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derivatives-PbS quantum-dot bilayersf
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Transcribing quantum effects from lower to higher dimensions is a complex yet intriguing area of
research. Coulomb blockade (CB), a fundamental quantum phenomenon, is commonly observed in low-
dimensional materials like quantum dots (QDs) at extremely low temperatures. This behavior shows
promise for the development of high-performance memory and thermoelectric devices. However, when
transitioning to larger dimensions, such as arrays at room temperature, the CB effect is hindered by
thermal fluctuations and structural inconsistencies. This study presents a thorough examination of
electron transport through PbS QDs using a blend of experimental and theoretical methods. By creating
a sizable parallel array of QDs immobilized on self-assembled monolayers (SAMs) and employing single-
layer graphene (SLG) as the top electrode, we were able to maintain the CB effect at room temperature
on a device scale. Additionally, a device with a top gate structure was designed to precisely regulate the
energetic position of quantum states in relation to the Fermi level of the electrode. By utilizing ultra-
small QDs (typically 2 nm in size), we successfully sustained the CB effect at room temperature.
To investigate the impact of structural uncertainties, we combined density-functional theory and
quantum transport theory to comprehensively analyze the quantum transport properties of QDs bound
with SAMs across various facets. This enabled us to establish a correlation between these structural
variations and the experimental data distribution.

Molecular-scale logic gates, sensors, memory devices and ther-
moelectric energy harvesters'™' have the potential to signifi-
cantly reduce power consumption and enhance sensitivity.
These advancements could be achieved as single-molecule
devices (which are not easily mass-produced) or molecular thin
films composed of self-assembled molecular layers (SAMs)."> !
To realise the latter, strategies for assembling multilayers
of organic molecules have been explored.””*® Many of these
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have demonstrated that the electron transport properties of
molecular wires can be manipulated by chemically altering
their anchor groups used to couple with the electrodes, thereby
adjusting the alignment of molecular orbitals.>*** Most break-
junction-based studies of molecular-scale transport use gold
electrodes. Here, to realise larger-area contacts, we develop
alternative contacting strategies, either using graphene as a
conductive material,”**>*® and/or a conductive layer of quan-
tum dots. We demonstrate the possibility of combining a layer
of PbS quantum dots with graphene to form a top contact on a
SAM. In particular, we are interested in the question of how the
electrical conductance of such heterostructures depends on the
structure of the quantum-dot surface, since such features are

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Chemical structures of studied molecules 1-3, plus a PbS
quantum dot. (b) Typical schematic of a fabricated junction. (c) 14 possible
contact faces of the PbS particle: 6 squares (sq. 1-6), and 8 hexagons (hex.
1-8), grey and yellow colors represent Pb and S atoms, respectively.

known to affect the binding of ligands to isolated quantum
dots.>”*°

In this work, a series of oligo(arylene ethynylene) (OAE)
molecules was designed to compare different molecule-
quantum-dot interfaces, using graphene and gold as top and
bottom electrodes, respectively. Molecules 1-3 (Fig. 1(a)), were
designed®® to provide Au-S-SAM-X + PbS-graphene architectures
(Fig. 1(b)), where X = benzene (1), para-pyridine (2) and para-
(acetylthio)benzene (3). Molecule 1 has no dedicated second
anchor group, molecule 2 has a symmetrical design commonly
employed in single-molecule studies and molecule 3 enables
investigation of the role of a terminal pyridine unit in the electro-
nic behaviour of molecular junctions. As shown in Fig. 1(c) and
Fig. S2, S17 (ESIt), each PbS quantum dot has an octahedral shape
(i.e., a polyhedron with 14 faces). Confirmation of the octahedral
geometry is provided by our DFT simulations, which show that it
corresponds to a minimum energy configuration. Due to the small
size of the QDs, our TEM and AFM techniques lack the necessary
resolution to fully elucidate the detailed structure of our PbS QDs.
Nonetheless, existing publications have demonstrated that QDs
synthesized using the approach outlined in this study exhibit a
14-face structure.’®*!

Results and discussion

We will first describe modelling results, and then compare
them with our experimental measurements on similar struc-
tures. The transport properties of the three types of junctions
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were modelled using a combination of density-functional the-
ory (DFT) and quantum transport theory. To understand their
possible binding configurations, the three molecular-PbS
heterostructures were assembled by combining the two com-
ponents and then allowing the system to become fully relaxed,
as illustrated in Fig. S3 (ESIf). To calculate the electrical
transport through molecule-quantum-dot bilayers 1-3, we
modelled the bilayer junctions as shown in Fig. S18-520 and
S23-524 (ESI}) (for more details see Section 1.6 in the ESIT).

As a first step towards understanding their electronic prop-
erties, the frontier orbitals of the quantum dot were computed.
As shown in Fig. S4 (ESIf), the highest occupied molecular
orbitals (HOMO) and lowest unoccupied orbitals (LUMO), as
well as the (HOMO—1) and (LUMO+1) of the PbS quantum dots
have more weight on certain faces. To investigate the possible
structures of the multilayers, the quantum dot was attached to
the graphene sheet, as shown in Fig. S5 (ESIt), and then the
quantum dot with the graphene sheet plus the three molecules
(Fig. S6-S8, ESIt) were constructed and fully relaxed.

Comparison between the frontier molecular-orbital plots of
Fig. S6-S8 (ESIt) shows that there is no weight on the contact
area between molecule 1 and PbS quantum dot (more specifi-
cally on 1, for the four plots), whereas there is significant
weight on contact areas of molecules 2 and 3. This suggests
that there is a relatively weak bond between the PbS and 1,
compared with 2 and 3, due to the fact that the phenyl ring is
an ineffective anchor group compared to pyridyl and thiol.
To confirm this suggestion, we first investigated the binding
energies and optimum distances (d) of the bond between the
quantum dot and Gr sheet for both S and Pb atoms (Fig. S9,
ESIt). Next, we investigated binding energies and optimum
distances of molecule 1 to PbS through two different sites
(i.e., Pb and S atoms), and similarly, for 2 and 3, as shown in
Fig. S10-S15 (ESIT). These results are summarized in Table S1
(ESIt), which clearly demonstrates that molecule 1 does not
bind to either S or Pb atoms of the PbS quantum dot, because
the binding energies are 10-100 times lower than their corres-
ponding values for molecules 2 and 3. For example, the thiol
(molecule 2) and pyridyl (molecule 3) anchors bind 10 times
more strongly than the phenyl ring (molecule 1), through S
atoms of the quantum dot and 100 times more strongly to Pb
atoms. It should also be noted that the molecules bind much
more strongly to Pb atoms in the PbS quantum dot than to its S
atoms. For more details, see the binding-energy section in
the ESI. ¥

The 14 faces of the PbS quantum-dot truncated octahedron
consist of 8 regular hexagons and 6 squares. There are two types
of square faces: pristine Pb faces with purely Pb atoms (sq. 1-4),
and square faces with a mixture of S and Pb atoms (sq. 5 and 6).
On the other hand, all hexagons are identical and contain a
mixture of S and Pb atoms (hex. 1-8), as illustrated in Fig. 1(a)
and (c). Fig. 1(c) illustrates the 14 possible contacting faces. In
Fig. S17a, b and Sections 1.5, 1.6 in the ESIL,{ the 6 square and
8 hexagonal faces are illustrated by 8 grey and yellow lines. The
yellow and grey circles represent S and Pb atoms respectively.
We refer to the combination of a molecule with PbS as a
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Fig. 2 Schematic illustration of the Au-1-3-SLG junctions. Top contact is
SLG and the bottom contact is Au. (a) Au-1-SLG junction, the PbS quantum
dot is washed away due to the very weak binding between the phenyl ring
and PbS. (b) Au-2 + PbS-SLG junction, where the bilayer involves mole-
cules 2 and PbS quantum dots. (c) Au-3 + PbS-SLG junction, where the
bilayer involves molecules 3 and PbS quantum dots.

(molecule-PbS) bilayer, numbered in the same way as the
molecules. Since binding-energy simulations suggest that 1
does not bind to PbS quantum dots, we expect, and later show
in our experiments, that the PbS particles will be washed out
from the Au-1-SLG junctions, as sketched in Fig. 2(a). The
binding-energy simulations also suggest that the PbS quantum
dot could bind by either to surface Pb or S atoms, and that the
Pb binds more strongly. Taking into account these possibilities,
we computed the electron transmission coefficients of 14
junctions for both bilayers 2 and 3:6 with molecular contacts
to square faces (sq. 1-6 as shown in Fig. S19b and S23b, ESI¥)
and 8 with contacts to hexagonal faces (hex. 1-8 as shown in
Fig. S20b and S24b, ESIY), for bilayer 2. For more details, see
section 1.6 in the ESL Fig. S21 (ESIt) shows the transmission
coefficients of bilayer 2, sandwiched between Au and SLG. The
4 grey and 2 black curves correspond to the cases when
molecule 2 attaches to 4 pristine Pb and 2 mixed (Pb and S)
faces of the PbS quantum dot through square faces, as illu-
strated in Fig. S19b (ESIT). As expected, the 4 pristine Pb faces
yield only small differences in the conductance, as shown by
the grey curves. Also, for the mixed square faces, the transmis-
sion coefficients are slightly higher than those of pristine
Pb faces.

We now consider the case when molecule 2 attaches to 8
different hexagonal faces of the PbS quantum dot, as shown in
Fig. S20b (ESI). Since the 8 hexagon faces are a mixture of Pb
and S atoms, we computed transmission curves when the
studied molecules are contacted to 4 possible S and 4 possible
Pb atoms. Fig. S22 (ESIf) shows that contacting to the 8
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Fig. 3 Comparison between experimental and theoretical (DFT) conduc-
tances of the studied molecular monolayers (Au-1-3-SLG) (black, blue,
green circles, respectively) and molecule/quantum-dot bilayers (Au-1-3 +
PbS-SLG) (red, pink, and orange symbols, respectively). (a) DFT simulations
of molecular monolayers are single points, whereas bilayers are multiple
points as there are 14 contact faces. Colored squares are for pristine Pb
square faces while black squares are for mixed Pb/S square faces. Note
that the red point is a molecular monolayer as the PbS quantum dot is
washed away and Go = 2e?/h. (b) Experimental conductance measure-
ments of the corresponding SAMs, as labelled at the bottom.

hexagons yields a smaller variability in the conductances
compared to the squares (Fig. S21, ESIt). Fig. S22 (ESIt) also
suggests that there are two distinct conductance groups, indi-
cated by orange and grey curves. The two distinct groups are
associated with the S and Pb attachment sites. It should be
noted that S sites yield slightly higher conductance than Pb
sites. A similar trend is obtained for bilayer 3 (see Fig. S23 and
S24, ESIt). However, the conductance variability associated
with the hexagonal faces is larger, as shown in Fig. S25 and
S26 (ESIT). (For more detail, see Section 1.6 in the ESIf). To
highlight the effect of the quantum dots on the transport, we
repeated the above simulations, but without the PbS quantum
dot for the same studied junctions as shown in Fig. S27-S29
(ESIY). (For more details, see Section 1.7 in the ESIt).

Fig. 3(a) shows the DFT simulations of the electrical con-
ductance for the three molecular monolayers 1, 2 and 3 (black,
blue and green circles, respectively). For bilayers 2 and 3 (1 does
not form a bilayer), two markers are used: circles when the
molecule attaches to hexagonal faces and squares when the
molecule attaches to square faces. Fig. 3(a) clearly shows that
the conductance of the molecular monolayers (without PbS
particles) is higher than that of bilayers. This is to be expected,

This journal is © The Royal Society of Chemistry 2024
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because inserting the quantum dot increases the junction
thickness and decreases the conductance. Fig. 3(a) also shows
that for both bilayers 2 and 3, bilayers formed from molecules
attached to square faces (pink and orange squares), yield higher
conductances than those attached to hexagonal faces (pink and
orange circles). The pristine Pb square faces yield slightly lower
conductances than the mixed faces, despite the fact that Pb
binds more strongly than S to the thiol and pyridyl anchors
(compare pink and orange squares with black squares). We now
compare the above DFT theoretical simulations with experi-
mental electrical conductance measurements of self-assembled
mono and bilayers of the three OAE molecules, as shown in
Fig. 3(b). These scalable Au-SAM-SLG devices were formed
using gold as the bottom electrode and graphene as the top
electrode. Detailed device fabrication, SAM and QD growth
procedures are presented in Section 2 in the ESL{ and the
flowchart illustrations in Fig. S30-S33 (ESIt).

Fig. 4(a) shows the structure of the device. The micro-well
chip consists of a gold bottom electrode covered by a 30 nm
thick insulating layer (Al,03), with a chemically etched

Micro-well Chip
A

Common 1 Common 2
= Graphene covered region
Geied == -- Gate 2
e QDs Size (nm)
2 3
2
= =
| -4
g 3
= o
600 900 1200

Wave Length (nm)

Fig. 4 (a) A schematic graph of the device measured in this study. (b) an
AFM topographic image of the Au—SAM surface. (c) an AFM topographic
image of the Au—SAM-QDs surface. (d) a microscopic image of the micro-
device utilized in this research. (e) photoluminescence measurement with
corresponding QDs size of the QDs employed in this study.
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microwell for SAM growth. The micro-well chip is connected
to a gold pad for linking to the external circuit. Each device
consists of 20 micro-well chips, covered by CVD graphene and
in contact with two common electrodes without any cover
(referred to as common 1 and common 2 in Fig. 4(c)). The in-
plane conductance of graphene, Gg,, is measured by applying a
bias between common 1 and common 2. The measured con-
ductance of the micro-well with molecules (or molecule-QDs) is
more than two orders of magnitude lower than Gg,. It is
observed that the measured conductance of microwell chips
remains constant, regardless of whether the counter electrode
is common 1 or common 2, confirming that the electric result
is not dominated by graphene. The detailed statistics of all
measured junctions are listed in Table S2 (ESIT).

The synthesis and characterization of QDs used in this work
was described in ESIL. 1 Both atomic force microscopy (AFM, Fig.
S31, ESIt) and photoluminescence (PL, Fig. S32 and S4(e), ESIt)
measurement indicate the size of QDs is about 2 + 0.5 nm. The
SAMs and QDs was deposited onto prepared device as
described in ESI.t The Au bottom electrode for the device is
prepared by thermo-evaporation, resulting in Au atoms forming
grains with a size range of tens to hundreds of nanometers and
a surface roughness of 1-2 nm. Consequently, the QDs deposi-
tion quality on Au substrate cannot be clearly identified. In this
work, template stripped gold with a roughness of 0.1 nm is
used to characterize the QDs deposition status. Fig. 4(c) shows
the AFM image of Au-SAM 2, where the surface roughness is
characterized to be 80 £ 20 pm, with no observed defects. This
indicates that the molecules form a closely packed monolayer
on the Au substrate. After QDs deposition (Fig. 4(b) and Fig.
S36, ESIT), a large number of dots that closely pack on the
surface are observed. The clear topography difference between
Fig. 4(b) and (c) indicates that these dots are QDs. More than
10 random spots were tested on the SAM-QDs sample, and over
98% of the region was closely covered with QDs. By measuring
the height difference between the covered and uncovered
regions, it is confirmed that the QDs form a monolayer. Large
area scans show a uniform surface, indicating that no multi-
layer QDs have formed. The lateral size of self assembled QDs is
estimated by averaging 200 QDs on the surface, resulting in a
value of 6.1 & 1.2 nm. This result aligns with the size of QDs
measured in solution phase by PL, which suggest the average
diameter for QDs is 2 £ 0.5 nm (Fig. 4(e)), after considering the
tip convolution factor and the external oleic acid ‘shell’
(approximately 1 nm) on both sides (see Fig. S36 and S37, ESIT).

The electric measurement results for each junction system
in this study are obtained from at least 3 devices prepared in
different batches, and each device contains 17 chips. Occasion-
ally, pinholes formed during SAM formation may result in
direct contact between gold and graphene, leading to short
circuits (SC). Short circuit junctions exhibit a linear IV shape,
high differential conductance near 0 bias, and changes in
current density when changing the common contact. For IV
analysis and averaging, all SC curves are excluded. In the Au-
SAMs system, the occurrence probability of short circuits
ranges from 38-44%, whereas in the Au-SAMs-QDs system,

J. Mater. Chem. C, 2024, 12,14004-14012 | 14007
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this probability drops to less than 10% (Table S2, ESIt). This is
expected because the additional QDs layer is large enough to
cover the defect regions and decrease the probability of short
circuits.

Fig. S38 and S39 (ESIt) show IV curves for SLG-SAM1-Au
and SLG-SAM1 + QDs-Au. The typical IV curve shape for the
conjugated self-assembled monolayer’” is observed in both
cases, which confirms that QDs do not grow on SAM1.

Fig. 5(b) and Fig. S40, S41 (ESIt) show IV curves for SLG-
SAM2 + QDs-Au and SLG-SAM3 + QDs-Au. In contrast with
SLG-SAM1 + QDs-Au, whose IV curve shapes are identical, the
IV curves for SLG-SAM2 + QDs-Au and SLG-SAM3 + QDs-Au
show large variations within the chip and some of the junctions
show strongly suppressed current at low bias (see Fig. S40(e)-(j)
and S41(h)-(j), ESIt). The corresponding result was attributed
to the Coulomb blockade behavior from quantum dots. The
statistics regarding the behavior of junctions in different self-
assembled monolayer (SAM) systems, specifically those exhibit-
ing molecule-like behavior and Coulomb blockade-like beha-
vior, are presented in Table S2 (ESIT). It is evident that none
of the Au-SAM junctions displayed Coulomb blockade-like
behavior. This observation strongly suggests that the Coulomb
blockade-like behavior indeed originates from the presence of
quantum dots (QDs). Furthermore, the absence of Coulomb
blockade-like behavior in Au-SAM1-QDs, along with the simi-
larity in average conductance between Au-SAM1 and Au-SAM1-
QDs, further validates our conclusion that QDs are unlikely to
form a layer on SAM1.

It is important to note that, for Au-SAM2-QDs and Au-
SAM3-QDs, approximately half of the surviving junctions
exhibited Coulomb blockade behavior, while the others
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Fig. 5 Electron tunnelling through a SAM2-QD bilayer or just SAM2, with
a voltage Vg applied to an ionic-liquid gate. (a)-(c) /I-Vsp—Vg plot for
SAM2-QDs, and corresponding IV and d//dV curve in the ‘on’ and ‘off’
states. (d)—(f) The same as (a)—(c) but for SAM2 without QDs. (g) On/off
ratio for SAM2 and SAM2-QDs at different Vsp, taken from (b) and (e),
scaled by the gate-voltage spacing between them. (h) Tunnel current near
zero Vsp (50 mV) as a function of Vg, showing Coulomb-blockade peaks.
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displayed molecule-like behavior. Although it can be argued
that defects in the QDs layer resulting in direct contact between
graphene and SAMs may be the origin of the observed
molecule-like behavior, the large-scale atomic force microscopy
(AFM) scan depicted in Fig. S36(c) (ESIT) suggests that defects
were not likely to form in the QDs layer. Additionally, the rigid
nature of graphene further reduces the probability of direct
contact between graphene and SAMs. Our proposed explana-
tion is that the QDs within the layer exhibit variations in size,
binding geometry, and density of state distribution. These
variations can lead to the merging of discrete QD levels and
suppression of the Coulomb blockade behavior. The presence
of a large standard deviation in junction conductance further
supports this conclusion. While factors such as roughness
of the bottom electrode also contribute to the variation in
conductance, the more than 5-fold increase in standard devia-
tion for Au/SAM/QDs compared to their Au/SAM counterparts
indicates that QDs is the reason of this extensive data dis-
tribution.

Coulomb-blockade behavior is expected to be observable if
the capacitance C between the surrounding electrodes/other
QDs and a particular QD (of diameter ~2 nm) gives a charging
energy (¢%/C) significantly higher than the thermal energy kgT of
the system at room temperature T, so that current can only flow
once the bias brings the chemical potential of a lead above the
electrochemical potential of the dot (which takes into account
the charging energy, and the effective gate voltage resulting
from the leads and any other background charge).

The Coulomb blockade effect observed in quantum dots
(QDs) junctions is widely acknowledged and has been mainly
studied in the context of a single QD integrated into a nano-
gap. Some reports have demonstrated that even when scaling
up the system to large arrays of QDs, the Coulomb blockade
behavior persists. However, these studies were conducted at
cryogenic temperatures, which are not feasible for practical
device applications. In the junction of this study, we focused on
a junction where the bottom self-assembled monolayer (SAM)
layer and the oleic acid protection layer surrounding the QDs
functioned as tunnelling barriers, enabling single-electron
transport. We employed ultra-small QDs with a diameter of
approximately 2 nm to construct the QDs layer, while the
surrounded oleic acid “fur” can isolate them from their neigh-
boring counterparts. The reduced size of these QDs offers a
significant advantage, as their charging energy (¢*/C) becomes
substantially larger than the thermal energy kg7 at room
temperature. Furthermore, the connections between the QDs
and the oleic acid barrier, as well as between the oleic acid
barrier and graphene, exhibit weak coupling. This weak cou-
pling plays a critical role in maintaining the integrity of the
electron occupancy states within the QD, even at elevated
temperatures. By considering these two crucial factors, we
successfully observed the Coulomb blockade effect at room
temperature.

An inherent advantage of the Coulomb-blockade behavior is
its strong sensitivity to changes in the Fermi level. This char-
acteristic makes it highly suitable for high-efficiency devices

This journal is © The Royal Society of Chemistry 2024
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such as transistors, memories, and sensors. In our study, we
manipulated the Fermi level of the graphene electrode by
introducing a drop of ionic liquid (DEME-TFSI) onto its surface.
Due to the thinness of single-layer graphene (SLG) and its low
carrier density, the electric field generated by the gate voltage
applied to the ionic liquid can partially penetrate through the
graphene layer. Consequently, it alters the energy levels and
electrochemical potential of materials beneath graphene rela-
tive to the Fermi level in the electrodes. However, a drawback of
this gate/graphene/material-based FET structure is that the
presence of graphene screens out a portion of the gate voltage
(known as the lever-arm effect), resulting in a small energy shift
of the Fermi level with respect to the material orbitals even
when a large gate voltage is applied, and large gate voltage leads
to high risk of gate current leakage.

Fig. 5(a) and (d) present the electron transport characteris-
tics of the gated Au-SAM2-QD-graphene and Au-SAM2-
graphene junctions, respectively. In the case of the SAM with-
out QDs (Fig. 5(d)), the I-Vsp—V; plot shows a gradual increase
in conductance as the gate voltage is swept towards the negative
region, forming a “triangular shape”. This observation is con-
sistent with our previous findings.>” In contrast, the I-Vsp-Vg
plot for the Au-SAM2-QDs-graphene junction (Fig. 5(a)) exhi-
bits multiple diamonds, which can be interpreted as Coulomb
diamonds indicating distinct electron occupancy states within
the quantum dot. We define the Vg value associated with the
highest current at approximately zero Vsp as the ‘on’ state,
while the Vg value corresponding to the lowest current is
considered the ‘off’ state. Fig. 5(b) and (e) illustrate the IV
curves for SAM2 with and without QDs in the ‘on’ and ‘off’
states, respectively. The corresponding differential conduc-
tance, dI/dV vs. V for the two states, is presented in Fig. 5(c)
and (f). In the case of SAMs without QDs, the differential
conductance curve exhibited typical behavior for a conjugated
SAMs system (Fig. 5(c)), reflecting the electron transmission
probability while the Fermi level was within the HOMO/LUMO
gap. A slight asymmetry was observed, likely stemming from
the differing coupling strengths between the molecule/Au and
molecule/Graphene interfaces. Conversely, for SAMs/QDs junc-
tions, most of the measured dI/dV curves displayed distinct
peaks and bulges (Fig. 5(f)), phenomena not observed in the
SAMs junction alone. These peaks can be attributed to quan-
tized energy states in the quantum dots, allowing electron
passage only at specific voltages, while the bulges arise from
the merging of peaks due to broadening at room temperature.

Fig. 5(g) presents the on/off ratios at different Vsp values.
It should be noted that the gate voltage required to transition
the device from the ‘on’ to ‘off’ state differs between the SAM2
and SAM2-QD devices (Fig. 5(a) and (d)), with the latter
requiring a significantly smaller shift. Taking this into con-
sideration, we introduced a ‘scaled on/off ratio’, which is
calculated as the ratio of the on/off ratio to the gate voltage
shift from the ‘on’ to ‘off’ state. The scaled on/off ratio for the
SAM2-QDs device was approximately one order of magnitude
higher than that of the SAM2 device (Fig. 5(g)). This finding
suggests that the SAM2-QDs system holds greater potential for
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FET and nanosensor fabrication compared to SAM2 alone, as
low voltage input and high on/off ratio are always desirable.

The detailed mechanisms for the two cases are as follows: in
the Au-SAM2-graphene junction, the lone pair of the anchor-
ing sulfur atom is coplanar with the n system of the molecule,
resulting in a low electrode energy that is closer to the highest
occupied molecular orbital (HOMO). When a negative gate
voltage is applied, the cations in the ionic liquid (DEME")
migrate towards the gate electrode, while the anion (TFSI™)
migrates towards graphene due to electrostatic forces. Conse-
quently, the energy levels of both graphene and the underlying
molecules are elevated, bringing the HOMO resonance closer to
the Fermi level. This increase in electron tunneling probability
drives the device into the ‘on’ state, resulting in the observed
“triangular shape” (Fig. S42-S44, ESIt). However, due to the
lever-arm effect described earlier, the shift in the Fermi level is
not as efficient as the applied gate voltage, leading to a lower
scaled on/off ratio.

For the SAM2-QDs device, SAM2 acts as a tunnel barrier to
the Au, and the oleic acid “fur” on the QDs provides a tunnel
barrier to the graphene. Electron transport is dominated by the
charging energy and/or discrete states of each QD. As men-
tioned above, the minimum Vg, at which an electron can
tunnel on to the QD depends on the electrochemical potential
up(N) of the dot, where N is the number of electrons (or holes)
on the dot. up(N) decreases as the gate voltage Vi is made more
positive. At some Vg, up(N) passes through the Fermi energy
(chemical potential) of the leads at Vsp = 0, allowing current to
flow even for small Vgp, (as observed in Fig. 5(h)). Once pp(N) is
below the Fermi energy of the leads, the current drops to zero
again. Applying a bias Vgp between the leads, causes the
chemical potentials y;, and ug of the left and right leads to
differ by eVsp. So, when yup, or ui equals up(N + 1), there is
enough extra energy to add another electron. The variation of
this threshold with Vs produces the observed Coulomb dia-
monds. Ideally (at low temperature) the off state corresponds to
zero current, but even at room temperature we find the on/off
ratio to be high. Fig. 5(h) shows the tunnelling current at fixed
Vsp (50 mV) as a function of the gate voltage. The current turns
on and off repeatedly, giving Coulomb-blockade peaks, as the
number of electrons on the dot increases from N — 1 to N and
then N + 1. The fact that this behaviour is observed for an
ensemble of very similar QDs connected in parallel implies that
many of the QDs are undergoing Coulomb blockade as the
same time, though it cannot be ruled out that there are one or a
few dots that dominate the transport, as we concluded in earlier
experiments carried out on ungated junctions at much lower
temperatures (4 K).

The same study was also done on SAM3 and SAM3-QDs, and
the same trend was observed, in that the scaled on/off ratio for
SAM3-QDs was higher than for SAM3 only (Fig. S45-S47, ESI¥),
but the value of the ratio was much higher than SAM2-QDs
(~50-100, Fig. S48, ESIt), owing to the stronger suppression of
current around zero bias. One reason for this could be that the
pyridine-QD interaction is not as strong as thiol-QD, and this
weak coupling decreases the broadening of states and the dot

J. Mater. Chem. C, 2024, 12,14004-14012 | 14009


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc00478g

Open Access Article. Published on 07 August 2024. Downloaded on 5/25/2026 1:00:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

capacitance, and hence increasing the charging energy, and so
the tunnelling probability was much lower at low bias.

It is worth mentioning that in this study, deliberate varia-
tions were introduced to the geometric area of each junction.
The measured areas obtained range from about 2 pum?® to
18 pm?, corresponding to 6 x 10* to 5 x 10> QDs or 4 x 10’
to 4 x 10® molecules aligned in parallel in each junction
(assuming 20 molecules per nm?). Our previous research has
shown that, for molecular junctions (molecules 1, 2, and 3 as
depicted in Fig. 1(a)) without QDs, the measured conductance
has a positive linear correlation with electrode area.>® This
indicates that the observed electrical behavior usually origi-
nates solely from the molecules themselves, rather than from
defects in the SAM or graphene. However, when QDs are
introduced to form a bilayer junction, the current and con-
ductance have so much scatter that we cannot resolve any
correlation with area. We attribute this scatter to issues related
to electrical contact. Our previous work,* along with reports
on other SAM devices,**™** has indicated that, in large-scale
SAM measurements, the effective electrical contact area Ay is
generally much smaller than the geometric area Age,. The ratio
AgeolAcicc varies from 10” to 10°, depending on the condition of
the bottom electrode and the fabrication technique employed
for both electrodes. In this study, the bottom electrode was
thermally evaporated, resulting in relatively high vertical rough-
ness (~1.5 nm). Furthermore, the top electrode was fabricated
via wet transfer of graphene, and so chemical bonds are not
formed to the QDs beneath (though the graphene will probably
conform well to the topography of the surface and QDs and be
attracted to the QDs by van der Waals bonds and the strong
force between charges on the two electrodes under bias). In our
previous work with 5-nm QDs, junctions with areas down to
800 nm” (just 15-40 QDs) regularly showed good Coulomb-
staircase characteristics, so the value of Ageo/Aciec may not be
particularly high (~3000 for molecules 2 and 3, ~15000 for
molecule 1) in our graphene junctions. We concluded there
that, though many QDs could conduct, there was often a ‘hero’
QD that conducted much better than the others, probably
because one or both of its tunnel barriers happened to be
slightly thinner or more transmissive than those of the other
QDs. This could be due to the smallest amount of oleic acid
remaining between the QD and the graphene, and/or the best
contact between the molecular SAM and the QD, which can be
caused by optimal bonding to a particular face as calculated
above, or perhaps by multiple molecules bonding to the
same QD.

Conclusion

In summary, we have fabricated and modelled molecular junc-
tions consisting of self-assembled bilayers of OAE-based mole-
cules and PbS nanoparticles, using graphene as the top
electrode and ionic liquid as a gate above it. Diamond shapes
are seen in maps of the conductance as a function of source-
drain bias and gate voltage, strongly resembling Coulomb
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blockade and implying that the charging energy in these
2 nm PbS quantum dots is larger than the thermal energy at
room temperature. DFT modelling of the bilayers shows that
the PbS quantum dots, which take the form of a truncated
octahedron, with 14 faces, can bind to the molecules in a
variety of ways and that this variety leads to a distribution of
electrical conductances, which is consistent with experiment.
The assembly procedure is scalable to large arrays and should
be suitable for junctions comprising a wide range of molecules
with tailored functionality. The on/off ratio for our device is
nearly 50 times higher than that of a typical molecular device.
However, this is less than a typical Si device, where on-off ratios
can range from 100 to 1000. Nevertheless, this proof-of-
principle study opens new ideas for designing electronic and
thermoelectric devices based on molecular SAMs and bilayers,
with potential practical applications.
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