51] a) H. Shi, L. Ding, D. Zhong, ]. Han, L. Liu, L. Xu, P. Sun, H. Wang,
J. Zhou, L. Fang, Nat. Electron. 2021, 4, 405; b) Q. Cao, S. - . Han,
J. Tersoff, A. D. Franklin, Y. Zhu, Z. Zhang, G. S. Tulevski, |. Tang,
W. Haensch, Science 2015, 350, 68.

[52] B. E. Deal, J. M. Early, J. Electrochem. Soc. 1979, 126, 20C.

[53] ). Bardeen, W. H. Brattain, Phys. Rev. 1948, 74, 230.

[54] P.T. Kissinger, W. R. Heineman, J. Chem. Educ. 1983, 60, 702.

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH


https://irds.ieee.org/editions/2018

