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Single electron transistors
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Quantum electrometer
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ctot=x in a symmetric way, see panels (e) and (f). With these three
plots, we can get a comprehensive picture of the dispersive response.
The quantum capacitance is linked to isentropic charge polarization
due to the nonlinearity of the discrete energy levels of the DQD,
whereas the tunneling capacitance is linked to thermal probability
redistribution (maximal entropy production). The latter depends
strongly on the system dynamics, i.e., it only manifests when ctot is
comparable to or larger than x; this is when tunneling occurs either
nonadiabatically (as in the case of the Sisyphus heating) or adiabati-
cally. In the specific case that ctot and x are comparable, the Sisyphus
and tunneling capacitance processes are linked to phonon pump-
ing113,114 and lead to net power dissipation.

In short, radio-frequency reflectometry can be used to probe
additional components in the high-frequency response of low-
dimensional systems. More particularly, we have learned that near the
charge degeneracy point, a DQD behaves effectively as a variable
capacitor (composed of the parallel sum of the quantum, tunneling
capacitance, and constant geometrical capacitance) in parallel with a
variable resistor (the Sisyphus resistance).

C. Dispersive readout of QDs
Dispersive readout is based on measuring capacitance changes in

quantum devices via rf-reflectometry techniques. It is ideal for applica-
tions where electrical transport measurements may not be possible.
Dispersive techniques can be implemented with fewer electrodes than
required for conventional dissipative sensors based on measuring two
terminal conductance, such as the rf-QPC or the rf-SET. For that rea-
son, they have gained considerable traction in spin-based quantum
computing, where scaling is an important challenge. We note that,
although motivated by developments in QD science and technology,
dispersive readout techniques can be used to measure varying capaci-
tance in generic quantum devices. To put dispersive readout techni-
ques in perspectives, we present Fig. 15, summarizing the three main
techniques used to probe the quantum state in QD systems using rf-
reflectometry: dissipative and dispersive charge sensing [panels (a)
and (b), respectively] and in situ dispersive readout [panel (c)].
Dissipative charge sensing, exemplified by the rf-SET, utilizes the vari-
able resistance of the SET to detect the charge states of a coupled
DQD. The sensor is coupled to two charge reservoirs. Dispersive
charge sensing uses the variable capacitance, in this case of a single-
electron box (SEB), to detect the charge state of a coupled DQD. In
this case, the sensor needs to be coupled only to one charge reservoir.
The resonator can be connected to gate or reservoir of the SEB. Finally,
in situ dispersive readout detects directly the state-dependent capaci-
tance of the DQD and requires no sensor apart from the coupling gate.

FIG. 14. Parametric impedances. (a) Relative change of the normalized inverse of
the Sisyphus resistance vs reduced detuning for kBT=DC ¼ 0:25; 0:5, and 1 (blue,
black, and red traces, respectively) and cC ¼ x. (b) RQ=RSIS as a function of
reduced relaxation rate for a given operation angular frequency x0 and (c) as a
function of reduced operation angular frequency for kBT=DC ¼ 0:5 for a given
relaxation rate c0tot and e0=DC ¼ 1. (d) Normalized parametric (black), quantum
(blue), and tunneling capacitance (red) as a function of reduced detuning for
kBT=DC ¼ 0:01; 1 (left and right panels, respectively) and cC=x ¼ 10. Here,
C0 ¼ ðea0Þ2=2DC and we set a0 ¼ 1. Cx=C0 as a function of reduced relaxation
rate (e) and reduced operation angular frequency (f) for kBT=DC ¼ 1 and
e0=DC ¼ 1.

FIG. 15. Schematics of the three main reflectometry sensing techniques to probe
the charge occupation of DQDs. (a) An rf-SET charge sensor detects the charge
occupation of a DQD by measuring changes in the SET channel resistance DRS.
(b) Dispersive charge sensing detects the charge occupation of a DQD by measur-
ing changes in the tunneling capacitance CTU of a SEB induced by changes in the
charge configuration of the DQD. (c) In situ dispersive readout measures directly
changes in the capacitance of the DQD due to bistable tunneling between QDs or
between a QD and charge reservoir.
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which involves the displacement of the edge atoms with respect to the 
backbone, indeed appears at ħωv = 7 meV, in excellent agreement with 
the experiments (Fig. 4e,f). Removal of the bulky side groups lowers 
the mode energy slightly to 5.4 meV, with a larger displacement of 
the edge atoms, without altering the effect on the MGNR backbone 
(Supplementary Fig. 17). All vibrons at frequencies ωv and the associ-
ated electron–vibration coupling strengths gv can be included in a 
quantum-mechanical description of the electron transfer rates through 
the MGNR density of states27:
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 for the MGNR modes. The 

outer-sphere background, produced by the weak coupling of the MGNR 
with the substrate, can also be included by adding a super-ohmic spec-
tral density with an exponential cut-off (Supplementary Information)22. 
Excellent agreement is obtained with the data, and the entire current 
map can be faithfully reproduced (Fig. 4a).

These results demonstrate electronic devices of extreme cleanli-
ness made out of MGNRs, with sharply defined electronic features 
that are much superior to those of previous observations. Chemically, 
this opens a whole area of synthetic design aimed at placing differ-
ent and increasingly efficient solubilizing groups on the edges. The 
resulting regularly spaced structural elements allow one to avoid the 
disorder associated with surfactants and the decrease in performance 
that has plagued CNTs. The resulting debundled solution is simply a 
two-component system without surfactants and other additives. For 
nanoelectronics, this result reveals completely new perspectives: 
ultra-clean details are now available for graphene nanodevices that 
have atomically defined shapes. For the vibrational properties, this 
allows one to establish a direct correspondence between the vibrational 
modes of the specific edge structure and the observed electronic fea-
tures. Remarkably, it is not necessary to suspend the nanoribbons to 
clearly observe the physics of vibrational states, and the resulting elec-
tron–vibron coupling is comparable to that of ultra-clean CNT devices, 
validating the prediction of superior electron–vibron coupling23 and 
opening the path to the envisaged nanomechanical devices based on 
atomically precise nanoribbons28. Strategies towards higher conduct-
ance by tuning the contact resistance or increasing mobility can now be 
explored, for example by using wider MGNRs or by introducing doping 
with electron-rich side groups; and chemical preselection of the MGNR 
lengths, for example, via size-exclusion chromatography, opens up 
the path to low-impedance contacts. As nanoribbon states are now 
resolved in transport at microelectronvolt energies, the predicted spin 
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Fig. 4 | Electron–vibron coupling in nanoribbons with enhanced solubility. 
a, Detail of vibrational state suppression in the differential conductance G versus 
VSD and VG for 2 (left) and corresponding simulation using a quantum rate-
equation model (right). Arrows indicate the excited states, and measurements 
are at T = 20 mK. b, Scheme of the Franck–Condon blockade in the transport 
properties of nanodevices, with the equilibrium coordinates represented 
horizontally for two adjacent charge states (green and blue). Strong vibronic 
coupling exponentially suppresses ground-to-ground-state transitions, while 
ground-to-excited-state ones become available at higher bias. S, source;  

D, drain. c, Lifting of the Franck–Condon blockade for a transmission channel 
upon increasing the temperature from 25 mK (blue) to 500 mK (green),  
together with Lorentzian fits to the data (lines). d, Blockade peaks as a function  
of the chemical potential µ as experimentally observed (blue line) and as 
expected by Franck–Condon theory for maxima (green) and minima (yellow). 
Shaded areas represent confidence intervals (as described in the main text). 
e, Relative displacement of the atoms for the 7 meV vibrational mode at the Γ 
point. f, Energy dispersion of the lowest vibrational modes, with the one at 7 meV 
highlighted in green.

Exceptionally clean single-
electron transistors from 
solutions of molecular graphene 
nanoribbons. 
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Measuring quantum
transport

stacking leads to weak molecule-electrode coupling. In addition,
we observe a high conductance region in which sequential elec-
tron transfers take place. As the transition considered here is the
second closest in terms of the gate potential to the Fermi level of
the graphene leads (see the full charge stability in the Supple-
mentary Note 5), it is likely to be the transition between the N–2
and N–1 charge states (where N charge state corresponds to
the neutral molecular species, i.e. the M2+/M+ transition, see
Supplementary Fig. 3 for the relevant frontier orbitals). Our
assignments of the charge states are confirmed by observing the
high-current corner of each transition.9 Inside the sequential
tunnelling region, we observe lines of increased conductance
(Fig. 1c), which are spaced equally apart. We are able to assign
these conductance lines to vibrational excitations of the molecule
during the charging process, in line with previous studies13,14,24.
At low bias resonant transfer occurs between the vibrational
ground states of both charge states. As the bias voltage is
increased, electron transfer onto the molecule can be accom-
panied by a vibrational excitation.

The assignment of the conductance lines to molecular
vibrations, as opposed to e.g. density of states (DOS) fluctuations
in the graphene25, is robust despite the presence of some
imperfections in the experimental data (such as jumps in the
edges of the Coulomb diamond) for several reasons. Firstly, the
line graph in Fig. 1c shows the data in the high conductance
region averaged along a series of lines that run parallel to the edge
of the Coulomb diamond and plotted as a function of potential:
the peaks we observe would not be present if the lines did not run,
at least approximately, parallel to the edges of the high
conductance region. Furthermore, fluctuations in the DOS do
not typically give stepwise increases in the current, but rather
regions of increased conductance alternated by regions of
negative differential conductance, which we do not observe.
The spacing between the lines is approximately equal, which is a

feature of molecular modes and overtones, and unlikely to
be present in DOS fluctuations. Finally, we found the same
equally spaced conductance lines in another device (device E,
see Supplementary Note 6). From Fig. 1c we calculate the
average spacing between the lines measured for device A to be
4.9 ± 0.3 meV, which is in a rough agreement with DFT
calculations which predict the presence of a strongly-coupled
low-energy vibrational mode (at 6.0 meV, see Supplementary
Fig. 6). We note however that any assignment should be treated
with caution due to strong anharmonic effects often observed for
low-frequency molecular modes.

The current–voltage trace of device A measured on
resonance (Fig. 2a) reveals an asymmetry between the current
at positive and negative bias voltages. The potential drop across
the molecule is almost symmetric: αS ¼ CS=Ctot ¼ 0:45, where
Cs is the capacitance to the source and Ctot is the sum of the
capacitances to the source, drain and gate. Therefore the
current rectification is not due to an asymmetric potential drop
across the molecule26. Instead it is a direct result of
electron–electron interactions in the presence of asymmetric
molecule-electrode couplings and spin degeneracy7 (accounted
for by Ω), and can be inferred from equation 1–3. The current
rectification ratio will be between 1 (for symmetric coupling,
ΓS " ΓD) and 2 (for strongly asymmetric coupling, ΓS ≫ ΓD or
vice versa), and will alternate along with Ω for adjacent charge
states. The current rectification observed in our experiments
cannot be explained if the electron–electron interactions are
ignored (as within the non-interacting Landauer approach) or
in the case of strong coupling between the molecule and the
electrodes (where the energy uncertainty associated with the
lifetime of the electronic states is greater than the energy
required to change the charge state of the molecule).

We proceed to quantitatively describe the observed charge
transport by accounting for both lifetime broadening and the
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Fig. 1 Charge-transport characteristics of a graphene-porphyrin single-molecule junction. a Schematic representation of our device architecture:
nanometre-separated graphene source and drain electrodes are used to contact the molecule, and a local gate electrode separated from the molecule by a
thin layer of HfO2 (10 nm thick) is used to shift the molecular energy levels. For clarity, the bulky side-groups are not shown. b The molecule M used in this
study comprises of a porphyrin core (blue), with solubilising aryl side-groups on two of the porphyrin meso-positions (grey), and π-stacking anchor groups
on the other two meso-positions (red); here THS is trihexylsilyl. c Charge stability diagram showing the differential conductance (Gb) as a function of bias
voltage (Vb) and gate voltage (Vg) at 3.5 K; the actual gate voltage experienced by the molecule is only a fraction of the applied gate voltage because of the
drop across the HfO2 layer. The top panel shows the differential conductance of the top triangle as an average along the lines indicated by the arrows
running parallel to the edge of the triangle. d Schematic representation of current flowing through our single-molecule transistor. The molecular DOS for
reduction and oxidation processes are shown in red and blue, respectively, with electron-transfer rates shown as coloured areas. The Fermi-Dirac
distributions fS and fD, are shown as the grey areas for source and drain, respectively. At negative bias voltage, electrons tunnel sequentially from the
source via the molecule into the drain. For convenience, the bias voltage is drawn as applied symmetrically across the source and drain electrodes
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Single-molecule transistors
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before etching the copper away with a 0.1 M solution of ammonium
persulfate. The PMMA/graphene stack was rinsed in DI water before
being transferred onto the pre-patterned 1 ! 1 cm2 Si/SiO2 chip
(Fig. 1(a and b)). Each chip contains 540 pairs of Cr/Au electrodes
that were patterned using electron beam lithography and metal
evaporation. After the SLG is transferred onto the metal electrodes it
is patterned into notched ribbons by exposing a negative resist using
electron beam lithography followed by oxygen plasma etching
(Fig. 1(c and d)). Before electroburning the devices were annealed
at 350 1C for 1 hour in an Ar atmosphere to remove residual resist.

Fig. 1(e) shows a scanning electron micrograph of a SLG
notched ribbon between two Cr/Au electrodes. The feedback-
controlled electroburning is performed in air at room temperature
using an automated probestation. A voltage (V) applied across
the devices is ramped up at a rate of 0.75 V s"1, while the current
(I) is recorded with a 200 ms sampling rate. When the feedback
condition, which is set at a drop DIset of the current within the
past 15 mV, is met the voltage is ramped down to zero at a rate of
225 V s"1. After each voltage ramp the resistance of the SLG
device is measured and the process is repeated until the low-bias
resistance exceeds Rset. To prevent the SLG device from electro-
burning too abruptly at the initial voltage ramps we adjust the

feedback condition for each voltage ramp depending on the thresh-
old voltage Vth at which the previous current drop occurred.

A typical evolution of the current–voltage (I–V) traces is shown
in Fig. 1(f). The first voltage ramp (red trace in Fig. 1(f)) shows a
distinct region of negative differential conductance (NDC).
Regions of NDC or ‘kinks’ in the I–V characteristics of single
layer graphene devices are a characteristic feature of bipolar
transport in single layer graphene.16 Typically, graphene on SiO2

is p-doped, with holes being the majority carriers throughout the
entire channel. When the source–drain voltage V is increased,
the current starts to saturate as the electrochemical potential at
the drain end of the channel moves towards the Dirac point. At a
particular voltage V‘kink’, the electrochemical potential at the
drain end corresponds to the Dirac point resulting in a pinch-
off at the drain contact. By increasing V beyond V‘kink’ the pinch-
off is moved through the channel until the entire channel
switches to electron carriers and the current will increase again.
The value for V‘kink’ is dependent on the relative position of the
Fermi level from the Dirac point for the graphene electrodes, and
is therefore dependent on the doping level. We observe a shift of
V‘kink’ towards lower source–drain voltages with each electroburning
voltage ramp event. We attribute this to the removal of residual resist
from current annealing.17 The removal of residual resist shifts the
Fermi level closer towards the Dirac point which corresponds to the
shift of V‘kink’ towards lower voltages. This increase in conductance
has previously been observed in electroburning of few-layer
graphene flakes and is attributed to the removal of residual
resist by Joule heating of the graphene. From the AFM image of
the device in Fig. 3, it can be observed that close to the notched
region, the graphene is much cleaner compared to regions
further away. This is an indication of residual resist removal
from current annealing during our electroburning process.

The geometry of the nano-gaps is characterized by measuring
the current–voltage curves using the same setup used for the
feedback controlled electroburning. Fig. 2 shows a typical I–V
trace of a SLG nano-gap after completion of the electroburning
process, i.e. after the low-bias resistance becomes larger than Rset.
The non-ohmic I–V traces measured after the electroburning
process are characteristic of transport through a single tunnel
junction. The size of the tunnel-barrier can be estimated by
fitting the I–V traces to the Simmons model using the barrier
height, width and asymmetry as fitting parameters.10,18,19 The
controllability and reproducibility of the nano-gap fabrication
process were investigated by fitting 307 devices to the Simmons
model. The average gap-size of 140 devices that underwent the
electroburning process with a stop condition Rcrit = 300 MO is
d = 1.42 # 0.56 nm. For the 167 devices that were processed with a
stop condition Rcrit = 500 MO, the gap-size is d = 1.39 # 0.46 nm.
94.8% of 307 devices fitted return a gap size within the range of
0.5–2.5 nm, which make these graphene nano-gaps appealing for
contacting single molecules in molecular devices. The average
fitted barrier heights is 0.24 # 0.11 eV. Similar barrier heights have
previously been observed in electroburned few-layer graphene
nano-gaps10 and in electromigrated metal electrodes.19

To further investigate the formation of the nano-gaps, we
performed AFM on several devices after the electroburning

Fig. 1 (a–d) Schematics for the process flow of our device fabrication.
(e) Scanning electron micrograph of a single layer graphene (SLG) notched
ribbon between two Cr/Au contacts. (f) Current–voltage (I–V) traces
recorded during the feedback-controlled electroburning. The feedback
conditions used were DIset = 6, 9, 12 and 15 mA for Vth Z 1.9, 1.6, 1.3 and
1.0 V respectively.
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Single-molecule transistors

stacking leads to weak molecule-electrode coupling. In addition,
we observe a high conductance region in which sequential elec-
tron transfers take place. As the transition considered here is the
second closest in terms of the gate potential to the Fermi level of
the graphene leads (see the full charge stability in the Supple-
mentary Note 5), it is likely to be the transition between the N–2
and N–1 charge states (where N charge state corresponds to
the neutral molecular species, i.e. the M2+/M+ transition, see
Supplementary Fig. 3 for the relevant frontier orbitals). Our
assignments of the charge states are confirmed by observing the
high-current corner of each transition.9 Inside the sequential
tunnelling region, we observe lines of increased conductance
(Fig. 1c), which are spaced equally apart. We are able to assign
these conductance lines to vibrational excitations of the molecule
during the charging process, in line with previous studies13,14,24.
At low bias resonant transfer occurs between the vibrational
ground states of both charge states. As the bias voltage is
increased, electron transfer onto the molecule can be accom-
panied by a vibrational excitation.

The assignment of the conductance lines to molecular
vibrations, as opposed to e.g. density of states (DOS) fluctuations
in the graphene25, is robust despite the presence of some
imperfections in the experimental data (such as jumps in the
edges of the Coulomb diamond) for several reasons. Firstly, the
line graph in Fig. 1c shows the data in the high conductance
region averaged along a series of lines that run parallel to the edge
of the Coulomb diamond and plotted as a function of potential:
the peaks we observe would not be present if the lines did not run,
at least approximately, parallel to the edges of the high
conductance region. Furthermore, fluctuations in the DOS do
not typically give stepwise increases in the current, but rather
regions of increased conductance alternated by regions of
negative differential conductance, which we do not observe.
The spacing between the lines is approximately equal, which is a

feature of molecular modes and overtones, and unlikely to
be present in DOS fluctuations. Finally, we found the same
equally spaced conductance lines in another device (device E,
see Supplementary Note 6). From Fig. 1c we calculate the
average spacing between the lines measured for device A to be
4.9 ± 0.3 meV, which is in a rough agreement with DFT
calculations which predict the presence of a strongly-coupled
low-energy vibrational mode (at 6.0 meV, see Supplementary
Fig. 6). We note however that any assignment should be treated
with caution due to strong anharmonic effects often observed for
low-frequency molecular modes.

The current–voltage trace of device A measured on
resonance (Fig. 2a) reveals an asymmetry between the current
at positive and negative bias voltages. The potential drop across
the molecule is almost symmetric: αS ¼ CS=Ctot ¼ 0:45, where
Cs is the capacitance to the source and Ctot is the sum of the
capacitances to the source, drain and gate. Therefore the
current rectification is not due to an asymmetric potential drop
across the molecule26. Instead it is a direct result of
electron–electron interactions in the presence of asymmetric
molecule-electrode couplings and spin degeneracy7 (accounted
for by Ω), and can be inferred from equation 1–3. The current
rectification ratio will be between 1 (for symmetric coupling,
ΓS " ΓD) and 2 (for strongly asymmetric coupling, ΓS ≫ ΓD or
vice versa), and will alternate along with Ω for adjacent charge
states. The current rectification observed in our experiments
cannot be explained if the electron–electron interactions are
ignored (as within the non-interacting Landauer approach) or
in the case of strong coupling between the molecule and the
electrodes (where the energy uncertainty associated with the
lifetime of the electronic states is greater than the energy
required to change the charge state of the molecule).

We proceed to quantitatively describe the observed charge
transport by accounting for both lifetime broadening and the
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Fig. 1 Charge-transport characteristics of a graphene-porphyrin single-molecule junction. a Schematic representation of our device architecture:
nanometre-separated graphene source and drain electrodes are used to contact the molecule, and a local gate electrode separated from the molecule by a
thin layer of HfO2 (10 nm thick) is used to shift the molecular energy levels. For clarity, the bulky side-groups are not shown. b The molecule M used in this
study comprises of a porphyrin core (blue), with solubilising aryl side-groups on two of the porphyrin meso-positions (grey), and π-stacking anchor groups
on the other two meso-positions (red); here THS is trihexylsilyl. c Charge stability diagram showing the differential conductance (Gb) as a function of bias
voltage (Vb) and gate voltage (Vg) at 3.5 K; the actual gate voltage experienced by the molecule is only a fraction of the applied gate voltage because of the
drop across the HfO2 layer. The top panel shows the differential conductance of the top triangle as an average along the lines indicated by the arrows
running parallel to the edge of the triangle. d Schematic representation of current flowing through our single-molecule transistor. The molecular DOS for
reduction and oxidation processes are shown in red and blue, respectively, with electron-transfer rates shown as coloured areas. The Fermi-Dirac
distributions fS and fD, are shown as the grey areas for source and drain, respectively. At negative bias voltage, electrons tunnel sequentially from the
source via the molecule into the drain. For convenience, the bias voltage is drawn as applied symmetrically across the source and drain electrodes
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stacking leads to weak molecule-electrode coupling. In addition,
we observe a high conductance region in which sequential elec-
tron transfers take place. As the transition considered here is the
second closest in terms of the gate potential to the Fermi level of
the graphene leads (see the full charge stability in the Supple-
mentary Note 5), it is likely to be the transition between the N–2
and N–1 charge states (where N charge state corresponds to
the neutral molecular species, i.e. the M2+/M+ transition, see
Supplementary Fig. 3 for the relevant frontier orbitals). Our
assignments of the charge states are confirmed by observing the
high-current corner of each transition.9 Inside the sequential
tunnelling region, we observe lines of increased conductance
(Fig. 1c), which are spaced equally apart. We are able to assign
these conductance lines to vibrational excitations of the molecule
during the charging process, in line with previous studies13,14,24.
At low bias resonant transfer occurs between the vibrational
ground states of both charge states. As the bias voltage is
increased, electron transfer onto the molecule can be accom-
panied by a vibrational excitation.

The assignment of the conductance lines to molecular
vibrations, as opposed to e.g. density of states (DOS) fluctuations
in the graphene25, is robust despite the presence of some
imperfections in the experimental data (such as jumps in the
edges of the Coulomb diamond) for several reasons. Firstly, the
line graph in Fig. 1c shows the data in the high conductance
region averaged along a series of lines that run parallel to the edge
of the Coulomb diamond and plotted as a function of potential:
the peaks we observe would not be present if the lines did not run,
at least approximately, parallel to the edges of the high
conductance region. Furthermore, fluctuations in the DOS do
not typically give stepwise increases in the current, but rather
regions of increased conductance alternated by regions of
negative differential conductance, which we do not observe.
The spacing between the lines is approximately equal, which is a

feature of molecular modes and overtones, and unlikely to
be present in DOS fluctuations. Finally, we found the same
equally spaced conductance lines in another device (device E,
see Supplementary Note 6). From Fig. 1c we calculate the
average spacing between the lines measured for device A to be
4.9 ± 0.3 meV, which is in a rough agreement with DFT
calculations which predict the presence of a strongly-coupled
low-energy vibrational mode (at 6.0 meV, see Supplementary
Fig. 6). We note however that any assignment should be treated
with caution due to strong anharmonic effects often observed for
low-frequency molecular modes.

The current–voltage trace of device A measured on
resonance (Fig. 2a) reveals an asymmetry between the current
at positive and negative bias voltages. The potential drop across
the molecule is almost symmetric: αS ¼ CS=Ctot ¼ 0:45, where
Cs is the capacitance to the source and Ctot is the sum of the
capacitances to the source, drain and gate. Therefore the
current rectification is not due to an asymmetric potential drop
across the molecule26. Instead it is a direct result of
electron–electron interactions in the presence of asymmetric
molecule-electrode couplings and spin degeneracy7 (accounted
for by Ω), and can be inferred from equation 1–3. The current
rectification ratio will be between 1 (for symmetric coupling,
ΓS " ΓD) and 2 (for strongly asymmetric coupling, ΓS ≫ ΓD or
vice versa), and will alternate along with Ω for adjacent charge
states. The current rectification observed in our experiments
cannot be explained if the electron–electron interactions are
ignored (as within the non-interacting Landauer approach) or
in the case of strong coupling between the molecule and the
electrodes (where the energy uncertainty associated with the
lifetime of the electronic states is greater than the energy
required to change the charge state of the molecule).

We proceed to quantitatively describe the observed charge
transport by accounting for both lifetime broadening and the
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influence of the vibrational environment in our quantum-
mechanical expression for the molecular DOS5:

kred=ox ϵð Þ ¼ 1
π
Re

Z1

0

eσi ϵ$μð Þt=!he$t=τB tð Þdt; ð4Þ

where τ ¼ 2!h ΓS þ ΓDð Þ$1 is the lifetime of the electronic state,

and μ the energy level of the molecule. The sign σ is either +1 for
reduction or –1 for oxidation. The phononic correlation function,
B(t), which can be thought of as a time-dependent
Frank–Condon factor that describes the nuclear dynamics
accompanying electron transfer27, is given by:

B tð Þ ¼ exp
Z

J ωð Þ
ω2 coth

ω
2kBT

! "
´ cosωt $ 1ð Þ $ isinωt

! "
dω

# $
;

ð5Þ

where J ωð Þ ¼
P

q gq
%%%

%%%
2
δðω$ ωqÞ is the spectral density for

vibrations with frequencies ωq and electron-vibration coupling
strengths gq; kBT is the thermal energy.

Now having introduced our model, we begin by fitting the
differential conductance of device A on resonance to equation 1,
Fig. 2a (bottom panel), with ΓS, ΓD, ωq and gq as the fitting
parameters. We found that the low-bias electron transfer is
dominated only by a single molecular vibrational mode with energy
ћωq= 4.2meV and Huang–Rhys parameter Sq ¼ g2q=!h

2ω2
q = 0.4.

However, a spectral density consisting of only this single mode
(the usual Franck-Condon model)16 cannot reproduce the
experimental data. Only if we account for the coupling to the
substrate, do we find a good agreement with the empirical data, as
shown in Fig. 2a (top panel). We model this outer-sphere
background using a structureless super-Ohmic spectral density
with an exponential cut-off. Such a spectral density can be used to
describe the (deformation) coupling of a localised charge to bulk
phonons28–30 and constitutes the simplest description of this
environmental contribution, see Supplementary Note 4.

The complete fit therefore comprises two additional para-
meters to describe the environment: the corresponding reorga-
nisation energy, λo, and the cut-off phonon frequency, ωc. From
the fit we obtain λo= 26 meV and ћωc= 8.3 meV (we note that
only the low-frequency part of the outer-sphere background can
be extracted from the low-bias measurements considered here).
The overall spectral density therefore contains both an inner
sphere contribution, corresponding to structural reorganisation of
the molecule, and an outer sphere contribution from the
surrounding dielectric environment. Molecule-electrode coupling
leads to a lifetime broadening of the conductance peaks: ћ/τ=
0.31 meV. Omitting lifetime broadening leads to a ~30% over-
estimation of the zero-bias conductance at 5 K (see Supplemen-
tary Note 6). The validity of our approach is further substantiated
by the fact that using the parameters obtained from fitting a single
differential conductance trace on resonance, we can calculate the
entire current map as function of bias and gate voltage which
shows very good agreement with the experimental data, as shown
in Fig. 2b.

Temperature-dependence. We proceed to consider the tem-
perature dependence of the observed transport behaviour. As
shown in Fig. 3a, we can successfully fit the resonant
current–voltage traces between 5 K and 70 K with the spectral
density extracted above, i.e. using the extracted parameters: ωq, Sq,
λo and ωc. It is necessary, however, to re-fit ΓS/D at each tem-
perature to account for apparent changes in the exact nature of
the molecule-electrode contact as the junction is warmed up.
Experimentally, we find that as the temperature increases the
resonant conductance decreases and the structure of the differ-
ential conductance is washed away. This can be explained by the
simultaneous thermal broadening of the Fermi distributions in
the leads and the molecular DOS, kred/ox.

At higher temperatures, kBT & !hω; !h=τ, it is possible to
simplify equation 4 by disregarding lifetime broadening and
considering a high-temperature limit within the phononic
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Fig. 2 The contributions of inner and outer sphere vibrational interactions in
device A. a Current (Ib) and differential conductance (Gb) as a function of
bias voltage (Vb) of device A (circles) at 5 K, corresponding fit to our model
(red line), and corresponding curves without environmental coupling (dark
red line) or without vibrational coupling (black line). b Experimental current
(left top) and differential conductance (left bottom) maps as a function of
bias and gate voltage of device A, and reconstructed maps (right) from the
parameters used to fit the IV trace in a). At higher (positive) bias we
observe switching in the stability diagram most likely resulting from a
nearby charge trap30. This effect is however inconsequential to the
phenomena discussed here
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influence of the vibrational environment in our quantum-
mechanical expression for the molecular DOS5:

kred=ox ϵð Þ ¼ 1
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where τ ¼ 2!h ΓS þ ΓDð Þ$1 is the lifetime of the electronic state,

and μ the energy level of the molecule. The sign σ is either +1 for
reduction or –1 for oxidation. The phononic correlation function,
B(t), which can be thought of as a time-dependent
Frank–Condon factor that describes the nuclear dynamics
accompanying electron transfer27, is given by:
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vibrations with frequencies ωq and electron-vibration coupling
strengths gq; kBT is the thermal energy.

Now having introduced our model, we begin by fitting the
differential conductance of device A on resonance to equation 1,
Fig. 2a (bottom panel), with ΓS, ΓD, ωq and gq as the fitting
parameters. We found that the low-bias electron transfer is
dominated only by a single molecular vibrational mode with energy
ћωq= 4.2meV and Huang–Rhys parameter Sq ¼ g2q=!h

2ω2
q = 0.4.

However, a spectral density consisting of only this single mode
(the usual Franck-Condon model)16 cannot reproduce the
experimental data. Only if we account for the coupling to the
substrate, do we find a good agreement with the empirical data, as
shown in Fig. 2a (top panel). We model this outer-sphere
background using a structureless super-Ohmic spectral density
with an exponential cut-off. Such a spectral density can be used to
describe the (deformation) coupling of a localised charge to bulk
phonons28–30 and constitutes the simplest description of this
environmental contribution, see Supplementary Note 4.

The complete fit therefore comprises two additional para-
meters to describe the environment: the corresponding reorga-
nisation energy, λo, and the cut-off phonon frequency, ωc. From
the fit we obtain λo= 26 meV and ћωc= 8.3 meV (we note that
only the low-frequency part of the outer-sphere background can
be extracted from the low-bias measurements considered here).
The overall spectral density therefore contains both an inner
sphere contribution, corresponding to structural reorganisation of
the molecule, and an outer sphere contribution from the
surrounding dielectric environment. Molecule-electrode coupling
leads to a lifetime broadening of the conductance peaks: ћ/τ=
0.31 meV. Omitting lifetime broadening leads to a ~30% over-
estimation of the zero-bias conductance at 5 K (see Supplemen-
tary Note 6). The validity of our approach is further substantiated
by the fact that using the parameters obtained from fitting a single
differential conductance trace on resonance, we can calculate the
entire current map as function of bias and gate voltage which
shows very good agreement with the experimental data, as shown
in Fig. 2b.

Temperature-dependence. We proceed to consider the tem-
perature dependence of the observed transport behaviour. As
shown in Fig. 3a, we can successfully fit the resonant
current–voltage traces between 5 K and 70 K with the spectral
density extracted above, i.e. using the extracted parameters: ωq, Sq,
λo and ωc. It is necessary, however, to re-fit ΓS/D at each tem-
perature to account for apparent changes in the exact nature of
the molecule-electrode contact as the junction is warmed up.
Experimentally, we find that as the temperature increases the
resonant conductance decreases and the structure of the differ-
ential conductance is washed away. This can be explained by the
simultaneous thermal broadening of the Fermi distributions in
the leads and the molecular DOS, kred/ox.

At higher temperatures, kBT & !hω; !h=τ, it is possible to
simplify equation 4 by disregarding lifetime broadening and
considering a high-temperature limit within the phononic
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(red line), and corresponding curves without environmental coupling (dark
red line) or without vibrational coupling (black line). b Experimental current
(left top) and differential conductance (left bottom) maps as a function of
bias and gate voltage of device A, and reconstructed maps (right) from the
parameters used to fit the IV trace in a). At higher (positive) bias we
observe switching in the stability diagram most likely resulting from a
nearby charge trap30. This effect is however inconsequential to the
phenomena discussed here
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molecular deposition, and therefore devices were measured
before and after deposition to ensure we only study trans-
port features related to FP2. From 98 devices measured at
5 K, the majority displayed resonant tunneling features
prior to molecular deposition, consistent with previous
work [27]. Five displayed clear resonant transport only
after deposition and had consistent addition energies with
the device studied in detail here. The presented device
has a molecule-electrode coupling that results in relative

magnitudes of the sequential tunneling, cotunneling, and
relaxation rates that enable experimental observation of
absorption sidebands.
A large Vg-range conductance map [Fig. 1(d)] confirms

the molecule is weakly coupled to the graphene electrodes.
Off-resonant transport is suppressed due to CB and
multiple Coulomb diamonds, with addition energies in
the range, 150–300 meV, observed and separated by
resonant transport regions. Because of the electron-rich
anchor groups and p doping of graphene by the substrate
[29], charge states are assigned to successive oxidized
states of FP2, i.e., N − 5 to N, N being the number of
electrons on the neutral molecule. The assignment and
addition energies are inline with studies on the same family
of molecules [9,30,31]. We focus on electron-vibration
coupling features manifested in the charge transitions at
Vg ¼ −1.25 V, assigned to the N − 4=N − 3 transition
(green box), and Vg ¼ −0.6 V, assigned to N − 3=N − 2
(blue box).
Figure 2(a) displays high-resolution conductance maps

of the N − 4=N − 3 transition. The solid slanted lines
define the usual resonant transport region separating
N − 4 and N − 3 diamonds. Lines of increased conduct-
ance running parallel to the diamond edges (dashed and
dotted lines) are caused by additional transport channels to
the ground-state or ground-state transition between N − 4
and N − 3. The low energy of these excited-state channels,
around 9 meV, point to a vibrational origin. Vibrational
transitions of similar energy were observed in porphyrin
monomers [9]. Under weak coupling, resonant transport is
dominated by first-order sequential tunneling processes,
i.e., jN; qi to jN0; q0i where N0 ¼ N " 1, and each addi-
tional channel involves either the hopping on or off ET

FIG. 1. (a) Device schematic. (b) False-color SEM image of
graphene (Gr) transferred onto source (S) and drain (D), and
local-gate electrode (LG). Gr is patterned into a bowtie shape to
produce nanoelectrodes via electroburning. (c) Molecular struc-
ture of FP2, Ar: 3,5-bis(trihexylsilyl)phenyl. (d) Conductance
map (dIsd=dVsd) of the FP2 device; transitions studied are
outlined in green and blue.

FIG. 2. (a) Temperature-dependent conductance maps of the N − 4=N − 3 transition, showing quasiperiodic resonant transport
features. The onset of the second sideband is indicated (orange arrow). (b) Conductance measured along the first [between gray markers,
(a)] and second (pink markers) sidebands shows suppression below eVsd < nℏωq. (c) Negative differential resistance (gray band)
between the first two sidebands. (d) Temperature dependence of the Coulomb peak (CP) and first sideband (SB), [orange and blue
circles, (a)]. The ground state shows a simple 1=T relationship (black line). The first sideband is suppressed, increasing due to thermal
population of q ¼ 1, fitted by Eq. (4) (black line). (e) Temperature-dependent conductance through the first and second sideband [square
markers on (a)] at eVsd ¼ ℏωq; the conductance of the first sideband is high and decays as 1=T (black line) whilst the second grows with
temperature. Error bars are from a fit to the conductance trace around the SB or CP, and gray areas are confidence bands on the fits.
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steps required to transport an electron through the junction
to be accompanied by a change in vibrational state, i.e.,
Δq ¼ q0 − q ≠ 0. These steps generate out-of-equilbrium
vibrational excitations in the molecule, but if vibrational
relaxation is much faster than sequential ET then under
steady-state conditions the system can be treated as in
equilibrium. Under equilibrium and at low temperature,
only the vibrational ground state is appreciably populated,
CB is maintained, and sequential tunneling current should
be strictly bound within the solid lines defining the ground-
state to ground-state resonant tunneling transition. Here,
however, more complex behavior is observed. The addi-
tional transport channels at energies of ℏωq ¼ 9 meV
(dashed and dotted slanted lines) do not terminate at the
CB boundaries but instead extend into the N − 4 diamond,
forming sidebands to the Coulomb peak. The N − 4 side-
bands run parallel to diamond edges, indicating the current
results from sequential tunneling. The first sideband
corresponds to a transition with Δq ¼ −1, and thus
sequential tunneling must involve at least the first vibra-
tionally excited state of N − 4. For the second sideband,
Δq ¼ −2 and sequential tunneling originates from the
second vibrationally excited state of N − 4. The sidebands
are present at 5 K, despite the absence of equilibrium
population in jN − 4; 1i.
Figure 2(b) shows the sidebands do not cross the zero-

bias axis. At 5 K conductance of the first sideband
[Fig. 2(b), gray] is suppressed below jeVsdj ¼ ℏωq, and
the second sideband conductance (pink) below 2ℏωq. This
suggests that features within the N − 4 Coulomb diamond
result from cotunneling-assisted sequential tunneling
[19,20]. The emergence of the first sideband is shown in
Fig. 3(a). At low voltages (jeVsdj < ℏωq) cotunneling must
be elastic (q0 ¼ q) and will contribute a small portion of
tunneling current (cotunneling is second order in Γ). Above
jeVsdj ¼ ℏωq inelastic cotunneling events, which leave the
molecule in an excited vibrational state, are energetically
allowed [Fig. 3(a)]. If the vibrational excitation resulting
from inelastic cotunneling relaxes slowly compared with
sequential tunneling rates, WN;N0

q;q0 , specifically WN−4;N−3
1;0 ,

then a sequential tunneling pathway to the N − 3 ground
state is opened up [Fig. 3(a)]. The jN − 3; q ¼ 0i state can
subsequently undergo sequential tunneling to up to the
second vibrationally excited state of N − 4. If electron-
phonon coupling, parametrized by the constant λq, is weak
(< 1) then the transition to jN − 4; q ¼ 0i is most likely,
and the molecule returns to the vibrational ground state
until inelastic cotunneling restarts the cycle. If λq > 1 then
transitions to jN − 4; q ¼ 1; 2i out compete the return to
the N − 4 ground state, and a single inelastic cotunneling
event leads to sustained sequential tunneling through the
molecule, even in the CB region, via vibrationally excited
states of N − 4. Therefore the prominence of the sidebands
is enhanced with strong electron-phonon coupling.

We look to a understand these mechanisms quantita-
tively. Conductance is a sum of cotunneling and sequential
tunneling contributions: Gsd ≈Gseq þ Gcot. At low temper-
ature and zero bias these are given analytically by [32]

Gseq ¼ −
2e2

ℏ
ΓLΓR

ΓL þ ΓR

f0ðϵdÞ
1þ fðϵdÞ

e−λ
2 ð1Þ

and

FIG. 3. (a) Onset of first sideband (red dot, panel (d)). Blue
N − 4 parabolas correspond to an electron at the Fermi level of left
jμL; N − 4; 0i or right j0; N − 4; μRi electrode. The green parabola
corresponds to the electron being on the molecule: j0; N − 3; 0i.
N − 4 parabola have the same x-position, but are offset fromN − 3

by %losc
ffiffiffi
2

p
λq to visualise electron flow from right to left lead.

Inelastic cotunneling promotes themolecule toq ¼ 1. If relaxation
(1=τN−4) is smaller thanWN−4;N−3

1;0 , sequential tunneling proceeds
via excited states of FP2, leading to sidebands. (b) Parabolas at the
onset of the first N − 3 sideband (grey dot) are not observed as
1=τN−3 out-competes sequential tunneling. (c) Fits to zero-bias
gate traces yield λq and Γ̄ values, here λq ¼ 2.7, Γ̄ ¼ 40 μeV.
Traces are offset for clarity. (d) Modelled conductance map at 5 K,
using ℏωq ¼ 9 meV, λq ¼ 2.7, Γ̄ ¼ 40 μeV, 1=τN−4 ¼ 1=100×
WN−4;N−3

1;0 , 1=τN−3 ¼ 100 ×WN−3;N−4
1;0 ; sequential tunneling rates

are calculated at the red and grey points respectively.
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steps required to transport an electron through the junction
to be accompanied by a change in vibrational state, i.e.,
Δq ¼ q0 − q ≠ 0. These steps generate out-of-equilbrium
vibrational excitations in the molecule, but if vibrational
relaxation is much faster than sequential ET then under
steady-state conditions the system can be treated as in
equilibrium. Under equilibrium and at low temperature,
only the vibrational ground state is appreciably populated,
CB is maintained, and sequential tunneling current should
be strictly bound within the solid lines defining the ground-
state to ground-state resonant tunneling transition. Here,
however, more complex behavior is observed. The addi-
tional transport channels at energies of ℏωq ¼ 9 meV
(dashed and dotted slanted lines) do not terminate at the
CB boundaries but instead extend into the N − 4 diamond,
forming sidebands to the Coulomb peak. The N − 4 side-
bands run parallel to diamond edges, indicating the current
results from sequential tunneling. The first sideband
corresponds to a transition with Δq ¼ −1, and thus
sequential tunneling must involve at least the first vibra-
tionally excited state of N − 4. For the second sideband,
Δq ¼ −2 and sequential tunneling originates from the
second vibrationally excited state of N − 4. The sidebands
are present at 5 K, despite the absence of equilibrium
population in jN − 4; 1i.
Figure 2(b) shows the sidebands do not cross the zero-

bias axis. At 5 K conductance of the first sideband
[Fig. 2(b), gray] is suppressed below jeVsdj ¼ ℏωq, and
the second sideband conductance (pink) below 2ℏωq. This
suggests that features within the N − 4 Coulomb diamond
result from cotunneling-assisted sequential tunneling
[19,20]. The emergence of the first sideband is shown in
Fig. 3(a). At low voltages (jeVsdj < ℏωq) cotunneling must
be elastic (q0 ¼ q) and will contribute a small portion of
tunneling current (cotunneling is second order in Γ). Above
jeVsdj ¼ ℏωq inelastic cotunneling events, which leave the
molecule in an excited vibrational state, are energetically
allowed [Fig. 3(a)]. If the vibrational excitation resulting
from inelastic cotunneling relaxes slowly compared with
sequential tunneling rates, WN;N0

q;q0 , specifically WN−4;N−3
1;0 ,

then a sequential tunneling pathway to the N − 3 ground
state is opened up [Fig. 3(a)]. The jN − 3; q ¼ 0i state can
subsequently undergo sequential tunneling to up to the
second vibrationally excited state of N − 4. If electron-
phonon coupling, parametrized by the constant λq, is weak
(< 1) then the transition to jN − 4; q ¼ 0i is most likely,
and the molecule returns to the vibrational ground state
until inelastic cotunneling restarts the cycle. If λq > 1 then
transitions to jN − 4; q ¼ 1; 2i out compete the return to
the N − 4 ground state, and a single inelastic cotunneling
event leads to sustained sequential tunneling through the
molecule, even in the CB region, via vibrationally excited
states of N − 4. Therefore the prominence of the sidebands
is enhanced with strong electron-phonon coupling.

We look to a understand these mechanisms quantita-
tively. Conductance is a sum of cotunneling and sequential
tunneling contributions: Gsd ≈Gseq þ Gcot. At low temper-
ature and zero bias these are given analytically by [32]

Gseq ¼ −
2e2

ℏ
ΓLΓR

ΓL þ ΓR

f0ðϵdÞ
1þ fðϵdÞ

e−λ
2 ð1Þ

and

FIG. 3. (a) Onset of first sideband (red dot, panel (d)). Blue
N − 4 parabolas correspond to an electron at the Fermi level of left
jμL; N − 4; 0i or right j0; N − 4; μRi electrode. The green parabola
corresponds to the electron being on the molecule: j0; N − 3; 0i.
N − 4 parabola have the same x-position, but are offset fromN − 3

by %losc
ffiffiffi
2

p
λq to visualise electron flow from right to left lead.

Inelastic cotunneling promotes themolecule toq ¼ 1. If relaxation
(1=τN−4) is smaller thanWN−4;N−3

1;0 , sequential tunneling proceeds
via excited states of FP2, leading to sidebands. (b) Parabolas at the
onset of the first N − 3 sideband (grey dot) are not observed as
1=τN−3 out-competes sequential tunneling. (c) Fits to zero-bias
gate traces yield λq and Γ̄ values, here λq ¼ 2.7, Γ̄ ¼ 40 μeV.
Traces are offset for clarity. (d) Modelled conductance map at 5 K,
using ℏωq ¼ 9 meV, λq ¼ 2.7, Γ̄ ¼ 40 μeV, 1=τN−4 ¼ 1=100×
WN−4;N−3

1;0 , 1=τN−3 ¼ 100 ×WN−3;N−4
1;0 ; sequential tunneling rates

are calculated at the red and grey points respectively.
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the π systems indeed varies with charge state. This
rationalizes why a mode of torsional nature is likely to
couple strongly to ET in the oxidations of FP2, and is
consistent with previous observations in porphyrin mono-
mers with pyrene anchoring groups [9].
The origins of slow vibrational relaxation are more

difficult to pin down; dissipation is affected by energy-
dependent coupling to the phononic background of the
environment and intramolecular vibrational redistribution
[36,37]. A room-temperature study of vibrational lifetimes
in anthracene derivatives in molecular junctions gave
values in the 10–100 picosecond range, similar to solution
measurements, where picosecond relaxation is typical
[38,39]. Generally, vibration relaxation slows as temper-
ature decreases [37]. For example, our measured relaxation
time of τN−4 > 8 ns, giving a Q factor (τE=h) of > 20 000,
is comparable to that found for the radial breathing mode of
a carbon nanotube at 5 K [40]. Particularly interesting is the
link between the molecular charge state and, consequently,
its geometry, and the relaxation rate. We note that FP2 in
the N − 4 oxidation state has a coplanar porphyrin-pyrene
system (Fig. 4). Therefore the potential resulting from
rotation around the angle θ is approximately harmonic (an
approximation underpinning the above analysis), whereas
for N to N − 3 with nonzero values of θ the potential is
quartic with two minima, corresponding to syn and anti
conformations of the pyrene-porphyrin-pyrene system.
Quartic potentials increase the energy density of low-
energy modes and, combined with the substrate-induced
asymmetry, could expedite intramolecular vibrational
relaxation for the N to N − 3 states [41,42]. Therefore,
moving beyond the harmonic approximation may be
required to fully unravel the tunneling dynamics at play.
The observation of sidebands depends crucially on the (in
our case uncontrolled) electronic and vibrational couplings
between the nanoscopic system and its environment and is
thus device specific; however, the uncovered principle will
influence thermodynamics of ET in any quantum system.
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The Hamiltonian of the full system is given by:

H ¼ HE + HV + HHB (1)

where the le (L) and right (R) electrodes are fermionic reser-
voirs described by:

HE ¼
X

l¼L;R

X

kl ;s

3klckl ;s
þckl ;s (2)

that are coupled to FP3 via the Hamiltonian:

HV ¼
X

l¼L;R

X

kl ;s

Vklal;s
þckl ;s þH:c: (3)

The extended Hubbard Hamiltonian that describes the
many-body electronic structure of FP3 is given by:

HHB ¼
X

i;s

3ini;s þ t
X

s

ðaL;sþaR;s þ aR;s
þaL;sÞ þU

X

i

!
ni;[ % 1

2

"

&
!
ni;Y % 1

2

"
þ VðnL;[ þ nL;Y % 1ÞðnR;[ þ nR;Y % 1Þ

(4)

where t, U and V are the inter-site tunnel coupling, on-site
repulsion and inter-site repulsion, respectively (Fig. 2b). ai,s

+

and ai,s are creation and annihilation operators for an electron of
spin s (¼ [ or Y) in site i (¼ L or R). ni,s are the number oper-
ators, ni,s ¼ ai,s

+ai,s. Creation and annihilation operators for an
electron of energy 3kl in the electrodes are given by ckl,s

+ and ckl,s
and Vkl is the coupling strength. We apply the wide-band
approximation and take: Vkl ¼ Vl. This is related to the mole-
cule–electrode coupling by: Gl ¼ 2pjVlj2rl under the assumption
that the density of states in the leads, rl, is constant.30

The energies of the molecular states, 3i depend on the bias
and gate voltages:

3i ¼ 30 % asVb % agVg (5)

where as and ag are the coupling to the source and gate elec-
trodes respectively.

For the two-site molecular system, which can accommodate
up to four electrons, the eigenvectors of the Hubbard Hamil-
tonian are summarized in Table 1.31 The ‘vacuum’ state corre-
sponds to both HOMO and HOMO%1 being empty (N % 4:
FP34+); the neutral molecule (N state) is when the HOMO%1 and
HOMO are both lled. Therefore, there is a single electronic
state for N % 4 and N charge states. For each of N % 1 and N % 3
there are a pair of doubly (spin) degenerate states, separated in
energy by 2jtj, denoted D% and D+. Finally for N % 2 there exist 6
states: a 3-fold degenerate triplet T, and three singlet states,
analogous to a 2-orbital-2-electron treatment.32 The nature of
the singlet states is more complex than an open-shell/closed-
shell description, as shown in Table 1.

The coefficients in Table 1, c+ and c% are given by:

cþ=% ¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1' U % V

2C

r
(6)

where C is given by:

C ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi!
U % V

2

"2

þ 4t2

s

(7)

Table 1 The 16 energy eigenvectors of the Hubbard Hamiltonian for
charge states N % 4 to N and their designation, under the assumption
of equal site energies. s ¼ ([,Y), FA ¼ j[Y,0i, FB ¼ j0,[Yi, FC ¼ j[,Yi
and FD ¼ jY,[i. The coefficients c+ and c% depend on the values of t,
U, and V, as described in the text

Charge
state Eigenstates of HHB State (degeneracy)

N % 4 j0,0i SN%4 (1)
N % 3 ðjs; 0iþ j0;siÞ=

ffiffiffi
2

p
D+,s

N%3 (2)

ðjs; 0i% j0;siÞ=
ffiffiffi
2

p
D%,s

N%3 (2)
N % 2 c%(FA + FB) % c+(FC % FD) S%

N%2, (1)
ðj[;Yiþ jY;[iÞ=

ffiffiffi
2

p
;

j[;[i; jY;Yi
T0

N%2,
T1

N%2 T%1
N%2 (3)

ðj[Y; 0i% j0;[YiÞ=
ffiffiffi
2

p
SCS

N%2, (1)
c+(FA + FB) + c%(FC + FD) S+

N%2, (1)
N % 1 ðj[Y;siþ js;[YiÞ=

ffiffiffi
2

p
D+,s

N%1, (2)

ðj[Y;si% js;[YiÞ=
ffiffiffi
2

p
D%,s

N%1, (2)
N j[Y,[Yi SN, (1)

Fig. 2 (a) MO diagram displaying the eigenbasis and site basis of the
frontier orbitals of FP3 in the N state. Since the sum of the site orbitals
yields the MO that is lower in energy the tunnel coupling, t, is negative.
(b) Visualization of the Hubbard terms for FP3, U and V are potential
energy terms due to on-site and inter-site repulsion, and t is the kinetic
energy term accounting for hopping between localized sites.
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is again in agreement with the Hubbard model. From Fig. 3e,
this ratio arises because charge transport at higher bias occurs
between four doublets of the N! 3 charge state and the ground-
state singlet and the low-lying triplet of the N ! 2 charge state
(the singlet–triplet gap is only approximately "1 meV for the
values of parameters used in the Hubbard model). The
remaining excited singlet states are visible in Fig. 3 as the
excited state line at higher bias. The situation becomes slightly
more nuanced as the probability of each transition is scaled by
a relevant Dyson orbital coefficient. The rectication behavior
can be understood for the full set of transitions from Fig. 4d, the
off-diagonal elements connecting two charge states represent
the rate of transfer between those two states on resonance. By
inspection of the upper le corner we can see that the rate of N
! 4 / N ! 3 is 2.0 whereas it is 0.5 for N ! 3 / N ! 4, giving
a ratio of Ib(!Vb) : Ib(+Vb) of 4 : 1. For N ! 3/N ! 2 it is 1.0 for
either direction. These values also reect the relative magni-
tudes of current expected between the N ! 4/N ! 3 and N ! 3/N
! 2 transitions for a Hubbard dimer, as is observed
experimentally.

Electron–vibrational coupling

Due to their relatively small size, molecular systems undergo
signicant geometric changes upon charging when compared
to lithographically dened structures, and as such vibration
coupling to sequential electron transport is signicant for these
systems. FP3 has 3Natom ! 6 ¼ 3345 vibrational normal modes
that span the energies between a few meV for out-of-plane

bending motions, through several hundreds of meV for C–C
bond stretches and up to 400 meV for C–H stretches, as is
typical of a large p-conjugated molecule. Electron–vibration
coupling to these modes causes low-bias suppression of
tunneling current, and by omitting them, IV traces calculated
from the Hubbard model signicantly overestimate the current
at low bias, as can be seen in Fig. 4a and b. The absence of
electron–vibration coupling in the Hubbard model also
accounts for the lack of asymmetry in the sequential tunneling
regions with respect to gate voltage that is visible in the exper-
imental stability diagrams.29 In order to reproduce absolute
values of the current and therefore reinforce the fact that the
two-site Hubbard model is applicable, we incorporate electron–
vibration coupling into the electron-transfer rate constants, ki/
j, by replacing the Dirac delta functions centered on the
chemical potential of the transition from i to j.

The method we use follows previous work,7,30 and is
described in more detail in the ESI.† In short, a spectral density
is constructed that accounts for contributions to the rates of
electron transfer from the inner sphere (i.e. distortion of the
molecule along normal modes of vibration upon charging) and
from the outer sphere (i.e. distortion of the local molecular
environment, predominantly the substrate). For the N! 4/N! 3
transition, the electron-transfer rates for reduction: kS/D+ and
kS/D! (and similarly for oxidation, kD+/S and kD!/S) are
assumed to be the same except for the offset in energy by
spacing between the doublets, j2tj. The experimental N ! 4/N !
3 IV traces are then tted using three parameters, l0, GS, and GD,

Fig. 3 Experimental stability diagrams of device A, (a) current and (c) derived conductance, measured at 77 K; the Coulomb diamonds are
assigned with their charge states. (b) and (d) are current and conductance stability diagrams, respectively, calculated using the Hubbard model,
with parametersU¼ 0.50 eV, V¼ 0.14 eV and t¼!0.01 eV. The couplings to the source and gate electrodes are aS ¼ 0.37, and aG ¼ 4.8$ 10–3,
taken from the experimental data. The molecule–electrode couplings are taken from the IV fit in Fig. 4a. (e) The energy eigenvalues of the 16
Fock states of FP3 involved in electron transfer calculated for device A using the Hubbard model at Vg ¼ !80 V, the lowest experimental gate
voltage. The potentials experienced by the molecule are much lower than those applied experimentally due to screening by the 300 nm SiO2

gate dielectric, this is captured by the small value of aG.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 11121–11129 | 11125
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Fig. 1 | Quantum-interference-enhanced single-molecule transistor. a Schematic representation of a graphene-
based single-molecule transistor. The 3,5-bis(trihexylsilyl)phenyl solubilising groups on the lateral meso positions of the 
porphyrin have been replaced with H atoms for clarity. b Device architecture. The grey-blue rectangular strip in the 
centre is the local platinum gate electrode under a 10 nm layer of HfO2 (transparent); the rectangular areas (grey-blue) 
at each end are source and drain platinum electrodes, which are in contact with the bowtie-shape graphene (pink). c 
Optimised junction geometry with the local density of states at the Fermi level displayed in green (isovalue is set at 
0.0005). The zero-LDOS carbon atoms are highlighted in red. d. Calculated behaviour of the electronic transmission  
as a function of energy. e Differential conductance at T = 80 K vs Vg at Vsd = 0 mV. The conductance is plotted in 
logarithmic scale as the ratio to conductance quantum, G0. 

To explore the use of QI in nanoelectronic devices, we employ a zinc-porphyrin with 4-ethynylaniline 
anchor groups at opposite (5,15) meso positions and bulky 3,5-bis(trihexylsilyl)phenyl substituents at the 
other two (10, 20) meso positions as an active channel (Fig. 1a, see Supplementary Section 2 for synthesis). 
The energy-level spacings and the chemical potentials are found to be within the experimental ranges of 
source-drain and gate voltages (Vsd and Vg, respectively). As a result, both the on- and off- resonance 
transport regimes are accessible, allowing evaluation of not only the interference between orbitals, but also 
the influence of their coupling to the reservoirs. The molecules were integrated into three-terminal molecular 
transistor devices by direct covalent coupling of amine groups to carboxylic acid residues on the oxidised 
edges of graphene electrodes, which are generated during electroburning (see Methods).19 The current Isd is 
measured on applying Vsd and the device behaviour can be switched using Vg (Fig. 1b).  

The atomically-defined nature of the molecular transport channel allows the prediction of the device 
behaviour using a combination of DFT and quantum transport theory.20,21 For the isolated molecule, the 
highest occupied molecular orbital (HOMO) and the lowest unoccupied one (LUMO) are not predicted to 
interfere destructively (Supplementary Section 8).22 However, the molecular coupling to the carbon atoms of 
the electrodes has a significant influence on transmission: the connection to carbon atoms with zero local 
density of states at the Fermi energy, as present at irregular graphene edges,17,23 leads to a dramatic QI 
effect (Fig. 1c, d). The resulting electron transmission spectrum, (E), spans over ten decades, with an 
asymmetric shape, and an extremely pronounced dip produced by anti-resonance within the HOMO-LUMO 
gap (Fig. 1d). This is a surprising result: contrary to the usual case where QI is produced by the phase 
properties of the frontier molecular orbitals,22 the anti-resonance here arises as a result of coupling between 
graphene edge states via molecular orbitals (Supplementary Section 8).  

The experimental behaviour displays the predicted features, as shown by plotting the gate-
dependence of the zero-bias conductance (normalised by the conductance quantum),12 𝐺𝑠𝑑 = 𝜕𝐼𝑠𝑑/𝜕𝑉𝑠𝑑 ∝
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ordering2,5,9,26,27. This hysteresis is indeed observed at tempera-
tures comparable to the transport experiments using a torque
magnetometer (Fig. 2b) and the full angular dependence of the
anisotropy, as a function of the orientation of the magnetic field
can be extracted (detailed in Methods section).

Fabrication of the devices follows a published procedure22 that
is described in the Methods section. In brief, graphene ribbons are
patterned lithographically into a bowtie shape and feedback-
controlled electro-burning forms graphene nanogaps that are
1–2 nm, as estimated from the tunneling currents (Fig. 2c)29.
Single-molecule transistors are then produced by drop-casting a
solution of MP in toluene (2 µM) onto the nanogaps. A local gate
electrode, separated by 10 nm of HfO2, runs under the tunnel
junction allowing the molecular levels to shift with respect to the
chemical potential of the leads by a gate voltage VG (Fig. 2c, d)
and modulating the current ISD produced by the source-drain
voltage VSD.

Charge transport measurements. Figure 3a, b and Supplemen-
tary Fig. 26 show the stability diagrams of the differential con-
ductance GSD ¼ ∂ISD=∂VSD vs. VSD and VG for several MP
devices. The observation of Coulomb blockade confirms that
graphene-MP molecular devices operate in the desired weakly-
coupled transport regime, with ΔE " kBT; Γ, where ΔE is the
energy spacing between molecular levels, kB is the Boltzmann
constant and Γ ¼ ΓS þ ΓD is the electronic coupling to the source
and drain electrodes24,30. For weakly-coupled molecular junc-
tions, single-electron tunneling is the mechanism of charge
transport, with regions of blocked current produced by Coulomb
repulsion where the charge on the molecule is fixed. Between
these regions, current flows through the weakly-coupled mole-
cular junction as a result of sequential electron transfer to (i.e., a
reduction process) and from (i.e., an oxidation process) the
molecule. Within sequential tunneling regions, several lines of
higher conductance are visible, running parallel to the diamond
edges or slanted: parallel lines are molecular states, while slanted
lines correspond to interference inside graphene leads, unrelated
to molecular behavior31. Our measurement conditions impose
that ΔE > Γ; kBT , so that Γ can be determined32 as the full-width

half-maximum of GSD vs. VG at VSD= 0 mV (Supplementary
Fig. 27). For the YP and DyP devices presented in Fig. 3 we
obtain Γ= 0.30 meV (YP) and 0.34 meV (DyP). As kBT ~2 µeV
at 20 mK, this indicates lifetime broadening due to Γ, rather than
thermal broadening, is the main contribution to the signal
broadening. The electrostatic coupling between the gate potential
and the molecular states is given by the gate lever arm, β, (0.23 for
YP and 0.085 for DyP, Supplementary Fig. 27) and this allows us
to convert between VG and the intrinsic energy scales of the
molecule. The variation in β is attributed to imperfections in the
gate dielectric or different screening of the gate-field by the source
and drain electrodes and is in-line with previous reports on
graphene single-molecule devices22,33.

By choosing VG, the molecule can be fixed in the MP, MP+, or
MP– oxidation state, (see Supplementary Discussion and
Supplementary Fig. 28 for details of the assignment) due to
Coulomb blockade24,34. The transport regions that are studied in
detail (Fig. 3a, b) are the MP+/MP transitions. The creation of
MP+ by removing an electron from the redox-active porphyrin
leads to a state that contains, in addition to the M(III) center, a
spin-1/2 radical delocalized inside the porphyrin π-system. We
first investigate the molecular system without exchange interac-
tions, YP. A magnetic field B splits the YP+/YP transition into
two diverging states, corresponding to the spin-up and spin-down
states of the electrons flowing through the porphyrin channel
(Fig. 4a). The states are separated by ΔE ¼ gμBB ¼ βΔVG, where
μB is the Bohr magneton, and g is the Landé factor of the s= 1/2
porphyrin radical in the YP+ state. As expected for a Kramers
doublet, no splitting is present at B= 0 and the fitted g= 1.7 ± 0.2
matches that expected for an electron spin in a porphyrin ring
(g ~2)34 (Fig. 4e, gray points).

In DyP, where the intramolecular exchange is introduced, a
new molecular state appears at 0.8 ± 0.1 meV above DyP+/DyP
(Fig. 3b). The excited state meets the Coulomb diamond edge on
the DyP+ side, indicating that this is an excitation of the cationic
state DyP+, rather than of DyP, and we shall thus call it DyP+*.
The evolution of the DyP+/DyP and DyP+*/DyP transitions, as
a function of the magnitude and direction of B, are very rich
(Fig. 4b–d). The behavior perpendicular to the plane of the
graphene, BZ, is strongly nonlinear, with a pronounced and

Fig. 2 The molecules and the nanodevices. a Scheme of the synthesis of the rare-earth porphyrin molecular complex, MP. M can be Y3+ (no exchange
coupling) or Dy3+ (introducing the spin exchange). The redox-active porphyrin and the metal center are highlighted in green and orange, respectively.
Reagents and conditions: (i) MCl3·6H2O, imidazole, benzamidazole, Ph2O, 200 °C, 16 h; (ii) Na[CpCo{P(O)(OEt)2}3], (iii) N-bromosuccinimide, CH2Cl2;
(iv) 1,3,6-tris(dodecyloxy)-8-ethynylpyrene, Pd(PPh3)4, CuI, DIPA, 65 °C, 16 h. b Hysteresis cycle detected by cantilever-torque magnetometry at 150mK
with a field-sweep rate of 0.125 T/min, showing single-molecule-magnet behavior for DyP derivative. The torque signal ζ is divided by the applied magnetic
field B and normalized by the high-field signal ζmax/Bmax. c False-color SEM image of the devices, showing Au pads (yellow), the Au/HfO2 back-gate (gray),
and the graphene electrodes (darker shade). d Scheme of the experiment on DyP and the reference frame of the magnetic field B (red). The Dy(III) spin
center (orange) sits on the redox-active porphyrin, which spans the nanogap and exchanges electrons (green) via pyrene anchor groups.
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coating of the AuNP is done at the water–organic interface, the
concentration of ligand in the organic phase is crucial to ensure
enough adsorption of the linker on the AuNP. Monolayers
formed with the theoretical concentration of C12 (n = 1), or
ten times more (n = 10) had a blue and purple colour, respec-
tively (Fig. 1(b)-top). AuNP monolayers formed with short
alkanethiols (10 carbons or less),34 mercaptopropionate or
citrate ions35 were of a blue colour comparable to our n = 1
sample, which indicates that the nanoparticles were closely
packed. The electrical resistance of AuNP-C12 (n = 1) layer is
comparable to that of AuNP stabilized by boron hydrate
(Fig. S2, ESI†). Hence, using the theoretical concentration of
ligand n = 1 is considered insufficient to coat the AuNP.
The reflected colour shifted toward purple as the distance
between nanoparticles increased,35,36 like what we observed
for our n = 10 film (Fig. 1(b)). However, one can see that this n =
10 film is inhomogeneous and has thick edges. In what follows,
all AuNP–ligand networks were formed with a ligand concen-
tration of n = 5.

The absorption spectra of the 3pD arrays (Fig. 1(b)-bottom)
show a single and broad band between 500–900 nm centred at
674 nm (3pD–AuNP–C8) and 670 nm (3pD–AuNP-C12). It is
known that the SPR peak strongly depends on the interparticle
distance and of the dielectric constant on the surrounding
media.37 Our results are in good agreement with previous work
on 3pD arrays where a broad absorption band blueshifts as the
length of the ligand increases.25 However, as seen below, these
broad SPR bands centred at B670 nm are indicative of stacking
of AuNP and not monolayers.

We used a combination of AFM, SEM and TEM to character-
ise the films made by the 3pD. The AFM showed an average
thickness of 8–12 nm, corresponding to 2–3 layers of AuNP
(Fig. 2(a) and Fig. S3, ESI†). Whether assembled with a ligand
or not, all 3pD layers are inhomogeneous with multiple defects

and partial coverage of the substrate. We observed randomly
distributed aggregates on the surface or forming long trails of
B10 nanoparticles thick on some locations. We also noted
partial reorganisation of the AuNP islands at the water–air
interface, resulting in voids in the films (Fig. 2(a), (b) and
Fig. S3, ESI†). Also, the edges of the islands overlap resulting
in a thicker film in some locations. A closer look at the islands
reveals a multitude of partially connected islets, some being
monolayers and others stacks of multiple AuNP (Fig. 2(b)-bottom).
These defects might have formed during the 3pD assembly, as
seen in the Video S1 (ESI†) where the addition of ethanol
destabilises the water–air and water–organic interfaces. Also, the
draining step to land the films on the substrates might induce
cracks in the films. This is shown in Fig. 1(b) where the hole at the
top of the film is caused by the syringe, and the draining step
induced a long crack of the entire film’ length.

For the 3pD assembly, the film inhomogeneity induced
the broad distribution of the device resistance spanning
several orders of magnitude (Fig. 2(c)). McCold et al. have
shown that the network’s quality is the key parameter in
the charge transport characterization of AuNP–ligand
arrays, where defects and voids in the films cause unreliable
measurements.19 In our interdigitated electrode design, the
resistance of one device corresponded to the equivalent resis-
tance of the 100 sets of electrodes. Hence, defects or partial
coverage of a set of electrode will affect the (equivalent)
resistance of a device (Fig. S3, ESI†). Devices with resistance
less than 10 kO have an ohmic behaviour, consistent with
multiple layers of AuNP covering the electrodes.38 On the other
hand, devices with the highest resistances showed a small
charging effect under a bias larger than !0.5 V. Although
observed in monolayers of AuNP–C8,39 this charging effect
could be induced partial covering of the electrodes as it is also
visible in the AuNP layers without ligand (Fig. S4, ESI†). At room

Fig. 1 (a) UV-Vis spectra of multiple solutions made with the same volume of NaBH4 showing excellent reproducibility. (b) Schematic of the 3pD
assembly, where the injection of ethanol incudes the formation of AuNP islands and their coating with a ligand as they migrate toward the water–air
interface. The impact of ligand concentration in the organic phase is shown for the theoretical concentration of ligand (n = 1, blue film) and at a
concentration 10 times greater (n = 10, purple film). UV-Vis absorption of AuNP–C8 and AuNP-C12 films made by the 3pD. (c) AuNPs can be fully coated
by a ligand during the phase exchange to an organic solvent (vial). The UV-Vis absorption of AuNP–ligand in hexane–chloroform is compared to the
aqueous AuNP (bottom left). After assembly on a convex water surface, films of any size and shape can be transferred to a substrate (top right). UV-Vis
absorption of AuNP–C8 and AuNP-C12 made from a mixture of hexane–chloroform (bottom right). The dotted line in all insets represents the SPR peak
of AuNP–C8 (solution or film).
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organic phase used, phase exchange with OA was more challen-
ging than with C8 or C12 with the AuNP sometimes agglomer-
ating at the aqueous–organic interface. We were not able to
identify the parameters influencing the successful phase
exchange with OA. As compared to C8 and C12, the UV-Vis
spectrum of AuNP–OA was much broader and red-shifted (Fig.
S5, ESI†). Upon assembly on a convex water surface, the UV-Vis
of the layers showed a single peak centred at 560 nm (AuNP–
C8), 554 nm (AuNP-C12) and 569 nm (AuNP–OA) (Fig. 1(c) and
Fig. S5, ESI†).

We looked at the topography of the layers to assess the
influence of the organic phase on the networks (Fig. 3 and
Fig. S6, ESI†). On the top row, the AFM scan of an AuNP-C12
array formed from a colloidal hexane solution, presented
a reticulated aspect. The AuNP-C12 seems to assemble into
2–3 mm wide ribbons around circular void areas. Although voids
were predominant in the array, a continuous and homogeneous
network is observed over the whole scan area. The film thick-
ness was B5.4 nm, consistent with the AuNP diameter + ligand
length, confirming the self-assembly of the nanoparticles into a
2D array (Fig. 3-middle). On the other hand, the voids induced
an irregular coverage of the electrodes. An AFM scan of a set of
IDE showed the long continuous network connecting the
electrodes so as the inhomogeneous coverage of the gap
between them (Fig. S6, ESI†). The reticulated topography was
not observed when arrays were cast from a mixture of hexane–
chloroform (Fig. 3-bottom and Fig. S6, ESI†). The 50 ! 50 mm
scan of AuNP-C12 array showed almost complete coverage of
the area whereas the voids were greatly reduced. The horizontal
profile line indicated similar thickness as for pure hexane
monolayer but with homogeneous coverage over tens of micro-
metres. At the nanoscale, the AuNP were closely packed, form-
ing an almost defect-free monolayer. Although we observed a
short-range order over B100 nm, we did not observe long-range
order in the 2D arrays (Fig. 3(b)). From the TEM images, the
AuNP diameter was estimated at 4 " 0.9 nm in all array-ligands
cast with different organic phases. We estimated the length of
the ligand between AuNP by subtracting the averaged diameter
of the AuNP from the centre-to-centre distance between the
AuNPs (Fig. S7, ESI†). Although the large error bars in our
analysis do not allow precise measurement of the ligand’s
length, the trend suggests an increase of AuNP spacing with
increasing length of the alkanethiol. Despite being longer than
C12, the distance between AuNPs was comparable to or shorter
than that observed in AuNP–OA monolayers. Contrary to alka-
nethiols, OA possesses an unsaturated carbon–carbon double
bond forming an angle of 1201 with the adjacent single carbon
bond.25 As a result, OA allows for closer packing of adjacent
AuNP when linear alkanethiols chains form interdigitated
structures with the chains on the neighbouring AuNP.

At room temperature, all networks showed Ohmic behaviour
under a bias of "1 V; only a small charging effect was observed
for devices in the high end of the resistance distribution
(Fig. 3(c)). This charging effect could be due to greater voids
in the monolayers resulting in partial coverage of the electro-
des. The narrow distribution of device resistances is a

consequence of the homogeneous morphology of the mono-
layers. Arrays cast from pure hexane had a higher average
resistance than arrays cast from hexane–chloroform because
of their reticulated morphology and partial coverage of the
electrodes. Nonetheless, a clear increase of the devices

Fig. 3 (a) AFM of AuNP-C12 monolayers assembled on a convex water
surface from pure hexane (left) and hexane–chloroform (right). The
dashed lines indicate where the profile line was taken. (b) TEM images of
AuNP-C12 monolayers assembled from hexane–chloroform, long range
(left) and short range (right). (c) Distribution of the device resistance for
AuNP–ligands monolayers cast from hexane or hexane–chloroform. The
IV traces are from devices with the highest resistances for each type of
array.
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temperature, charge transport in metal nanoparticles arrays fol-
lows the sequential tunnelling mechanism.37,40 Hence, by increas-
ing the length of the ligand, the distance between the AuNP
increases, which translates to an increase of the resistance of the
arrays. Although we noted a resistance increase with the length of
the ligand (Fig. 2(c)), charge transport characterization in AuNP–
ligand arrays assembled by the 3pD is challenging because of
their inhomogeneous morphology.

Nevertheless, the 3pD formation enabled rapid Janus-like
coating of AuNP with ligands of any length, which have applica-
tions in surface enhanced Raman scattering (SERS).25,41 While
previously demonstrated by drop casting rhodamine 6G, we
demonstrated the SERS capabilities of the 3pD arrays by transfer-
ring a 4 ! 1 nm film of poly(3-hexylthiophene) (P3HT) on top of
the arrays (Fig. 2(d) and (e)). P3HT transferred to a plain silicon
substrate showed a weak peak at 1440 cm"1. When transferred to
a 3pD array, all vibration modes of P3HT can be clearly seen.
Because the ligands are carbon chains, their main Raman bands
overlap with those of P3HT in the 1200–1600 cm"1 region.
Therefore, we used the C–S–C vibration of P3HT at 735 cm"1 to
calculate the enhancement factor (EF) by:25

EF ¼ ISERS
I0

! "2

With ISERS and I0 the intensities of the Raman band of
interest on the SERS layer and on silicon, respectively. The
highest EF measured was for AuNP–C8 (1.6 $ 103), followed by
AuNP-C12 (6.3 $ 102), AuNP–OA (3.1 $ 102) and AuNP (1.6 $
102). These EF values are comparable with AuNP monolayers
assembled by different strategies.41,42

Organic AuNP and self-assembly on a convex water surface

Starting with a similar aqueous AuNP as in the 3pD formation,
we coated the AuNP with C8, C12 or OA during phase exchange
in pure hexane or a 1 : 1 wt% mixture of hexane–chloroform
(Fig. 1(c) and Fig. S5, ESI†). After the phase exchange, the SPR
peak broadened and redshifted to 518 nm (AuNP–C8) and
520 nm (AuNP-C12) (Fig. 1(c)). This was expected as the
different dielectric constant and refractive index of the solvents,
and the outer shell of ligand around the AuNP are known to
affect the SPR.43 Changing the organic phase to pure hexane
had little effect on the SPR peak (Fig. S5, ESI†). Because
chloroform is denser than hexane and water, it should remain
at the bottom of the vial during the phase exchange to hexane–
chloroform, hence transferring the AuNP to hexane only (or
half of the organic phase). We performed a phase exchange to
pure hexane with twice less organic solvent, and the SPR peak
was not affected either (Fig. S5, ESI†). Independent of the

Fig. 2 (a) AFM images of 3pD layers assembled without ligand in the organic phase (left) and with dodecanethiol (n = 5, right). The dashed lines indicate
the profile position. (b) TEM images of the AuNP islands assembled during the 3pD (top) and higher magnification of an island showing individuals AuNP
assembled in 2D arrays with random stacking of AuNP. (c) Distribution of device resistance for 3pD layers assembled with different ligands. (d) Schematic
of the deposition of freestanding P3HT thin film. The AFM image show the thin P3HT film transferred to a silicon substrate. (e) SERS activity of P3HT
transferred on to the 3pD layers (left) and zoomed in view on the C–S–C vibration of P3HT (right).
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Charge transport in molecular junctions
In contrast to the fully conjugated molecular chain in OPE3, a funda-
mental difference of PCPmolecules is the presence of spatially separated
aromatic rings linked by saturated methylene bridges in PCP. In this
case, a current path mediated by p-p overlap between aromatic rings
acts in parallel with current paths through the methylene bridges to
create destructive QI features between the highest occupied molecular
orbital (HOMO) and the HOMO-1, as shown in fig. S4 (A and B) and
in the literature (23). When combined with interruption of the con-
jugation in the PCP molecule, this results in a lower transmission co-
efficient T(E) for the PCP molecule compared with OPE3. As shown
in Fig. 2B, the computed ratio of their transmission coefficients in
graphene-molecule gold junctions for PCP and OPE at E ¼ EGold

F

(where EGold
F is the Fermi energy of the gold electrode) is TOPEðEGoldF Þ

TPCPðEGoldF Þ ≈ 135.

To fully understand the origin of this difference, a comparison between
the molecular orbitals of PCP and OPE3 is presented in fig. S4C (24),
along with a discussion of their mutual QI features.

The experimental current density (JD) versus bias voltageVD and the
differential conductance (dJ/dV) versusVD are shown in Fig. 2 (C andD).
The current density (JD) for the PCP junction is considerably lower than
that of the OPE3 junction, especially near zero bias, which is consistent
with the transmission coefficient characteristics of the respective mol-
ecules discussed above. The minima in the dJ/dV curves are associated
with the Dirac point of the graphene, and their positions relative to the
zero VD indicate whether the graphene is p-doped or n-doped. In Fig.
2D, theDirac point forOPE3 and PCP samples occurs at−0.3 and 0V,
respectively, indicating that the graphene is n-doped in theOPE3 sample
and negligibly doped in PCP sample. For this reason, in what follows,
when comparing our calculated T(E) with experiments, the band struc-
ture of the graphene is adjusted to place the Dirac point of the OPE3 sys-
tem at −0.3 eV and of the PCP system at 0 eV.

Figure 3 (D and G) shows the VD dependence of T(E) versus
E $ EGold

F for PCP and OPE3. It is assumed that the energies of the
molecular levels relative toEGold

F are independent ofVD and that positive
(negative) bias voltage decreases (increases) the Dirac point relative to

EGold
F (Eq. 1 in the “Theoretical methods” section). The current is com-

puted using Eq. 4 (see the “Theoretical methods” section) by evaluating
individual transmission coefficients T(E,VD,VG) at everyVD value and
computing the associated current. The dI/dV curves are then obtained
by differentiating the current with respect to VD.

From the experimental results of Fig. 2D, the value of dJ/dV at zero
bias for OPE3 is 71 times larger than that for PCP. From statistics of 12
different experimental PCPandOPE3 junctions, the zero-bias differential
conductance for OPE3 is 56 times larger than that for PCP (section S4).
This ratio is comparable with the value of 65 obtained from the calculated
results of Fig. 2F. For PCP and OPE3 junctions with gold-molecule-gold
contacts (fig. S4, A and B), the conductance ratio at zero bias is GOPE3/
GPCP = 5, which is only about one-tenth of junctionswith gold-molecule-
graphene contacts. This indicates that the conductance for molecule
junctions with graphene electrode is more sensitive to the structure of
molecules and their relative energy alignment.

Field effect properties of the transistors
To probe the field effect transistor functions of the molecular junctions,
DEME-TFSI ionic liquid was used for gating, which has a high ionic
conductivity, a large electrochemical window, and a low glass transition
temperature of 182 K for ion migration (25). When a gate voltage (VG)
is applied to the gate electrode, a Helmholtz EDL is expected to self-
organize on the surface of graphene/SAM/gold junction (Fig. 3A) with
generation of a strong electric field of up to ~10 MV/cm (21). The gate
performances for PCP andOPE3 transistors weremeasured at both room
temperature (298 K) and 200 K and show similar characteristics between
the two temperatures (Fig. 4 and fig. S7, A to L). Figure 4 (A andD) shows
typical gate-dependent JD-VD characteristics measured at 200 K for PCP
andOPE3.WithVG changing from−1 to 1V, JDgreatly increaseswithVG

for negativeVD, while JD greatly decreases withVG for positiveVD.On the
other hand, the gate-dependent JD amplitude for OPE3 is evidently much
smaller than that for PCP. This demonstrates the better gate control over
the vertical PCP molecular transistors compared with OPE3.

The conductance minima for both molecules move in a positive
(negative) direction along the VD axis when the VG is increased

Fig. 1. Schematic illustration of the vertical molecular tunneling transistor. (A) Schematic illustration of the overall device structure. (B) Chemical structure of the PCP
andOPE3molecules. (C) Schematic illustrationof themolecular transistorwithOPE3 SAMs and ionic liquid (DEME-TFSI) gating. DEME+ ions are the cations, andTFSI− ions comprise
the anions.
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technique in air, similar to the one described in ref 18. We
ramp-up a voltage applied between the source and drain
contact while monitoring the current with a 5 kHz sampling
rate (see Figure 1b). As soon as a drop in the current is
detected, the voltage is quickly ramped back to zero. This cycle
is repeated until the low bias source-drain resistance of the
device, which is measured after each burning cycle, exceeds a
threshold resistance of 500 MΩ. The feedback conditions are
adjusted for each burning cycle depending on the threshold
voltage Vth at which the drop in the previous cycle occurred.
The current−voltage (I−Vb) traces of a typical electroburning
process are shown in Figure 1e, where the I−Vb traces before
electroburning and after the threshold resistance is reached are
colored blue and red, respectively.
During electroburning, the constriction is narrowed down,

and as a result, the resistance of the device increases. At the
final stage, the (only several atoms wide) constriction can break
completely and a nanometer-sized gap is formed.12 However,
for many devices the threshold resistance is reached before a
gap is fully formed. In these cases, narrow graphene
constrictions or small graphene islands are left between the
mesoscopic graphene leads. Graphene quantum dots formed in
this manner have been widely studied15−17,22 as a possible
platform for room temperature single-electron transistors. In
the following we discuss the details of the transport
characteristics of empty graphene nanogaps, quantum dots,
and nanoconstrictions recorded at T = 4 K in vacuum (∼10−6
mbar).
The transport regime, which we attribute to an empty gap, is

characterized by low currents and I−Vb characteristics that can
be fitted using the standard Simmons model23 for tunnelling
through a single trapezoidal barrier between source and drain
(see Figure 2a). In addition, the I−Vb characteristics show no
or a relatively small back gate dependence (see Figure 2b). We
find gap sizes of 0.5−2.5 nm for these junctions, making them a
promising platform for single molecule electronics.7,24,25

Devices in the weakly coupled quantum dot regime show
suppressed current at low bias (see Figure 2c) and character-
istic Coulomb diamonds as a function of bias and gate voltage
(see Figure 2d). These transport features are indicative of

sequential electron tunnelling via a weakly coupled quantum
dot between source and drain.26 From the size of the Coulomb

Figure 1. (a) False color SEM image of a graphene constriction (gray) contacted by gold contacts (yellow). (b) Schematic of a graphene
nanoconstriction device. (c) Conductance as a function of back gate voltage recorded at Vb = 100 mV of an as-prepared device. (d) Raman spectrum
of the center region of the graphene bowtie after electroburing. (e) I−Vb traces recorded during feedback-controlled electroburning. The first and
last traces are shown in blue and red, respectively.

Figure 2. Nanostructures with different electronic behavior formed
during electroburning. (a) I−Vb trace and (b) current map of an
empty gap. (c) I−Vb trace and (d) current map of a weakly coupled
constriction showing sequential tunnelling. (e) I−Vb trace and (f)
conductance map of a strongly coupled constriction showing
resonance effects. All data was recorded at T = 4 K under vacuum.
The insets depict a scheme of the constriction.
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technique in air, similar to the one described in ref 18. We
ramp-up a voltage applied between the source and drain
contact while monitoring the current with a 5 kHz sampling
rate (see Figure 1b). As soon as a drop in the current is
detected, the voltage is quickly ramped back to zero. This cycle
is repeated until the low bias source-drain resistance of the
device, which is measured after each burning cycle, exceeds a
threshold resistance of 500 MΩ. The feedback conditions are
adjusted for each burning cycle depending on the threshold
voltage Vth at which the drop in the previous cycle occurred.
The current−voltage (I−Vb) traces of a typical electroburning
process are shown in Figure 1e, where the I−Vb traces before
electroburning and after the threshold resistance is reached are
colored blue and red, respectively.
During electroburning, the constriction is narrowed down,

and as a result, the resistance of the device increases. At the
final stage, the (only several atoms wide) constriction can break
completely and a nanometer-sized gap is formed.12 However,
for many devices the threshold resistance is reached before a
gap is fully formed. In these cases, narrow graphene
constrictions or small graphene islands are left between the
mesoscopic graphene leads. Graphene quantum dots formed in
this manner have been widely studied15−17,22 as a possible
platform for room temperature single-electron transistors. In
the following we discuss the details of the transport
characteristics of empty graphene nanogaps, quantum dots,
and nanoconstrictions recorded at T = 4 K in vacuum (∼10−6
mbar).
The transport regime, which we attribute to an empty gap, is

characterized by low currents and I−Vb characteristics that can
be fitted using the standard Simmons model23 for tunnelling
through a single trapezoidal barrier between source and drain
(see Figure 2a). In addition, the I−Vb characteristics show no
or a relatively small back gate dependence (see Figure 2b). We
find gap sizes of 0.5−2.5 nm for these junctions, making them a
promising platform for single molecule electronics.7,24,25

Devices in the weakly coupled quantum dot regime show
suppressed current at low bias (see Figure 2c) and character-
istic Coulomb diamonds as a function of bias and gate voltage
(see Figure 2d). These transport features are indicative of

sequential electron tunnelling via a weakly coupled quantum
dot between source and drain.26 From the size of the Coulomb
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detected, the voltage is quickly ramped back to zero. This cycle
is repeated until the low bias source-drain resistance of the
device, which is measured after each burning cycle, exceeds a
threshold resistance of 500 MΩ. The feedback conditions are
adjusted for each burning cycle depending on the threshold
voltage Vth at which the drop in the previous cycle occurred.
The current−voltage (I−Vb) traces of a typical electroburning
process are shown in Figure 1e, where the I−Vb traces before
electroburning and after the threshold resistance is reached are
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be fitted using the standard Simmons model23 for tunnelling
through a single trapezoidal barrier between source and drain
(see Figure 2a). In addition, the I−Vb characteristics show no
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find gap sizes of 0.5−2.5 nm for these junctions, making them a
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process are shown in Figure 1e, where the I−Vb traces before
electroburning and after the threshold resistance is reached are
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process are shown in Figure 1e, where the I−Vb traces before
electroburning and after the threshold resistance is reached are
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(see Figure 2a). In addition, the I−Vb characteristics show no
or a relatively small back gate dependence (see Figure 2b). We
find gap sizes of 0.5−2.5 nm for these junctions, making them a
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comparable to those found in state-of-the-art silicon
transistors.19 When the width of a graphene nanoribbon is
reduced below 100 nm, the noise can increase by 2−3 orders
of magnitude.54 Until now, RTSs have not been reported in
graphene nanogaps. In the case of tunnel junctions,
fluctuations in the electrostatic environment55−57 and
mechanical58−61 instabilities will lead to noise in the tunnel
current through modulation of the transmission func-
tion.40,41,62

Here, we investigate the noise properties of nanometer-sized
graphene tunnel junctions and present a theoretical description
of RTSs and the emergence of 1/f noise, resulting from a
quantum mechanical system coupled to either a single
fluctuator or a distribution of classical fluctuators, respectively.
Graphene tunnel junctions are fabricated using feedback-
controlled electroburning (see Methods) and measured at
room temperature and at 77 K. The current is sampled at 100
kHz with a low-pass filter with a cutoff frequency of 1 or 10
kHz. The mean current depends exponentially on the applied
bias voltage and is well described by the Simmons model.63

Fitting the I−V curves to the Simmons model yields an average
gap size of ∼1.5 ± 0.2 nm (See Methods and the Supporting
Information (SI) for further details concerning statistics of gap
sizes and the method of their measurement), consistent with
electroburnt gaps reported in earlier studies.1,64,65

RESULTS AND DISCUSSION
Current Fluctuations in Graphene Tunnel Junctions.

Our devices consist of a graphene ribbon patterned on top of a
pair of gold electrodes (see Figure 1A). The graphene ribbon
has a 200 nm constriction, which allows for the localized
electroburning of a tunnel junction between two parts of the
graphene ribbon (see Figure 1B). Figure 1C and E shows
typical current−time (I−t) traces measured for a graphene
tunnel junction at room temperature and at 77 K, respectively.
The room temperature I−t trace (Figure 1C) shows
characteristic flicker noise behavior, where, like the light of a

flickering candle, the signal has a wandering baseline as the
high frequency noise rides on a low frequency component. By
contrast, the 77 K I−t trace (Figure 1E) predominantly
fluctuates between two levels, indicating that a single two-level
fluctuator dominates the noise. The observed current
fluctuations are also evident from the bimodal Gaussian
distribution of current values (Figure 1F) and can be measured
for up to 6 h. (see the SI) A histogram of the room
temperature current in graphene tunnel junctions (Figure 1D)
reveals a distinct log-normal distribution of the current values
and gives a first hint at the physical mechanism behind the 1/f
noise. A simplified formulation of the Simmons model gives
the tunnel current63

I n E E E( ) ( ) d;∫∝ (1)

where n(E) is the carrier density and the probability that an
electron can cross a tunnel barrier with width d and height φ is
given by the WKB-approximation:

E( ) e d m E2 ( )/ 2
; = φ− − ℏ (2)

If the number of charge carriers were to fluctuate according to
a normal distribution, this would result in a normal distribution
of the current values. However, if the barrier height or width
fluctuates according to a normal distribution this results in the
observed log-normal distribution of the current, due to the
exponential dependence of the transmission function E( ); .

Noise Power Spectral Densities. By comparing the noise
power spectral density (PSD) SI( f) of the tunnel junction at
room temperature and at 77 K (Figure 1G), we find that SI( f)
at T = 293 K is well described by A

f γ , whereas SI( f) at T = 77 K

shows a distinct corner at f = 7.4 Hz superimposed onto a
linear slope A

f γ . Since the density of thermally activated

fluctuators is typically not constant in space and activation
energy, fluctuations can be dominated by a single fluctuator

Figure 1. SEM images of (A) gold electrodes with a graphene device with a constriction in the middle, and a zoom-in image of (B)
constriction with the localized tunnel junction. Fluctuations in tunneling current in graphene tunnel junctions and resulting noise spectra:
(C) Nonspecific fluctuations in tunneling current at room temperature and (D) The corresponding log-normal distribution of current
values. (E) RTS in I−t traces and (F) bimodal current distribution with two Gaussian peaks upon cooling the device to 77 K. (G) Current
noise PSD measured in graphene tunnel junctions has 1/f form at room temperature and Lorentzian form at 77 K, with lower overall noise
level.
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ABSTRACT: Graphene quantum dots (GQDs) have recently
attracted considerable attention, with appealing properties for
terahertz (THz) technology. This includes the demonstration of
large thermal bolometric effects in GQDs when illuminated by
THz radiation. However, the interaction of THz photons with
GQDs in the Coulomb blockade regime, i.e., single electron
transport regime, remains unexplored. Here, we demonstrate the
ultrasensitive photoresponse to THz radiation (from <0.1 to 10
THz) of a hBN-encapsulated GQD in the Coulomb blockade
regime at low temperature (170 mK). We show that THz radiation
of ∼10 pW provides a photocurrent response in the nanoampere
range, resulting from a renormalization of the chemical potential of
the GQD of ∼0.15 meV. We attribute this photoresponse to an
interfacial photogating effect. Furthermore, our analysis reveals the absence of thermal effects, opening new directions in the study of
coherent quantum effects at THz frequencies in GQDs.
KEYWORDS: THz, Graphene, Quantum Dot, Coulomb Blockade, Photogating

Graphene quantum dots (GQDs) have attracted consid-
erable attention in recent years due to their unique

optical and electrical properties that are directly related to their
nanoscale structures. The potential of GQDs for the
development of new quantum systems has been widely
investigated using optical and transport experiments.1−3 For
instance, GQDs of a few nanometers in diameter are very
appealing for applications in quantum metrology as GQDs can
emit a single optical photon at room temperature with high
purity and high brightness.4 Further, GDQs of a few tens of
nanometers in diameter have been shown to possess very long
relaxation times of electronic excitations (60 ns),5 paving the
way for spin qubits with long coherence times. Such large
GQDs have also become very attractive for the development of
new terahertz (THz) emitters and detectors6 as the quantum
electron confinement permits characteristic energy level
spacing to reach the few millielectron volt (meV) range (i.e.,
THz spectral range). For instance, the electronic confinement
provides a weak transport gap that can prevent undesirable
large dark Zener−Klein current that is observed in graphene-
based photodetectors.7,8 Moreover, nonradiative Auger
recombination processes, which are detrimental for the
development of THz lasers,9−11 can be potentially reduced
in GQD as a result of limiting the final states available for
electron−electron scattering. Recently, large bolometric effects

have been demonstrated in nanostructured quantum dot
constrictions in epitaxial graphene grown on SiC when
illuminated with THz photons. A huge variation of resistance
with temperature was obtained, >430 MΩ K−1 below 6 K,
owing to electronic confinement.12 However, as no gate
electrodes were used to isolate the quantum dots from the
leads and to control the chemical potential inside the quantum
dots, the bolometric effect was limited to THz heating.13

Although many interesting phenomena can be revealed in
single electron transport regime, the investigation of the THz
response of GQDs in the Coulomb blockade regime remains
elusive.
Here, we report on the photocurrent response of a hBN-

encapsulated GQD to THz radiation in the Coulomb blockade
regime at low temperature (170 mK). We demonstrate that
THz radiation (from <0.1 to 10 THz) of ∼10 pW provides a
renormalization of the chemical potential of the GQD of ∼0.15
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passing large current densities through the graphene.22 While
feedback-controlled electroburning is commonly used to
create graphene nanogaps, the probabilistic nature of the oxi-
dation/sublimation process means that graphene quantum
dots (GQD) can also be created.23 The nanoscale structure of
electroburnt graphene quantum dots is largely unknown due
to their small lateral dimensions (∼2 nm)23,24 (i.e. can not be
easily imaged via AFM or SEM), however, these devices pre-
sumably consists of a graphene island connected by nanoscale
graphene electrodes. GQD devices are determined by measur-
ing the current as a function of gate voltage applied via the
silicon substrate and looking for features of sequential elec-
tron transport through a quantum dot.23,25 Appropriate
devices are then wirebonded to a printed circuit board and
loaded into a custom made fluidic cell with an upstream Ag/
AgCl electrode to control the gate potential. After filling the
flow cell with a 1 M KCl solution, the source–drain (VSD) and
gate (VG) voltages are swept while measuring 2 s long current–
time (I–t ) traces at each applied voltage using a low-noise
current amplifier (Axopatch 200B).

3. Results and discussion
Fig. 2(a) plots the mean current as a function of VSD and VG.
Such a plot is commonly referred to as a stability diagram. The
stability diagram shown here demonstrates behavior typical of
single-electron transport through a quantum dot.25 Namely,
we observe a high-current region indicative of resonant elec-
tron transport whereby an energy level of the quantum dot is
aligned within the energy levels of the electrodes. Outside of
this region, we observe a low-current indicative of Coulomb
blockade whereby the electrostatic energy required to add an
electron to the quantum dot precludes electron transport.
From the stability diagram we can obtain a lower bound
for the addition energy of this quantum dot of 200 meV. This
is well above the thermal energy, kBT, at 300 K (approximately
26 meV), enabling the observation of Coulomb blockade at
room temperature. The high addition energy results from the
nanoscale nature of these GQDs with a previous report esti-
mating their size to be on the order of 2 nm.24 As shown in
ESI1,† despite using a PMMA passivation layer to cover the
gold electrodes, we observe a small Faradaic current at large

negative voltages. As such, the remainder of the discussion in
this work will concentrate on gate voltages in the region −0.3 V
≤ VG ≤ 0.1 V. The ability to control the electron transport
through a graphene quantum dot via electrolyte gating has
been reproduced across several devices (ESI2†).

Fig. 2(b) and (c) show slices through the stability diagram
for a given VSD and VG respectively. Fits to the measured data
based on a rate equation model26 are also shown in these plots
(as discussed above there is a deviation from the fit for VG <
−0.3 V due to the presence of Faradiac current here). As
described in ESI3,† the rate constants are determined from
semi-classical Marcus theory which accounts for the structural
reorganization energy of the graphene quantum dot and its
solvation shell upon charge transfer.27 These fits will be used
below to analyze the noise characteristics of our devices. The
fits also provide estimates for the ratio of the capacitive coup-
ling to the source (CS), drain (CD) and gate (CG) electrodes.25

We obtain CS/CG = 0.36 and CD/CG = 0.16. Different values of
CS and CD result from asymmetries between the source and
drain graphene electrodes contacting the GQD resulting from
the probabilistic nature of the electroburning process. Due to
the high ionic concentration solution used in this work (1 M
KCl) the electrochemical double layer which forms at the gra-
phene-ionic solution interface is very short (Debye length λ =
0.304 nm).28 This leads to a large gate capacitance in our
devices (i.e. CG > CS/D as confirmed above from our fits) which
results in the energy levels of the quantum dot being closely
coupled to the gate potential.

Fig. 3(a) shows an example I–t trace taken during these
measurements. The corresponding normalized noise spectrum
of the I–t trace is shown in Fig. 3(b). We observe a 1/f noise
spectrum that is ubiquitous in nanoscale electronic systems.
Although the source of such noise varies depending on the
system being measured, it is generally accepted that 1/f noise
in these systems results from the superposition of two-level
fluctuators with different time constants.29,30 Fig. 3(b) also
shows the normalized noise spectrum from a 500 nm wide,
10 μm long, graphene ribbon (fabricated via electron beam

Fig. 1 (a) A schematic depicting our device geometry. (b) A schematic
of our measurement setup along with a false color Scanning Electron
Micrograph of a fabricated graphene nano-constriction prior to electro-
burning (PMMA passivation layer not in image).

Fig. 2 (a) Stability diagram of the measured current as a function of the
source–drain voltage and the gate voltage. The dashed lines represent
the edges of the resonant transport regime extracted from the Marcus
fits. (b) Current as a function of gate voltage for VSD = 120 mV. (c)
Current as a function of source–drain voltage for VG = −180 mV. The
red curves in (b) and (c) show the fits to the rate equation.
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passing large current densities through the graphene.22 While
feedback-controlled electroburning is commonly used to
create graphene nanogaps, the probabilistic nature of the oxi-
dation/sublimation process means that graphene quantum
dots (GQD) can also be created.23 The nanoscale structure of
electroburnt graphene quantum dots is largely unknown due
to their small lateral dimensions (∼2 nm)23,24 (i.e. can not be
easily imaged via AFM or SEM), however, these devices pre-
sumably consists of a graphene island connected by nanoscale
graphene electrodes. GQD devices are determined by measur-
ing the current as a function of gate voltage applied via the
silicon substrate and looking for features of sequential elec-
tron transport through a quantum dot.23,25 Appropriate
devices are then wirebonded to a printed circuit board and
loaded into a custom made fluidic cell with an upstream Ag/
AgCl electrode to control the gate potential. After filling the
flow cell with a 1 M KCl solution, the source–drain (VSD) and
gate (VG) voltages are swept while measuring 2 s long current–
time (I–t ) traces at each applied voltage using a low-noise
current amplifier (Axopatch 200B).

3. Results and discussion
Fig. 2(a) plots the mean current as a function of VSD and VG.
Such a plot is commonly referred to as a stability diagram. The
stability diagram shown here demonstrates behavior typical of
single-electron transport through a quantum dot.25 Namely,
we observe a high-current region indicative of resonant elec-
tron transport whereby an energy level of the quantum dot is
aligned within the energy levels of the electrodes. Outside of
this region, we observe a low-current indicative of Coulomb
blockade whereby the electrostatic energy required to add an
electron to the quantum dot precludes electron transport.
From the stability diagram we can obtain a lower bound
for the addition energy of this quantum dot of 200 meV. This
is well above the thermal energy, kBT, at 300 K (approximately
26 meV), enabling the observation of Coulomb blockade at
room temperature. The high addition energy results from the
nanoscale nature of these GQDs with a previous report esti-
mating their size to be on the order of 2 nm.24 As shown in
ESI1,† despite using a PMMA passivation layer to cover the
gold electrodes, we observe a small Faradaic current at large

negative voltages. As such, the remainder of the discussion in
this work will concentrate on gate voltages in the region −0.3 V
≤ VG ≤ 0.1 V. The ability to control the electron transport
through a graphene quantum dot via electrolyte gating has
been reproduced across several devices (ESI2†).

Fig. 2(b) and (c) show slices through the stability diagram
for a given VSD and VG respectively. Fits to the measured data
based on a rate equation model26 are also shown in these plots
(as discussed above there is a deviation from the fit for VG <
−0.3 V due to the presence of Faradiac current here). As
described in ESI3,† the rate constants are determined from
semi-classical Marcus theory which accounts for the structural
reorganization energy of the graphene quantum dot and its
solvation shell upon charge transfer.27 These fits will be used
below to analyze the noise characteristics of our devices. The
fits also provide estimates for the ratio of the capacitive coup-
ling to the source (CS), drain (CD) and gate (CG) electrodes.25

We obtain CS/CG = 0.36 and CD/CG = 0.16. Different values of
CS and CD result from asymmetries between the source and
drain graphene electrodes contacting the GQD resulting from
the probabilistic nature of the electroburning process. Due to
the high ionic concentration solution used in this work (1 M
KCl) the electrochemical double layer which forms at the gra-
phene-ionic solution interface is very short (Debye length λ =
0.304 nm).28 This leads to a large gate capacitance in our
devices (i.e. CG > CS/D as confirmed above from our fits) which
results in the energy levels of the quantum dot being closely
coupled to the gate potential.

Fig. 3(a) shows an example I–t trace taken during these
measurements. The corresponding normalized noise spectrum
of the I–t trace is shown in Fig. 3(b). We observe a 1/f noise
spectrum that is ubiquitous in nanoscale electronic systems.
Although the source of such noise varies depending on the
system being measured, it is generally accepted that 1/f noise
in these systems results from the superposition of two-level
fluctuators with different time constants.29,30 Fig. 3(b) also
shows the normalized noise spectrum from a 500 nm wide,
10 μm long, graphene ribbon (fabricated via electron beam

Fig. 1 (a) A schematic depicting our device geometry. (b) A schematic
of our measurement setup along with a false color Scanning Electron
Micrograph of a fabricated graphene nano-constriction prior to electro-
burning (PMMA passivation layer not in image).

Fig. 2 (a) Stability diagram of the measured current as a function of the
source–drain voltage and the gate voltage. The dashed lines represent
the edges of the resonant transport regime extracted from the Marcus
fits. (b) Current as a function of gate voltage for VSD = 120 mV. (c)
Current as a function of source–drain voltage for VG = −180 mV. The
red curves in (b) and (c) show the fits to the rate equation.
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