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Stable Universal 1- and 2-Input Single-Molecule Logic Gates

Ran Liu, Yingmei Han, Feng Sun, Gyan Khatri, Jaesuk Kwon, Cameron Nickle,
Lejia Wang, Chuan-Kui Wang, Damien Thompson, Zong-Liang Li,* Christian A. Nijhuis,*

and Enrique del Barco*

Controllable single-molecule logic operations will enable development of
reliable ultra-minimalistic circuit elements for high-density computing but
require stable currents from multiple orthogonal inputs in molecular junc-
tions. Utilizing the two unique adjacent conductive molecular orbitals

(MOs) of gated Au/S-(CH,)3-Fc-(CH,)o-S/Au (Fc = ferrocene) single-electron
transistors (=2 nm), a stable single-electron logic calculator (SELC) is pre-
sented, which allows real-time modulation of output current as a function of
orthogonal input bias (V;) and gate (V,) voltages. Reliable and low-voltage

(IVy! <80 mV, IV, <2 V) operations of the SELC depend upon the unambiguous
association of current resonances with energy shifts of the MOs (which show
an invariable, small energy separation of =100 meV) in response to the changes
of voltages, which is confirmed by electron-transport calculations. Stable multi-
logic operations based on the SELC modulated current conversions between

devices that employ external stimuli (e.g.,
chemical, light, magnetic, or electric field)
to modulate electron transport through
molecular  junctions.?3>71013-211 The
modulations typically rely on stimulus-
induced changes in molecular electronic
states>#?2l and therefore the functional
diversity and signal stability of molecular
devices depend on the availability of dif-
ferent stable electronic states and efficient
conversions between them.?3723 As all-
electrical-driven devices, three-terminal
solid-state  single-electron  transistors
(SETs)!72430 not only reflect the quantum
behavior of intramolecular electron trans-
port, such as Coulomb blockade,!!%20:31:32]

the two resonances and Coulomb blockade regimes are demonstrated via .
the implementation of all universal 1-input (YES/NOT/PASS_1/PASS_0) and ertie

2-input (AND/XOR/OR/NAND/NOR/INT/XNOR) logic gates.

1. Introduction

Effective control of electronic properties of molecular junc-
tions for stable rectification,'? switching,? memory,>
and logic operation” 'l is critical for reducing the area and
power consumption of electrical circuits. Important advances
have been made in the design of multifunctional molecular

Zeeman effect,??! thermoelectric prop-
s2526331 and  Kondo effect,21:3+-3¢]
but also have the unique advantage of
controlling the molecular orbitals (MOs)
by applying external electrostatic poten-
tials, 7263639 thereby providing new
opportunities for the ultra-miniaturization of computing ele-
ments.*43] However, there are still two key challenges in uti-
lizing SETs in single-molecule functional devices. First, the
background electrostatic potentials of molecular junctions
that affect the absolute energy of MOs are difficult to control,
and so the resonance regions determined by MOs are nor-
mally different for different junctions formed with the same
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molecule.'293143] Second, the multifunctional implementation
requires clear boundaries between Coulomb blockade and reso-
nance regimes, 22832l which are complicated by the electrode-
induced energy-level broadening of MOs.[17:28:294]

Targeting these two challenges, we screened Au/S-(CH,)s-
Fc-(CH,)9-S/Au (Fc = ferrocene) SETs from five different kinds
of Fc-based gated SET junctions (see Figure 3 and Figure S14,
Supporting Information) and designed a prototype single-
electron logic calculator (SELC). First, instead of relying on
absolute currents affected by the uncertainty of background
electrostatic potentials, we employ current conversions between
two sturdy and well-defined resonance regimes rendered by two
adjacent conductive MOs of Fc. The MOs have a stable, small
energy separation of around 100 meV and sit close to the Fermi
energy of the electrodes in all five different Fc-based SETs and
our DFT calculations show that this energy signature is not
dependent on the conformation of the molecule inside the tran-
sistor.?42>%=8] Crucially, our measurements and calculations
show that the current conversions due to the modulation of
MOs by gate (V,) and bias (V;) voltages are stable. Second, we
used n-alkyl (—(CH,),—, n 2 3) linkers to weaken the coupling
between the molecule and the electrodes, that is, to minimize
the broadening of the MO energy levels® on the Fc moiety
by effectively isolating Fc from the electrodes.'®*>% Hence,
we obtained a sharp-edged diamond-shaped Coulomb blockade
regime in Au/S-(CH,)s;-Fc-(CH,)9-S/Au SETs that allows the
generation of clear current switching signals. The small energy
separation of the two adjacent conductive MOs of Fc supports
logic operations at low input voltages (IVy| < 80 mV, IVl <2 V)

A source Aus\/\/@|_l
(Au) ST

Gate (Al) X

v W W W
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far below the 1.5-5 V drive voltage and 3-15 V gate voltage
of complementary metal-oxide-semiconductor (CMOS). By
implementing all universal logic gates (the four l-input gates
YES, NOT, PASS_1, and PASS_0 and the seven 2-input gates
AND, XOR, OR, NAND, NOR, INT, and XNOR), we demon-
strate reliable programmable logic operations based on one
single-molecule SET.

2. The SELC Design

Figure 1A,B shows the schematic configuration and circuit
design of the three-terminal SELC comprising the func-
tional Au/S-(CH,);-Fc-(CH,)y-S/Au  molecular junction (see
Sections S1 and S2, Supporting Information, for details) strung
over an Al back-gate (third terminal) with Al,O; as the insu-
lating layer between the junction and the gate. Along the junc-
tion, the Fc moiety is electronically isolated by the —(CH,);—
and —(CH,)o— linkers on either side and the molecule is con-
nected to the source and drain nano-electrodes by thiolate-metal
bonds. Studies of similar Fc-based molecules in three-terminal
SETs1**2°] and SAM-based junctions*>*'->3 have shown that
asymmetric —(CH,),— linkers cause unequal coupling between
the molecule and the electrodes, leading to current rectifica-
tion®! and thus providing a natural route to encode informa-
tion via orthogonal modulations of the MOs by V; and V;,. To
minimize the probability of several molecules bridging one
nanogap, we created low coverage of molecules on an array of
gold electrodesi?!! (see Section S2, Supporting Information). In
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Figure 1. The design of SELC. A) Chemical structure and schematic of an S-(CH,)3-Fc-(CH;)9-S molecule bridging the nanogap between two nano-
electrodes. B) SEM image of a SELC showing the Au nanowire on the Al,O3/Al back-gate on a Si wafer and positions where V;, and V, are applied. The
nanowire and the back-gate are patterned by electron-beam and optical lithography, respectively.® The molecular junction formed in the center of the
nanowire is produced using current feedback-controlled electromigrationl7:2555%¢1 (see Section S2, Supporting Information, for details). C) Representa-
tive I-V; curves for different values of Vi, measured at 225 mK with 231 points per curve. The arrows mark the switch points of the current plateaus.
The dashed lines indicate the V, values corresponding to the seven -V}, curves in (D). D) Representative -V}, curves for the seven different V, values,
with 231 points per curve. T =225 mK.
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the experiment, after electromigration, 37 of the 214 correctly
broken nanowires showed a molecular signal (current of nA
scale, see Figure S3, Supporting Information) different from a
bare tunneling. That is, less than 20% of the nanogaps could be
covered by molecules, which indicates the low possibility of mul-
tiple molecules binding in the same nanogap at the same time.

Figure 1C,D show representative [-V; and I-V}, curves meas-
ured from the three-terminal junction at different values of V;,
and V,, respectively. The distinct current bi-plateau feature and
the linear variation of the switch points and widths of the pla-
teaus with V, and V;, indicate that the molecular junction has
been formed and the current through it can be effectively con-
trolled by V, and W,

3. Results and Discussion

3.1. Current Map Measurements and Calculations

The color-map of the measured current through the SELC
as a function of V}, and V, is shown in Figure 2B. The color
code divides the map into different transmission regimes.
The red and blue colors respectively indicate the positive and
negative currents in the resonance regime, where the energy
levels of the conductive MOs (g: HOMO-1 and &,: HOMO-2,
see Section S3 (2), Supporting Information) lie within the
bias window, are well-separated, and are conductive due to
their coupling to both electrodes (in contrast to &: HOMO,
where the long-alkyl chain isolates the Fc-centered level from
one electrode). In the map, & and ¢, indicate their resonance
regions. One distinct characteristic, which is shared by all
five different kinds of Fc-based gated SETs (see Section S8,
Supporting Information), is evident in Figure 2, showing
that & and &, overlap at around +100 meV. The left () and
right (y) dashed lines indicate the edges of the & resonance
region. Clear transitions between the resonance regime and
the Coulomb blockade regime (white diamond-shaped areas)
are shown in the corresponding differential conductance (dI/
dV) map of Figure 2D. “1”, “3”, and “5” indicate the Coulomb
blockade regions under different gate voltages near zero-bias.
They correspond directly to the energy diagram in Figure 2A,
with both MO levels above/below the Fermi energy for region
“17/“5”, respectively, and with the electrostatic potential of the
leads sandwiched between the two MO levels for region “3”,
that is, the bias window sits within the energy gap between the
two MOs. This creates the diamond-shaped Coulomb blockade
region trapped within a =100 mV bias voltage range which
corresponds to the energy difference between the two MOs
(AMOs = g — &), as marked by the crossing of the & and g,
resonance boundaries. The computed electron transmission
spectrum (I5s) overlaid in Figure 2A (state “5”) is the zero-bias
Ts of the molecular junction calculated by DFT-NEGF method
(see Section S3 (2), Supporting Information, for details). The
energy difference between the two Ts peaks describes the cal-
culated AMOs, which is about 110 meV in good agreement with
the measurements and is robust even for different conforma-
tions of the molecule and different electrode distances in the
SET (see Figures S5 and S6, Supporting Information). The
narrow widths of the peaks represent the small broadenings
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of the MOs, ensuring small currents in the Coulomb blockade
region. Due to the asymmetry of the —(CH,)o— and —(CH,);—
linkers, the molecule—electrode couplings under positive and
negative biases are different, resulting in different extensions
of the Ts peaks. Consequently, the background (blockade) cur-
rent under negative bias voltage is higher than at positive bias
(as seen in Figure 2B,C, corresponding to the measured and
calculated current maps, respectively). In addition, no Kondo
effect was observed in the experiment and the molecule is in
the ground state (S = 0) (see Section S12, Supporting Informa-
tion). DFT calculations show the spin degeneracy of the ground
state molecule in the absence of magnetic field. The experi-
ments reported in this work were conducted at 225 mK. In our
previous work,?’! where similar molecules were studied, well-
defined conductance excitations within the Coulomb blockade
regime can persist up to 120 K, suggesting that the operations
reported in the present work can be feasible at much higher
temperatures.

Due to the monotonic evolution of the energy eigenvalues
of MOs under bias and gate voltages,[73%4 we developed a
theoretical model to describe the energy change rates (Kp and
K¢) of MOs, which are directly related to the molecular dipole
moments along the directions of voltages (see Section S3 (1),
Supporting Information, for details). Thus, Ky and K¢ can be
calculated by the shift rates of Ts under bias and gate voltages,
respectively (see Section S3 (3), Supporting Information).(383
However, Ky, K; and the MO energy shift (MOs Shift) are
directly related to the configuration and background electro-
static potential of the molecular junction. Thus, to understand
the junction configuration in the experiment, we calculated 12
different configurations for the 3-terminal molecular junction
of the same molecule (see Section S3 (4), Supporting Infor-
mation) and analyzed their corresponding Kj, Kg, AMOs, and
MOs Shift values (see Section S3 (5) Table S1, Supporting
Information). The data show that AMOs remain near-constant
(=110 meV) for the different configurations, in line with the
experimental observations and proving that the Coulomb
region lies stably within a well-defined and easily accessed
bias voltage range (see Section S4, Supporting Information)
despite the potentially shifted current maps for different junc-
tion configurations. Indeed, the experimental Ky and K¢ can
be extracted from the slopes of ¥ and y” edges for both MO
resonance regions!”l as (see Section S3 (5), Supporting Infor-
mation, for details): Ky = (Y +Y)/2(Y =Y}, Ks = —-vY (¥ 7).
Figure 2F,G illustrate the combined modulation of the shifts of
& energy level in terms of the energy change rates K and K.

The corresponding DFT-NEGF calculated current and dif-
ferential conductance (dI/dV) maps of the junction (see Sec-
tion S3 (6), Supporting Information, for details) are shown in
Figure 2C,E, respectively. The Ts not only reproduces the asym-
metric background of Coulomb blockade regions under bias
reversal, but also resolves the different widths of the ¢ and y”
edges (see Figure 2E,D), which can be understood by the direc-
tional shift of the Ts towards the bias window controlled by the
gate voltage (note the asymmetric Ts peaks in Figure 2A “5”, dis-
cussed in Section S3 (6), Supporting Information). Since the Ky
and K¢ values correspond directly to the electronic structure of
the conductive MOs, they reflect the dipole moments of each
MO. The similarity between the experiment and theoretical

© 2022 Wiley-VCH GmbH
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Figure 2. The current modulation of SELC. A) Schematic diagrams of the shift of MOs manipulated by the gate voltage at zero-bias. The Ts of state
“5” indicates that the conductive MOs (&: HOMO-1, &: HOMO-2) is below the Fermi energy when V, is close to zero. At charge points “2” and “4”, &
and &, are respectively aligned with the Fermi level of the electrodes. B) Measured current map at 225 mK with V,: 231X V,: 231 points. The red/blue
colors indicate positive/negative resonance currents, respectively. The numbers correspond to the diagrams in (A). & and &, resonance regions cor-
respond to the MOs. C) Calculated current map with V;,: 101 x Vi: 142 points (Vy: 2 mV per step; Vg: 11 mV per step). The background pattern (marked
by the dashed contour lines) is contributed by the extension of transmission peaks. D) Measured differential conductance map highlighting the edges
between resonance and Coulomb blockade regimes. “N-2", “N-1" and “N” indicate the number of fully occupied MOs. E) The calculated differential
conductance map. —8V, and +V indicate charging and discharging of the Gate. 0V and 6V, indicate the increase of V,, from 0V to y’and y”edges,
respectively. F,G) Schematics showing how the energy of & MO modulated by V;, and V, aligns with the right and left electrode Fermi levels. The light
blue dashed line indicates the initial energy of &. The dark blue dashed line indicates the energy of & when V, changes —6V, (F) or +6Vg (G). The
green line indicates the final energy of & after adding the change of Vj, (6Vo or dVp). Kg and K¢ are the energy change rates.

calculations on the parallel evolution of the two MOs along the ~ coupling to the electrodes at the microscopic level.?Y Thus,
gate-bias voltage (see Figure S6, Supporting Information) is  the agreement between the theoretical calculations and experi-
a good indication of the presence of a single molecule in the = mental measurements (data for different Fc-based SETs are
junction. Two independent molecules, for example, would pre-  shown in Section S8, Supporting Information) strongly demon-
sent very different slopes due to substantial differences of the  strates that the electrostatic modulation of the two conductive

Adv. Mater. 2022, 34, 2202135 2202135 (4 of 10) © 2022 Wiley-VCH GmbH

85UB017 SUOWIWOD BAITERID) B|gedt|dde 8y} Aq pausenob ae Sajon e WO ‘88N Jo'Sa|n1 1o AfeIqITBUIIUO A3]IM UO (SUONIPUOD-PUB-SWLBIALIOD" A3 | 1M Ae.q1jeu|uo//Sdhy) SUORIPUOD pue SWB L 8y} 885 *[£202/T0/8T] U0 Arigiauiiuo As|iMm ‘Juewiledeq soueuld siem L JO AISIBAIIN A SETZ0ZZ0Z BWIPR/Z00T 0T/I0p/W0d /8] imAfeiq1feul|uo//sdny o4 pepeojumod ‘9z ‘ZZ0Z 'S607TZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

MOs of the Fc moiety provides a two-state Coulomb blockade
region at V}, = 1-100 mV. The differences between the theoretical
current map (Figure 2C) and the measured results (Figure 2B)
are due to the effect of the gate voltage field on the molecular
configuration, the leaking currents from the source/drain to the
gate electrode, and the inelastic electron tunneling (IET) current
of the molecule, which are all effects not considered in the cal-
culations. As discussed in Section S7, Supporting Information,
Figure 2B shows the current shift in the high gate voltage region
(IVgl > 2.2 V), which is caused by a small change in the mole-
cular configuration under high gate electrostatic field. Further-
more, the current in the Coulomb blockade region of Figure 2B
is >0.1 nA resulting from leakage through the gate (see Section
S11, Supporting Information), while the blockade current in
the theoretical case can be <107 nA. Finally, the measured IET
spectra and corresponding vibrational modes shown in Section
S9, Supporting Information, also provide strong evidence that
an individual molecule is responsible for the transport behavior.

3.2. Working Principle of the Resettable SELC

Using the two-state diamond-shaped Coulomb blockade fea-
ture provided by the two MOs, we establish SELC by using

www.advmat.de

the current as Output signal, and the gate (Inputl: V,) and
the bias (Input2: V;) voltages as two orthogonal Input sig-
nals. Figure 3 summarizes the working principle of our SELC.
Figure 3A shows the detailed current map. Four input ranges
of V and three of Vj, are determined based on the current oscil-
lation signal (see Section S5, Supporting Information) across
the Coulomb diamond region, labeled A (-1.82 V “0” to —2.02 V
“1”), A’ (-1.67 V “0” to —1.82 V “1”), A” (-1.77 V “0” to —1.82 V
“17), AA’ (-1.67 V “0” to —2.02 V “1”) and B (70 mV “0” to 80 mV
“1”), B’ (30 mV “0” to 70 mV “1”), BB’ (30 mV “0” to 80 mV
“1”). The (1,1) input represents the V, and V;, both at high states
in their own ranges, which is opposite to the (0,0) input, for
instance. Correspondingly the (1,0) input means that the V, is
at high state while the V} is at low state, opposite to the (0,1)
input. The current (Output) is represented by the color code in
the map, red indicating high current state (>300 nA, “on”, “1”)
and blue the low current state (<300 nA, “off”, “0”). The white
rectangles indicate logic operation areas, defined by two orthog-
onal input ranges (i.e., one V, range and one V), range). The
horizontal/vertical black dashed arrows represent the operating
ranges of the gate/bias voltage under a particular bias/gate
voltage.

We take the 2-input logic operation along AA” and BB’ as an
example to introduce the working principle of the logic gates

Current s ‘>g, .8
OUTPUT ;
‘ : i E
AA' BB OUTPUT o=
>
1 1 1 (on, 475 nA) Z
0 0  0(off,50nA) %
1 0 0 (off, 30 nA) §
0o 1 1 (on, 470 nA) =

Time (s)

Time (s)

Figure 3. Logic calculation based on resonance excitations of MOs. A) Measured 231 x 231 points current map at 225 mK marked with logic oper-
ating voltage-ranges. A, A’, A”, AA” and B, B’, BB’ are the voltage-ranges of input-gate and input-bias, respectively. The white rectangles mark 2-input
logic operation areas. Input (1,1) means high-gate and high-bias voltages, (0,0) is the opposite case. Input (1,0) means high-gate and low-bias volt-
ages, (0,1) is the opposite. B) Differential conductance map corresponding to (A). Input AA’-BB’ is an example to illustrate how gate (V,) and bias
(Vb) voltages are combined to achieve logic operations. The black arrow goes from (0,0) to (1,1), when V, and V,, both change along the short green
arrows. The yellow arrow goes from (0,1) to (1,0), when V;, and V, change along the short orange and green arrows, respectively. C) The schematic
diagrams describe the energy level distributions of the four input cases in (B). Phase 0° and 180° correspond to the black and yellow arrow, respectively.
D) Equivalent logic circuit and truth table with AA™-BB’ inputs at 0° and 180° phases. E,F) show the curves of input V, and V;, and measured output
current at 0° and 180°, respectively.
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within a set operating area. Figure 3B is the corresponding
logic diagram in the differential conductance map. The arrows
in the white rectangle illustrate how V, and Vj, are combined
to govern the current switching across the edges of the reso-
nance and Coulomb blockade regions. The black arrow indi-
cates that the changes of V, (along the short-green-left arrow
of AA’) and Vj, (along the short-green-up arrow of BB’) are in
the same phase (0°). The corresponding multi-cycle logic input
and output signals are shown in Figure 3E. As the input gate
signal and input bias signal change in phase from (0,0) to (1,1),
the signal of output current changes from “0” (off) to “1” (on).
Thus, high V, and high V;, inputs (1,1) lead to high output
current “1”, while low V, and low V;, inputs (0,0) lead to low
output current “0”. However, when the change of V, (along the
short-green-left arrow of AA’) and V,, (along the short-orange-
down arrow of BB’) are out of phase (180°), the logic operation
changes (Figure 3F). In this case, as V, and V;, change from
(0,1) to (1,0), output current changes from “1” (on) to “0” (off).
Figure 3C schematically shows the energy distributions
of MOs (g and &) under the voltages indicated by black and
yellow arrows in Figure 3B. The two orthogonal inputs switch
the output current by shuttling the MOs in and out of the bias
window. The central diagram corresponds to the intersection of
the arrows. The four diagrams on the corners correspond to the
four terminals of the arrows (1,1), (0,0), (1,0), and (0,1). The top
two diagrams show the resonance states, where & or ¢, is in
the bias window, generating high-current “on” states (>300 nA,
output = “1”). The rest belong to the Coulomb blockade regime,

www.advmat.de

with no MO in the bias window. They correspond to low-cur-
rent “off” states (<300 nA, output = “0”). This logic operation
is illustrated in the truth table in Figure 3D and repeated for
several cycles in Figure 3E,F to show the stability of SELC.
Note that the signal remained stable throughout the whole
experiment for about 2 months, even independent of the scan
rate variation of the input signal, see Figure S12, Supporting
Information. At least 37 cycles were taken for each curve, see
Figure S11, Supporting Information; for illustrative purposes
only 9 cycles (40 points per cycle) are shown in Figure 3. The
result of this logic operation can be interpreted as a complex
logic gate array of one “INH” gate (inhibit) and one “AND” gate
feeding their outputs into an “OR” gate. In this logic operation,
SELC acts as a high-bias voltage indicator, that is, a high-bias
input produces a high-current output, while a low-bias input
produces a low-current output. The on/off ratio of high and low
output currents is =10.

3.3. SELC 1-Input Logic Gates

For the 1-input logic gates, V, is the only input, current is the
output, and Vj, is fixed at 70 mV. Figure 4A shows V, ranges A
and A’ for l-input logic gates “YES” and “NOT”, respectively.
Figure 4B,C shows corresponding electronic symbols, truth
tables, and Input/Output signals. The 1-input “YES” logic gate
is based on current switching between the &, resonance regime
and the Coulomb blockade region. In this case, the high V, (“1”,

-2.0 1.9 1.8 -1.7 1.6

50
Vg (V) Time (s) Time (s)

Figure 4. Four resettable universal 1-input logic gates. In (A,D), input gate voltages with A, A’, AA” and A” ranges are marked on the current maps,
which indicate 1-input “YES”, “NOT”, “PASS 1”, and “PASS 0" logic gates. B) Equivalent circuit, truth table, and corresponding Input/Output signal
for 1-input “YES” gate. With the gate voltage change from —2.02 V “1” to —1.82 V “0”, the current changes from 410 nA “1” to 120 nA “0”. C) For l-input
“NOT” gate, with gate voltage change from —1.82 V “1” to —1.67 V “0”, the current changes from 120 nA “0” to 405 nA “1". E) For T-input “PASS 1” gate,
with the gate voltage change from —2.02 V “1” to —1.67 V “0”, the current changes from 410 nA “1” to 405 nA “1”. The frequency of the current signal is
doubled compared with the input gate signal. F) For 1-input “PASS 0” gate, with the gate voltage change from —1.82 V “1” to —1.77 V “0”, the current
changes from 120 nA “0” to 130 nA “0”. All 1-Input logic gates operate at 70 mV bias.
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—2.02 V) leads to resonance conductance of & MO, resulting in
high current (“1”, =410 nA). The low V, (“0”, =1.82 V) reduces
the energy of & MO and moves it out of the bias window,
resulting in current blockade (“0”, =120 nA). Thus, high-input
leads to high-output and low-input leads to low-output, “YES”
logic. Conversely, for the 1-input “NOT” logic gate the operation
is based on current switching between the Coulomb blockade
region and the & resonance regime. In this case, at the high
Vg (“17, ~1.82 V) no MO lies in the bias window, so the cur-
rent is in the blockade region (“0”, =120 nA). The low V, (“0”,
—1.67 V) further reduces the energy of MOs and shifts g into
the bias window, so the current is in the resonance region (“1”,
=410 nA). Thereby, high-input leads to low-output and low-
input leads to high-output, “NOT” logic.

Figure 4D shows the V, ranges AA” and A” for 1-input logic
gates “PASS 1”7 and “PASS 07, respectively. According to the
discussion above, the I-input “PASS 1” logic gate involves cur-
rent switching between &, and & resonance regimes. Both high
and low inputs led to high outputs, “PASS 1” logic. Since the
switching process of the output current spans the entire Cou-
lomb blockade region, the frequency of the output current
signal is doubled compared with the input gate signal. This
interesting feature can be used as a frequency multiplier. The
current signal is also used as an address for the logic operations
to define the Coulomb diamond region, which provides impor-
tant information for calibrating the V; ranges (see Section S5,
Supporting Information, for details). By contrast, the l-input
“PASS 0” logic gate is based on the stability of the blockade
current. In this case, at both high (“1”, —1.82 V) and low (“0”,
=177 V) 'V, the two MOs are distributed on both sides of the
bias window (as shown in Figure 3C-“oft”), so the output cur-
rent is in the Coulomb blockade region (“0”, =120 nA) contrib-
uted by the extension between the two transmission peaks of Ts
(shown as Figure 2A “5”). High-input and low-input both lead
to low-outputs, “PASS 0” logic.

3.4. SELC 2-Input Logic Gates

Based on the gate voltage ranges of the 1-input logic gates, bias
voltage control is added, so that all seven universal 2-input
logic gates can be realized, as demonstrated in Figure 5. In
the 2-input logic gates, gate voltage is Input-signal 1, and bias
voltage is Input-signal 2. The main difference between the
operation of 2-input and 1-input logic gates is the phase control.
The 2-input logic gate contains two input signals, and the phase
difference between them determines the moving direction of
the MOs relative to the bias window, thereby affecting the state
of the output current. Thus, phase control combined with dif-
ferent operating voltage makes it possible to realize all 2-input
universal logic gates.

Figure 5A shows the 2-input “AND” gate. Its operation area
is defined by A-B’ in both 0° and 180° phases. The input ranges
of V, and V;, are shown on the current map. The graphs on
the right are the Input/Output signals in 0° and 180° phases,
respectively. In 0° phase, by changing V, (Input-1, red curve)
from -2.02 V “1” to -1.82 V “0” (range A) and changing V),
(Input-2, blue curve) from 70 mV “1” to 30 mV “0” (range B’),
the current (Output, gray curve) changes from 400 nA “1” to
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25 nA “0”, that is, (1,1) = 1, (0,0) — 0. In 180° phase, as V,
changes from “1” to “0” (A) and V, changes from “0” to “1”
(B’), the current changes from 40 nA “0” to 120 nA “0”, that
is, (1,0) — 0, (0,1) — 0. “AND” gate works as a Carry in a Half-
adder logical circuit that performs an addition operation on two
binary digits.

Figure 5B shows the “INH” gate. Its operation area is defined
by A’-B” in both 0° and 180° phases. In 0° phase by changing
V, from ~1.82 V “1” to —1.67 V “0” (range A’) and changing V;,
from 70 mV “1” to 30 mV “0” (range B’), the current changes
from 120 nA “0” to 50 nA “0”, that is, (1,1) — 0, (0,0) — 0. In
180° phase, by changing V, from “1” to “0” (A”) and changing
Vp from “0” to “1” (B’), the current changes from 25 nA “0” to
420 nA “1”, that is, (1,0) = 0, (0,1) — 1. It works as a Borrow in
Half-subtractor.

Figure 5C,D show the “XOR” and “XNOR” gates, respec-
tively. They have different input voltage ranges in different
phases. For the “XOR” gate in 0° phase, as V, changes from
-1.82V “1” to -1.67 V “0” (A”) and V}, changes from 80 mV “1” to
30 mV “0” (BB’), current changes from 230 nA “0” to 75 nA “0”,
that is, (1,1) — 0, (0,0) — 0. At 180° phase, as Ve changes from
—2.02V “1” to -1.67 V “0” (AA’) and V}, changes from 70 mV “0”
to 80 mV “1” (B), current changes from 400 nA “1” to 480 nA
“1”, that is, (1,0) = 1, (0,1) — 1. Notably, the input gate voltage
and bias voltage in both phases have the same minimum value
of —1.67 V and the same maximum value of 80 mV, respec-
tively. This means that only the amplitudes of the input voltage
ranges are changed with the phase. It works as a Sum in Half-
adder and Diff. in Half-subtractor. For the “XNOR” gate, with
AA’ and B inputs in 0° phase, current changes from 480 nA
“1” to 420 nA “17, that s, (1,1) = 1, (0,0) — 1. In 180° phase, the
corresponding inputs are A and BB’, and current changes from
25 nA “0” to 200 nA “0”, that s, (1,0) = 0, (0,1) — 0. The input
gate voltage and bias voltage in both phases have the same max-
imum value of —2.02 V and 80 mYV, respectively.

Figure SE-G show the “NAND”, “NOR”, and “OR” gates.
These three logic gates have the same bias voltage range in
both phases, only the gate voltage range changes with phase.
To avoid repetition, we omitted the curves of the input signals
and kept only the input voltage range and Boolean states. For
“NAND” gate, the inputs in 0° phase are A’ for V; and B for
Vp- The current changes from 200 nA “0” to 420 nA “1”, that
is, (1,1) — 0, (0,0) — 1. The inputs in 180° phase are AA" and
B. The current changes from 400 nA “1” to 480 nA “17, that is,
(L0) > 1, (0,1) — 1. For “NOR” gate, the Input/Output signal
in 0° phase are the same with “NAND” gate (A’-B), that is,
(L1) = 0, (0,0) — 1. The inputs in 180° phase are A” and B.
The current changes from 120 nA “0” to 210 nA “0”, that is,
(1,0) = 0, (0,1) — 0. For “OR” gate, the inputs in 0° phase are
A for Vg and B for Vj,. The current changes from 480 nA “1” to
120 nA “0”, that is, (1,1) — 1, (0,0) — 0. In 180° phase, the input
ranges are AA” and B, the same as “NAND” and “XOR” gates,
that is, (1,0) —» 1, (0,1) — 1. To clearly show the relationship
between the input and output signals, two cycles are shown in
Figure 5. The multi-cycle output curves for the 2-input logic
gates are shown in Figure S10, Supporting Information.

From Figure 5 it is clear that SELC can realize all the uni-
versal 2-input logic gates within one gated single-molecule
junction, in contrast to conventional CMOS (see Section S10,

© 2022 Wiley-VCH GmbH
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Figure 5. Seven resettable universal 2-Input logic gates. A,B) “AND” and “INH" logic gates with A-B” and A’-B” inputs in both phases, respectively.
The black and yellow arrows in current map are corresponding to the Input/Output signals in 0° phase and 180° phase, respectively. C) “XOR” logic
gate with A-BB’ input in 0° phase and AA"-B input in 180° phase. The input gate voltages in both phases have the same minimum value and the input
bias voltages in both phases have the same maximum value, that is, the (0,1) point is the same in the voltage ranges in both phases. The highest gate
voltage and the lowest bias voltage (i.e., the (1,0) point) from 0° phase to 180° phase are changed. D) “XNOR” logic gate with AA"-B input in 0° phase
and A-BB’ input in 180° phase. The input gate and bias voltages in both phases have the same maximum value, that is, the (1,1) point is the same in
the voltage ranges in both phases. The lowest gate voltage and the lowest bias voltage (i.e., the (0,0) point) from 180° phase to 0° phase are changed.
E-G) “NAND”, “NOR”, and “OR” logic gates have the same input bias voltage range in both phases and change the gate voltage range with phase
only. “NAND” has A”-B input in 0° phase and AA"-B input in 180° phase. “NOR” has A"-B input in 0° phase and A”-B input in 180° phase. “OR” has
A-B input in 0° phase and AA"-B input in 180° phase.

Supporting Information). It allows dynamic logic circuits
to be scaled down to a few nanometers, and the single-junc-
tion design greatly reduces charge leakage, charge sharing,
and back-gate coupling between devices. Crucially, only a 2 V
gate voltage (CMOS is in the 3~15 V range) and 100 mV drive
voltage (well below the 1.5~5 V of CMOS) are required to run
the SELC.

4, Conclusion

We report molecular-scale SELC in a three-terminal SET by uti-
lizing adjacent conductive MOs provided by a single Fc-based
molecule. Its operating principle is based on predictable and
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reliable current conversions modulated by voltages crossing
the stable Coulomb blockade regime, avoiding dependence on
absolute current and improving function reproducibility. Com-
pared with other approaches,[?#26:27:32.3357] the non-conjugated
asymmetric Fc-based molecule naturally provides logic opera-
tions via its robust and unique Coulomb blockade characteris-
tics. The isolation provided by the asymmetric n-alkyl (n > 3)
linkers on either side of the Fc moiety ensures narrow MO
levels, efficiently suppressing current in the Blockade regime
and enabling encoding of information via orthogonal modu-
lation for the realization of sophisticated operation functions.
This results in clear and multi-cycle stable current signals
controlled by two orthogonal electrostatic fields, enabling in
situ implementation of all four universal I-input and all seven
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universal 2-input logic gates in a single molecule with high
stability. Through phase control of an external circuit, the ben-
efits of implementing multiple logic operations within a single
molecule (instead of connecting several separate devices with
switching characteristics in series) are low charge leakage, with
no mutual interference, small functional area (=2 nm), low
operating voltage (because the applied potential only drops over
one elementl®)) and simple device construction. Crucially, our
design can be extended to multi-channel mesoscopic Coulomb
blockade systems, field-effect single molecules, or molecular
layers, with promising future applications of SELC in realizing
multifunctional nanodevices including frequency multipliers,
diodes, switches, voltage indicators, and calculators, among
others.

5. Experimental Section

Synthesis of the Molecule: Previously reported procedures were
followedl'®2>%8 to synthesize and characterize AcS-(CH,)s-Fc-(CH,)o-SAc
and AcS-(CH,)¢-Fc-(CH,)-SAc as described in Section S1, Supporting
Information.

Sample Preparation for SELCs: The previously reported method(l
was followed to fabricate the chip with nanowires and back-gates, as
presented in Section S2, Supporting Information. After the chip has
been properly fabricated, it was immersed into the diluted molecular
solution (dissolved in ethanol) for about 30-40 min to allow the
molecules to adsorb to the surface of the gold nanowire. The chip was
then gently washed several times with the molecular solution, then
washed with ethanol and blow-dried with N, to remove excess molecular
solution to ensure that the remaining molecules were firmly attached to
the gold surface. The chip on the chip holder was mounted in a home-
made probing box, which can be used for current feedback-controlled
electromigration, to narrow the nanowire into single-atom-contact
nanoelectrodes (see Section S2 and Figure S3, Supporting Information).
The whole process was carried out in a nitrogen-filled environment
at room temperature and standard atmospheric pressure. After the
nanoelectrodes formed, the chip was transferred to a Helium-3 cryostat
for measurements at low temperature. The base temperature of the
cryostat (225 mK) was used for convenience, as these measurements
could be done at LN, temperatures.?’!

The Current Measurements: The current through the SELC as a
function of bias and gate voltages was measured via a Keithley 6430
Source Meter by applying the bias voltage on the Au electrodes in DC.
The gate voltage was applied through the Al,O;3/Al gate and controlled
by a Keithley 2400. The SELCs were mounted on the chip holder in a
vacuum tube and placed in vacuum inside the sample holder of the
Helium-3 cryostat.

DFT-NEGF Calculations: The transmission spectra (Ts) of different
structures of the Al,O3/Al gated Au/S(CH;)3Fc(CH,)sS/Au junction were
calculated using the DFT-NEGF method implemented in the Atomistix
ToolKit (ATK)P? package (see Section S3 (2), Supporting Information,
for details). Based on these Ts, the theoretical modulation parameters of
the MOs of different structures by the bias voltage and the gate voltage
were calculated (see Section S3 (3), Supporting Information, for details).
The mechanisms of the modulation were defined by the theoretical
model (see Section S3 (1), Supporting Information, for details). The
comparison between measured parameters and calculated parameters
is shown in Table S1, Supporting Information (see Section S3 (5),
Supporting Information). The calculated current map was drawn by
integrating Ts as a function of bias voltage and gate voltage. The values
of Kg Kg, and MOs Shift in Exp.1 in Table S1, Supporting Information,
are used in the integration. The Ts under positive bias and negative bias
are represented by Ts calculated at 100 and —100 mV, respectively (see
Section S3 (6), Supporting Information, for details).
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