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Molecular-scale electronics is a branch of nanotechnology, which utilizes
molecules as electronic components. Here, we demonstrate that room-
temperature quantum interference (Ql) effects identified in single molecules can
be translated into ultra-thin-film materials. This breakthrough opens up avenues
for exploiting Ql in the design of new materials with enhanced electrical, thermal,
and sensing functionality. Field effect control using an ionic liquid gate
demonstrates that Ql can be used to optimize the on-off ratio of ultra-thin-film
transistors.
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SUMMARY

If single-molecule, room-temperature, quantum interference (Ql) effects could
be translated into massively parallel arrays of molecules located between planar
electrodes, Ql-controlled molecular transistors would become available as
building blocks for future electronic devices. Here, we demonstrate unequivocal
signatures of room-temperature Ql in vertical tunneling transistors, formed
from self-assembled monolayers (SAMs), with stable room-temperature switch-
ing operations. As a result of constructive Ql effects, the conductances of the
junctions formed from anthanthrene-based molecules with two different
connectivities differ by a factor of 34, which can further increase to 173 by
controlling the molecule-electrode interface with different terminal groups.
Field-effect control is achieved using an ionic liquid gate, whose strong vertical
electric field penetrates through the graphene layer and tunes the energy levels
of the SAMs. The resulting room-temperature on-off current ratio of the lowest-
conductance SAMs can reach up to 306, about one order of magnitude higher
than that of the highest-conductance SAMs.

INTRODUCTION

Molecular electronics represent an attractive alternative for future electronic devices
with potential to deliver logic gates, sensors, memories, and thermoelectric energy
harvesters with ultra-low power requirements and sub-10 nm device footprints.'™
Single-molecule electronic junctions have been investigated intensively over the
past decade, not only as stepping stones toward functional devices and circuits
made from collections of molecules but also because their room-temperature elec-
trical conductance is controlled by quantum interference (Ql).>"'® Figure 1A illus-
trates an example of a non-classical Ql effect, in a graphene-like (anthanthrene)
molecular core, when an electrical current is injected and collected via the green
arrows, or alternatively, via the red arrows. If the core behaved like a classical resistor
network, then the electrical conductance for these two connectivities would be
approximately equal. In contrast, theory predicts and experiments confirm'®'®
that the room temperature, single-molecule, low-bias electrical conductance (G;)
for the green (7,2') connectivity is approximately two orders of magnitude larger
than the conductance (G,) of the red (1,5') connectivity. This is a clear signature of
their different degrees of constructive Ql (Figure S5). The chemical realization of
the green connectivity is molecule 1 (Figure 1B), in which the terminal groups
attached to the electrodes inject a current into the anthanthrene core via triple
bonds (Scheme S1). Similarly, molecules 2 and 3 are realizations of the red
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The Bigger Picture

Molecular electronics represent
an attractive alternative for future
electronic devices with rich
functionalities beyond current
scaling limits of silicon-based
electronics. Compared with solid-
state quantum technologies,
where quantum effects are
confined to low temperatures,
molecular electronics are
advantageous because quantum
effects can be realized at room
temperature. Here, we report the
realization of room-temperature
quantum interference (Ql) effects
on the electrical conductance of
molecules in self-assembled
monolayers, demonstrating that it
is feasible to utilize Ql in the
design of new functional, ultra-
thin film materials and devices.
The combination of the
modification of molecular
terminal groups with the above Ql
effect leads to a Ql-driven vertical
molecular transistor with a high
on-off ratio. The broader
significance is that this work opens
up appealing opportunities for
both new scientific exploration
and technological innovation in
molecular electronics.
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Figure 1. Structures of Studied Molecules

(A) Sketch of an anthanthrene core with connectivities 7,2" and 1,5 (the numbering system is chosen
for mathematical convenience and does not coincide with standard chemical notation).

(B) Chemical realizations of molecules with anthanthrene cores. Molecule 1 corresponds to the 7,2
connectivity, whereas molecules 2 and 3 correspond to the 1,5’ connectivity. R = 4-(2-ethylhexyloxy)
phenyl, Ry = -OCgH15.

connectivity, with different terminal groups, which can further control the interfacial
coupling and energy-level alignment between the molecule and electrode.'”?° Our
aim is to create a self-assembled monolayer (SAM)-based molecular tunneling
transistor from these molecules and to demonstrate that these single-molecule
signatures of QI can be realized in SAM-based devices. Indeed, we found that the
electrical conductance of the SAM formed from molecule 1 is significantly higher
than that of the SAM formed from either molecule 2 or 3. Furthermore, by applying
an external gate, we are able to assess their different field-effect performances.

RESULTS

Construction of the Devices

In contrast to molecular tunneling transistors fabricated by placing a solid back
gate”' or electrochemical gate””? to the side of molecular junctions, which can typi-
cally only operate stably only at cryogenic temperatures, here we utilize a vertical
molecular tunneling transistor with stable room-temperature operation, based on
a gate-modulated graphene/SAM/gold cross-plane vertical heterostructure.”*?
The binding geometry of the molecules in the SAM are fixed”® by the terminal anchor
groups to the gold electrode and the inter-molecular interactions in the SAM, which
promote a stable charge transport through the molecular junctions. A strong gating
electric field, generated from the electrical double layer (EDL) of ionic quuid,27 is
vertically applied to the graphene/SAM/gold junctions (Figure 2A). As a result of
the partial electrostatic transparency of graphene,”® the applied electric field pene-
trates through the graphene layer and tunes the energy levels of the SAM relative to
the Fermi energy of gold (Egmd), resulting in effective gate control and a significant
conductance modulation in the molecular transistors.

The fabrication processes of the vertical molecular tunnel transistors are shown sche-
matically in the Supplemental Information (Figure S1). Figures 2B and 2C show a
schematic illustration of the structure and an optical photograph of the fabricated
device. An ultra-flat gold film is deposited on the exposed, conducting silicon sur-
face into a small hole at the center of a silicon/SiO; chip, which is then connected
to a metal electrode at the corner and used as the source electrode. A SAM of
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Figure 2. Schematic lllustration of the Vertical Molecular Tunneling Transistor

(A and B) Schematic illustration for the setup of the device with a vertical ionic liquid gate through graphene layer to SAMs and molecular structures for
DEME" cation and TFSI™ anion.

(C) Optical photograph of the device with the ionic liquid gate.

molecule 1,2, or 3 (Figure 1B) is then functionalized on the Au film and confirmed by
atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and
Raman characterization (Figures $S2-5S4). Chemical vapor deposition (CVD) grown
single-layer graphene (SLG)?’ (Figure S4A) is then transferred and patterned on
the top of the SAM. A drain electrode connecting with the graphene sheet and
gate electrode is laid around the functional center. Finally, a small amount of dieth-
ylmethyl(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)imide (DEME-TFSI)
ionic liquid is dropped on the graphene/SAM/gold channel and gate electrode.
Because the binding geometry and conformation of the molecules are fixed in
SAMs,? and graphene electrodes prevent direct contact between the SAM and ionic
liquid, stable devices can be realized with low noise operation at room temperature.

Charge Transport in Molecular Junctions

In the absence of electrically active side chains, the ratio g—; of the low-bias, single-
molecule conductances of molecules 1 and 2 are predicted by a “magic number”
table provided in Geng et al."®, which yields g—;:81 (Figure S5). This simple “magic
ratio theory” illustrates how connectivity alone contributes to conductance ratios,
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Figure 3. Charge Transport in Molecular Junctions

(A) Schematic illustration of the molecular junctions of molecules 1, 2, and 3, where the side chains
are hidden.

(B) Transmission functions T(E) for molecules 1 (red), 2 (green), and 3 (blue).

(C) Plots of experimental current density (Jp) versus bias voltage (Vp) for molecules 1, 2, and 3.
(D and E) Experimental differential conductance (dJ/dV) versus Vp. (E) Theoretical current (Ip)
versus Vp.

(F) Theoretical differential conductance (dI/dV) versus Vp.

without including chemical effects or coulomb interactions. When the latter are
included, recent studies indicate that the qualitative trend in the ratio is preserved
(i.e., that g—;>> 1), but the precise value should be calculated using ab initio methods.

Figure 3B shows the computed transmission coefficient for electrons passing
through all three junctions. Previous comparison between findings from experi-
ments and theory revealed that electron transport through single anthanthrene-
based molecules attached to gold electrodes takes place near the middle of the
energy gap between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO).'® Therefore, in the calculations
presented below, the Fermi energy of the gold is located near the middle of
the HOMO-LUMO gap, and all energy axes are plotted with respect to the mid-
gap energy E,'_-m‘dfGap =
in graphene/molecule/gold junctions (Figure S7A) for molecules 2 and 1 at

EGeld. The computed ratio of their transmission coefficients
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E=EF° is 116. It should be emphasized that both molecules exhibit constructive
Ql near their gap centers, and the conductance ratio arises from the different
degrees of constructive Ql associated with the different connectivities. Figure Sé6
illustrates that the constructive nature of the Ql is also reflected in the molecular
orbitals of molecules 2 and 1. When the terminal groups of molecules are changed
from thiol to pyridine, the transmission coefficient in the junctions of molecule 3 at
E=EZ°4 is reduced to 1/7 of that for molecule 2. This indicates that the QI effect
acts in conjunction with the higher pyridine-gold interface resistance®® to deter-
mine charge transport in the junctions.

The experimental current density (Jp) versus bias voltage (Vp) and the differential
conductance (dJ/dV) versus Vp are shown in Figures 3C and 3D. As predicted by
the magic ratio theory, the current density (Jp) for the 1,5 junction formed at
molecule 2 is considerably lower than that of the 7,2’ junction formed at molecule 1,
especially near zero bias, which is consistent with the transmission coefficient char-
acteristics of the respective molecules discussed above and the theoretical results
(Figure 3E). With pyridine terminal groups at the 1,5 junction, the Jp for molecule
3 is further reduced, in agreement with the transmission functions.

The minimum values seen in the dJ/dV curves are associated with the Dirac point of
the graphene, and their position relative to the zero V indicates whether the gra-
phene is p-doped or n-doped. In Figure 3D, the Dirac point for molecule 1 and 2
samples occurs at —0.03 V and —0.05 V respectively, indicating that graphene is
slightly n-doped in the presence of the thiol-terminated SAMs. However, for mole-
cule 3, this minimum appears at 0.01V, suggesting p-doped graphene in the case of
a pyridine anchor group. For this reason, in what follows, when comparing our calcu-
lated T(E) with the findings from experiments, the band structure of the graphene is
adjusted to place the Dirac point of each system at the experimental value.

For the experimental dJ/dV results (Figure 3D), the value of dJ/dV at zero bias for
molecule 1 is 29 times larger than that of molecule 2. From the statistics of 19
different experimental devices (Section Sé in Supplemental Information), the zero-
bias differential conductance for molecule 1 is 34 times larger than that for molecule
2 (Table S1). This ratio is comparable with the value of 84 obtained from the theoret-
ical results as shown in Figure 3F). It is also worth mentioning that for molecules 2
and 1, junctions with gold/molecule/gold contacts (Figure S8), the conductance ra-
tio at zero bias is g—; = 203, which indicates that the interfacial contacts play a role in
determining the conductance ratio. After changing the terminal groups from thiol to
pyridine to control the interfacial contacts, the zero-bias differential conductance for
molecule 3 is 1/5.0 of that for molecule 2, which is 1/5.1 from the statistics of 19
different experimental devices (Table S1). This value is also comparable with the
calculated value of 1/8.7 (Figure 3F).

Field Effect Properties of the Transistors

To probe the field effect performance of these molecular junctions, a DEME-TFSI
ionic liquid was used for gating, which has a large electrochemical window, a high
ionic conductivity, and a low freezing temperature for ion migration.”’ When a
gate voltage (Vg) is applied to the gate electrode, a Helmholtz EDL self-organizing
on the outside surface of the graphene layer (Figures 2A and 2B) generates a strong
electric field up to ~ 10 MV/cm at the molecular junction.?”” The gate performances
of three transistors were measured at room temperature (298 K). Figures 4A, 4D, and
4G show typical gate-dependent Jp-Vp characteristics for molecules 1, 2, and 3,
respectively. Changing Vg from —1 to 1V greatly increases Jp for negative Vp, while

478 Chem 5, 474-484, February 14, 2019
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Figure 4. Gating Charge Transport in Molecular Transistors
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(A, D, and G) Jp versus Vp characteristics for molecules 1 (A), 2 (D), and 3 (G) with gate voltage (Vi) changing from —1 to 1V with steps of 0.5 V. Insets

show schematics of the 1, 2, and 3 transistors with applied vertical electric field.

(B, E, and H) dJ/dV versus Vp characteristics for molecules 1 (B), 2 (E), and 3 (H) with Vg values changing from —1 to 1 V with steps of 0.5 V.

(C, F, and ) Two-dimensional visualization of dJ/dV versus Vg and Vp for molecules 1 (C), 2 (F), and 3 (I).

Jp greatly decreases with V for positive Vp, clearly demonstrating effective field-ef-
fect modulation of the molecular junctions (Section S7 in Supplemental Information).

Typical gate-dependent dJ/dV-Vp characteristics for molecules 1, 2, and 3 are
shown in Figures 4B, 4E, and 4H. When the gate voltage is increased from -1 to
1V, dJ/dV-Vp curves for all three junctions move in a positive direction along the
Vp axis, which reflects the gate-voltage dependent movement of the molecular
orbital energy levels. Figures 4C, 4F, and 4] show two-dimensional visualizations
of dJ/dV plotted versus Vg and Vp for molecules 1, 2 and 3, respectively. The oblique
diamond-shaped low conductance region (green and blue) can be observed for all
three transistors, which indicates off-resonant transport through the HOMO-
LUMO gap. The red-orange high-conductance region outside the diamond is due
to the conductive frontier molecular orbitals entering the bias window. The relative
conductance change between the low conductance at the center region and the
high conductance at the outside region for molecule 1 is considerably smaller
than that for molecule 2, which indicates the better gating tunability for molecule
1. This agrees with the calculated T(E) for molecules 1 and 2 (Figure 3B), as the

Chem 5, 474-484, February 14,2019 479
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difference between off-resonant and resonant transport is more pronounced for
molecule 2 in comparison to molecule 1. When comparing molecules 3 and 2, a
lowest conductance region (blue) appears at the center of the diamond for molecule
3 (Figure 4F), corresponding to the calculated lowest off-resonant transmission of
molecule 3 (Figure 3B), which further improves the gating tunability of molecule 3.

The conductance minima for molecule 1 are sharp features for all values of the
applied gate voltage. However, in the case of molecule 2 (Figure 4E), the minimum
atVg = 0V is a broader feature, which splits into two sharper minima when the gate
voltage is increased to 0.5 V and 1.0 V (for examples of other devices, see Figures
S10-S27). This is in agreement with the calculated T(E) for molecules 1 and 2 (Fig-
ure 3B). While T; has no features between the HOMO and LUMO apart from the
Dirac point, T, has two sharp anti-resonances. For Vg = 0, none of the anti-reso-
nances are close enough to the Fermi energy to appear in the dl/dV curves. By
increasing the gate voltage, and hence the relative position of the anti-resonances
to the Fermi energy, one of the anti-resonances is close enough to the Fermi-energy
to be captured in the dI/dV. The lever arms in the theoretical model (see Theoretical
Methods), which provide the best agreement between theory and experiment, are
(e =0.4, vy =0.25, and B = 0.25).

Working Mechanism of the Transistors

Figures 5A, 5D, and 5G show the V5 dependence of T(E) versus £ — EE¥ for mole-
cules 1, 2, and 3. It is assumed that the energies of the molecular levels relative to
ES°M are independent of V5 and that positive (negative) bias voltage decreases (in-
creases) the Dirac point relative to E£°' (Equation 1 in Supplemental Computational
Methods). The current is computed using Equation 4 (see Supplemental Computa-
tional Methods) by evaluating individual transmission coefficients T(E, Vp, Vi) at
every Vp value and computing the associated current. The dI/dV curves are then ob-
tained by differentiating the current with respect to Vp.

The Vp and Vg dependent transmission coefficient T(E, Vp, V) was calculated using
the quantum transport code Gollum®? and the current obtained from Equation 4 (see
Supplemental Computational Methods). The theoretical gate-dependent Ip-Vp
characteristics for molecule 2 (Figure 5E) reveal that when Vg changes from —0.6
to 0.6 V, Ip greatly increases with Vg for negative Vp, whereas Ip decreases with
V for positive Vp. A similar theoretical gate-dependent Ip-Vp characteristic is also
obtained for molecule 1 (Figure 5B), although the gate-dependent change in Ip is
smaller than that for molecule 2. Furthermore, from the gate-dependent dl/dV-Vp
characteristics for molecule 2 (Figure 5F), it can be observed that the dI/dV-Vj curve
shifts in a positive direction with Vg changing from —0.6 to 0.6 V, especially for the
lowest conductance points. For molecule 1, a similar gate-dependent di/dV-Vp
curve is obtained, but with a relatively smaller amplitude (Figure 5C), in qualitative
agreement with the experimental results (Figure 4). For molecule 3, gate-dependent
Io-Vp (Figure 5H) and dI/dV-Vp (Figure 5I) curves with a relatively larger amplitude
can be observed, which are similar to molecule 2. Moreover, the lowest conductance
minima appear in gate-dependent dl/dV-Vp curves (Figure 51), which is consistent
with the experimental lowest conductance region (Figure 4l).

Transfer Characteristics of the Transistors

Transfer characteristics, which are obtained by monitoring the current modulation
with varying Vg at a fixed Vp, are widely used for assessing transistor performance.*
The Vp-dependent transfer characteristics for molecules 1, 2, and 3 were investi-

gated both experimentally and theoretically. Experimental transfer characteristics

480 Chem 5, 474-484, February 14, 2019
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Figure 5. Working Mechanism for Vertical Molecular Transistors

(A, D, and G) Transmission coefficient T(E) versus E — EE"’d for molecular junction of 1 (A), 2 (D), and 3 (G) for —0.4 < Vp < 0.4 with steps of 0.13V (red for
Vp = 0.4 V). Insets show the structures of molecular junctions for simulation.

(B, E, and H) Gate-dependent theoretical Ip-Vp characteristics of 1 (B), 2 (E), and 3 (H) for —0.6 < Vg < 0.6 with steps of 0.2 V (red for Vg = 0.6 V).

(C, F, and |) Gate-dependent theoretical dI/dV-Vp characteristics for 1 (C), 2 (F), and 3 (I) for —0.6 < Vg < 0.6 with steps of 0.2 V (red for Vg = 0.6 V).

(Jp-Vi) for molecule 1 at Vp = 0.1, 0.2, —0.4, 0.6, and —0.8 V are shown in Fig-
ure 6A (for further devices see Figures S28-S33). It can be observed that the lowest
current point at Vp = —0.1 Vis near Vg = 0V; and with the V5 changing from —0.1 to —
0.8V, the lowest current point shifts to a more negative Vp. As the Dirac point of the
graphene electrode dominates the conductance minima for molecule 1 (Figure 5A),
such shifting of the lowest current point is due to the variation of the Dirac point of
the graphene electrode. Specifically, with a more negative Vp, anincreased negative
Vi is needed to move the central transmission dip of the junction to the middle of the
bias window. This experimental phenomenon is also confirmed by the theoretical
transfer characteristics (Ip-Vg) for molecule 1 (Figure 6D), as Vp changes from 0.1
to —0.8 V. A similar behavior occurs for Jp-Vg curves with positive Vp (Figure S28A).
The on-off ratio, which corresponds to the ratio between the highest and lowest cur-
rents in a Jp-Vg curve, is up to 26 near Vp = 0 V for molecule 1 (Figure S28B). In
contrast, the highest on-off ratio for molecule 2 (Figure 6B) is increased to 105
near Vp = 0 V (Figure S28D), which is about four times the value obtained for
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(A-C) Experimental transfer characteristics for molecules 1 (A), 2 (B), and 3 (C).
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(D-F) Theoretical transfer characteristics for molecules 1 (D), 2 (E), and 3 (F). V5 is varied from —0.1, —=0.2, —0.4, —0.6 to —0.8 V in (A)—(F).

molecule 1. Furthermore, two conductance valleys can be obviously observed from
Jp-VG curves, especially at Vp = —0.1V, which is due to the Ql-induced conductance
minima for molecule 2. This is clear from the theoretical transfer characteristics (Ip-
Vi) of molecule 2 (Figure 6E), where two conductance valleys appear and become
mixed together with Vp changing from —0.1 to —0.8 V. Furthermore, the on-off ratio
decreases with increasing |Vp|, which can be attributed to electron transmission
occurring over a wider bias window, with the conductance being less sensitive to
gating-induced movement of molecular energy levels. Similar transfer characteris-
tics appear for molecule 3 (Figure 6C), and the highest on-off ratio is further
increased to 306 near Vp = 0 V (Figure S28F), which is about 2.9 times the value
for molecule 2 and 12.0 times the value for molecule 1. This is consistent with the
theoretical transfer characteristics (Ip-Vs) of molecule 3 (Figure 6C) because two
conductance valleys appear and the on-off ratios decrease as Vp changes from —
0.1to-0.8 V.

DISCUSSION

In summary, we have demonstrated that unequivocal signatures of single-molecule
room-temperature Ql can be translated into self-assembled molecular films.
Furthermore, anthanthrene-based molecular transistors, formed from vertical
cross-plane graphene/SAM/gold heterostructures and ionic liquid gating, are
shown to exhibit stable room-temperature switching operations. Using two different
connectivities to the anthanthrene core, Ql effects lead to a conductance ratio of
approximately 34 for molecular junctions 1 and 2, which can be further increased
to 173 for junction 3 by controlling the molecule-electrode interface with different
terminal groups. It should be noted that all three studied molecules exhibit construc-

K

tive Ql. For graphene-like molecules, the term “destructive Ql"” is conventionally

applied to connectivities for which counting rules®® identify a zero in the transmission

482 Chem 5, 474-484, February 14, 2019




Chem Cell

coefficient near the middle of their HOMO-LUMO gap. Equivalently, this would
mean that the corresponding magic number vanishes. For the two connectivities
considered here, the magic numbers and mid-gap transmissions are non-zero,
therefore the molecules with different connectivities exhibit different degrees of
constructive Ql. Importantly, junction 3 can show a significant current modulation
by an ionic liquid gate, with a maximum on-off ratio up to 306, which is about one
order of magnitude higher than that for 1. This enhanced gate behavior for molecule
3is a direct consequence of the zero-bias conductance suppression induced by Ql,
combined with a higher interfacial resistance. The designed Ql-controlled molecular
transistors with large on-off ratio are potential electronic building blocks for future
integrated circuits and functional ultra-thin film materials. From the viewpoint of
fundamental science, the advantage is that incorporating a molecular layer in a gra-
phene-FET device enables this first demonstration that constructive Ql effects are
preserved in SAMs. This is significant because it means that Ql-based strategies
for enhancing monolayer materials properties such as the electrical conductance,
thermal conductance, and Seebeck coefficient of SAMs can be pursued in the future
with confidence. From a g-FET device viewpoint, QI-SAMs can improve intrinsic
field-effect properties and expand other functionalities of the device.

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the Supplemental Information.
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