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Significant advances in the synthesis of low-dimensional materials with unique and tuneable electrical,
optical and magnetic properties has led to an explosion of possibilities for realising hybrid nanomaterial
devices with unconventional and desirable characteristics. However, the lack of ability to precisely inte-
grate individual nanoparticles into devices at scale limits their technological application. Here, we report
on a graphene nanogap based platform which employs the large electric fields generated around the
point-like, atomically sharp nanogap electrodes to capture single nanoparticles from solution at pre-
defined locations. We demonstrate how gold nanoparticles can be trapped and contacted to form single-
electron transistors with a large coupling to a buried electrostatic gate. This platform offers a route to the
creation of novel low-dimensional devices, nano- and optoelectronic applications, and the study of fun-

rsc.li/nanoscale damental transport phenomena.

An abundance of unique nanomaterials with interesting pro-
perties can now be synthesised and functionalised with
impressive chemical control. Examples such as graphene
nanoribbons," 2D transition-metal dichalcogenide crystals,>
and heterostructured nanoparticles®* all promise exotic pro-
perties and technological applications from optoelectronics to
field-effect transistors. However, despite their potential,
reliably manipulating and electrically contacting these nano-
materials remains very challenging. Pick-and-place techniques
such as atomic force microscopy,” viscoelastic stamping,® and
plasmonic tweezers” offer high levels of precision but are
unscalable, while techniques such as chemical self-assembly
lack the required control over particle location.® The technique
of dielectrophoresis, whereby particles are manipulated with
non-uniform electric fields, offers a facile and bottom-up
approach for integrating nanomaterials into devices.’ In this
work, we demonstrate how atomically-sharp, nanometre-separ-
ated graphene electrodes can be used as precise dielectro-
phoretic traps to capture single nanoparticles and form hybrid
graphene-nanoparticle-graphene devices to explore the electri-
cal properties of novel nanomaterials.
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Dielectrophoresis (DEP) describes the force exerted on
polarisable particles by gradients in nonuniform electric
fields. Nonuniform fields suitable for DEP can be readily gen-
erated by applying electric potentials to sharp electrodes,
across small distances or across boundaries between dielectric
materials.'® AC fields are often employed to achieve high field
strengths while avoiding electrolysis reactions, faradaic cur-
rents, and electrophoretic forces that act on charged particles.
Assuming the dipole approximation, a prolate ellipsoid experi-
ences a time-averaged DEP force described by:""

(Foxe) = vemRe{R (@)} V|EP (1)

where v is the volume of the particle, ¢,, is the permittivity of
the medium and V|E|* is the gradient of the squared field.
K(w) is the frequency (w) and geometry dependent Clausius—
Mossotti factor which describes a ratio between the complex

e . ioj . .
permittivity (ej = go&j — Ej) of the particle and the medium,

and can take values in the range —1 < K(w) < 1. Where the par-
ticle is more polarisable that the medium, Re{K(w)} > 0 and
the force on the particle acts in the direction of maximum elec-
tric field intensity. This is referred to as positive
dielectrophoresis.

By carefully selecting the media, applied frequency and, if
necessary, surfactant, a range of materials can be trapped
using this technique. For metallic particles suspended in low-
conductivity aqueous solutions, as discussed here, K(w) can be
assumed to be equal to +1 and particles are attracted to areas
of high field gradient across all experimental frequencies.'*"?
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Proteins and DNA can also be trapped despite having low
intrinsic conductivity by exploiting the polarisability of their
solvation shell in salt solutions. Dielectrophoresis has also
been used to manipulate and trap multiple other nano-
materials under similar experimental conditions including
semiconductor nanowires,’* carbon nanotubes,'” van der
Waals hereterostructures,">'” and nanodiamonds™® amongst
others.’

However, as (Fpgp) « v, the smaller the particles become,
the larger the field gradients must be to produce an equivalent
force. Furthermore, decreasing particle size results in a scaling
competition from Brownian motion, where a particle of
volume v experiences an approximate thermal force of:

kT
where kg is the Boltzmann constant and T the temperature of
the solution. By equating (1) and (2) we can obtain an expression

for the field gradient required to overcome thermal forces:

4kgT

2
V|E| >€mw

3)

Taking ¢, to be 80¢, for an aqueous solution at room temp-
erature, we plot (3) in the inset of Fig. 2b. V|E|* (V> m™?) is sen-
sitive to both the magnitude of the applied potential and, even
more so, to the characteristic length of the system.'® However,
applying large potentials can often induce undesirable electroki-
netic and electrothermal fluid flows which may compete against
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the DEP force.'"'>2° Therefore, it becomes desirable to mini-
mise the dimensions of the electrodes as much as possible in
order to maximise V|E|* at any given potential.

Metallic electrodes are commonly used in dielectrophoresis
studies and several authors have used nanoscale electrodes to
achieve single-particle capture.?’** However, metallic electro-
des suffer from large screening of electrostatic gates in electri-
cal transport measurements and have electrode separations
which are largely limited by lithographic resolution.”*>’
Recently, techniques such as atomic layer deposition and the
2D material graphene have been employed to create stable
devices that can generate large field gradients at low voltages to
manipulate nanomaterials.'®**> Graphene in particular has
gained much attention due to its high conductivity and its
atomic sharpness which result in extremely large, localised field
gradients being generated at its edges.'®*® Indeed, graphene-
based devices have been used to capture and integrate various
nanomaterials.'”**?> In addition, graphene has many appealing
qualities as an electrode material such as a gate-tunable carrier
concentration, optical transparency, plasmonic activity,>® and
long spin-diffusion lengths,’” which make it attractive for appli-
cations such as biosensing®® and spintronics.*”

Here, we report on the use of graphene nanogaps formed
through a process of feedback-controlled electroburning with
an inter-electrode separation of approximately 1 nm as an
ideal platform for the dielectrophoretic trapping and sub-
sequent electrical contacting of isolated nanomaterials. Our
devices, shown in Fig. 1a and b employ a local buried gate
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(a) A schematic of a 3-terminal device demonstrating how the AC bias is applied across the graphene nanogap. The graphene electrodes

span two gold contact pads and sit on top of a thin HfO, dielectric layer that conformally covers a gold gate electrode. The inset shows a false-
colour SEM image of a typical device. (b) A tapping-mode AFM image of an electroburned nanogap indicated by the arrows. (c) A typical set of IV
curves obtained during subsequent cycles during feedback-controlled electroburning. (d) An IV curve after electroburning exhibiting typical tunnel-
ling behaviour. The IV curve is fitted to the Simmons model for a trapezoidal tunnel barrier yielding an average barrier height ¢’ = 0.36 eV, asymmetry
factor a = 0.57, prefactor A = 17 eV~2 and a gap width d = 1.1 nm. (e) Changes in the IV behaviour of a typical device during the fabrication process.
Vs are taken before DEP (pre), after DEP (post) and after the annealing step (ann.). (f) The temperature dependence of a typical device after fabrica-
tion. As the device is cooled, characteristic Coulomb blockade oscillations become visible. The curves at 20 K and 4 K are offset by —0.5 and -1,
respectively, for clarity. (g) False-coloured SEM images of 4 devices taken after DEP.
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electrode under a 10 nm dielectric layer of HfO, which results
in a strong coupling to the discrete charge states of the cap-
tured particle at cryogenic temperatures.

Methods

Our devices were fabricated through a sequence of litho-
graphic steps. First, an array of gate electrodes (40 nm high)
were patterned onto a degenerately doped Si substrate with a
500 nm thick SiO, oxide layer using photolithography. Second,
a 10 nm layer of HfO, was deposited by atomic layer deposition
(ALD) to isolate the gate electrode. Then pairs of source and
drain electrodes were defined in a second photo-lithography
step on top of the ALD layer, followed by the deposition 5 nm
of chromium and 55 nm of gold. Single-layer graphene grown
via chemical vapour deposition was then wet transferred over
the electrodes and patterned into bow-tie shapes with a con-
striction width of ~100 nm using electron-beam lithography
and oxygen-plasma etching. A schematic of the device architec-
ture can be seen in Fig. la. The graphene nanogaps are
formed via a process of feedback-controlled electroburning,
resulting in tunnel junctions with resistances on the order of 1
GQ. Specifically, we follow the method outlined by Lau et al.,
whereby we apply a series of successive voltage ramps while
monitoring any sudden decrease in current to indicate break-
down of the graphene, shown in Fig. 1c. This method employs
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feedback-control to adjust the target voltage of future voltage
ramps to avoid excessive burning. After electroburning, we
take current-voltage (IV) curves between +1 V and fit them to
the Simmons model*"** to estimate the sizes of the nanogaps.
A current-voltage (IV) curve for a typical nanogap is shown in
Fig. 1d, and an AFM image of an electroburned nanogap is
shown in Fig. 1b. Junctions larger than ~ 4 nm yield no resol-
vable tunnel current at sub-volt potentials and are not further
characterised.

We modelled our devices in COMSOL Multiphysics follow-
ing the method outlined by Barik et al. in order to quantify the
electric field gradients V|E|* generated by our devices under
the experimental trapping conditions. The authors model gra-
phene as a semi-infinite sheet of zero thickness with a finite
surface charge density. This surface charge density is
described by an analytical model ((S27)}) which captures gra-
phene’s Dirac-like band structure (for further details refer to
ESI).'® The 2D modelled domain is shown in Fig. 2a where a
0.75V,, potential at 1 MHz is applied across a 2 nm nanogap.
Fig. 2b shows how the field gradient changes as the we
approach the nanogap and compares our devices to those pre-
sented by Barik et al. We can see that at distances in excess of
200 nm from the electrode edge all three device configurations
perform similarly, however at closer range the gold electrode
outperforms the single graphene edge until the particle is only
a few nanometres away. The graphene nanogap, on the other
hand, performs similarly to the gold electrode at most dis-
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(a) A schematic of the simulation domain for electric field calculations. The 1D graphene layer sits atop a 10 nm dielectric layer separating it

from the buried gate. The left electrode is biased with a 0.75 V potential and the right electrode is set to 0 V. The red line traces the vector along
which the data in (b) is taken. Diagram not to scale. (b) Electric field gradients taken along the red path in (a), comparing the relative magnitudes of
the field gradient for where a bias is applied between: 2 graphene electrodes separated by a 2 nanogap where the gate electrode is floating (solid
line), a single graphene electrode and the buried gate (dash-dotted line), and a rounded 20 nm thick gold electrode and the buried gate electrode
(dashed line) (further details of the calculations are given in ESIT). The inset shows a plot of (3) as a function of particle radius, r. The red dot indicates
a particle of equivalent volume to the nanorods used in this study. (c) A contour plot of the logarithm of the electric field gradient generated around
the graphene nanogap under the same conditions as (b). The centre of the nanogap is at the (0,0) coordinate. (d—i) False-coloured SEM images of
trapped nanorods following DEP at 1 MHz for 30 s. The white numbers indicate the peak potentials applied to each of the graphene electrodes or
the gate electrode, and the ground symbols denote that that electrode is grounded. In (d) and (i) the gate electrodes are unlabelled as they are
floating.
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tances but is predicted to generate ultra-large field gradients
close to the nanogap which extend further into the solution
than for a single graphene electrode. Fig. 2c¢ shows how the
field gradient changes over the modelled domain.

In order to explore the dielectrophoretic capability of our
devices experimentally we chose 60 x 15 nm gold nanorods
suspended in 2 mM of aqueous sodium citrate purchased
from nanoComposix as a trapping target. Gold nanoparticles
were chosen given their ease of handling, well understood
trapping behaviour, and their excellent contrast in an SEM for
effective evaluation. A droplet of the suspension was deposited
onto an array of graphene nanogaps while a sinusoidal voltage
was applied to each set of electrodes sequentially using a func-
tion generator and an automated probestation. After DEP the
devices were washed in de-ionised water and dried under a
flow of nitrogen and then characterised with SEM imaging and
electrical testing. We tested nanoparticle trapping across
various frequencies, voltages, and electrode configurations:
traps could be created both across the nanogap and between
the graphene electrodes and the buried gate electrode. A selec-
tion of trapping configurations are shown in Fig. 2(d-i). We
explored whether these two trapping modes could be used in a
complementary way, however we found that trapping with the
buried gate tended to dominate over the trap at the nanogap.
This is because although the buried gate creates smaller field
gradients, the trap is created over a much larger area, which is
advantageous as the nanoparticle first needs to diffuse into
the trapping zone where (3) is satisfied. To achieve site-selecti-
vity and single particle capture we found the optimum con-
figuration to be 0.75V}, at 1 MHz applied for 30 seconds across
the nanogap while the gate electrode is allowed to float
(Fig. 2i). A selection of devices created with this configuration
is shown in Fig. 1g. For one sample tested under these con-
ditions, 66% (26/39) of the nanogaps captured nanoparticles,
of which 35% (9/26) achieved single particle capture. Whether
the trapping could be reversed was not explored given the
requirement to dry the devices before characterisation,
however we do not expect that the trapping of nanorods could
be reversed at different frequencies given their constant CM
factor.

After establishing the optimum DEP parameters for our
devices, we went on to explore whether they could be used to
study electrical transport physics across the captured particles.
First, we tested to see if the nanogaps would retain their
Simmons-like tunnelling behaviour after application of MHz
potentials. We found that under air, water and in a 2 mM
sodium citrate solution (without nanoparticles) the IV curves
did not change significantly up to a voltage of 0.75V},. At larger
potentials, devices were increasingly likely to ‘break’, showing
no tunnelling at biases below 1 V. Under air, we would expect
that the larger voltages may further expand the nanogap given
that the electroburning procedure relies on successive voltage
ramps to voltages in excess of 1 V.**** Additionally, under
aqueous environments it has been observed that graphene
undergoes electrochemical degradation at moderate potentials
which likely contributes to the loss of conduction under these
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conditions.**** Joule heating of the solution is expected to be
negligible in low-conductivity solutions even under large
biases.*"

Secondly, we studied how the IV behaviour changed after
nanoparticle capture. We expected to see an increased conduc-
tance due to the nanorods establishing a new conductive
channel. However, we found that the conductance of the
devices either remained unchanged or was reduced below
background noise at sub-volt potentials (Fig. 1e). This change
was not found to correlate with the number of nanorods that
were trapped. Contamination on the electrodes, perhaps com-
pounded by the DEP process, and the functionalisation of the
nanorods may have prevented good contact between the nano-
particle and the electrodes. The reduction of tunnelling cur-
rents for some nanogaps may have been caused by trapped
nanorods ‘shorting’ the devices and damaging the electrodes,
or could be due to significant changes in the tunnel barrier
induced by the large negative charge on the nanorods. In
order establish good contact we introduced an annealing step
at 200 °C for 2 h under Argon. Annealing has been shown to
remove contaminants from the surface of graphene,*® but also
results in mobility of the surface atoms of gold nano-
particles.” At 300 °C the nanorods relaxed into spheres,
whereas at 200 °C they retained their aspect ratio. After anneal-
ing, we again electronically characterised the devices at room
temperature and many devices showed a significant increase
in conductivity as seen in Fig. le. Graphene nanogaps without
nanoparticles that were annealed under the same conditions
were found to lose all tunnelling behaviour, indicating that the
nanorods are responsible for the conductance increase.
Devices exhibiting an increase were selected and cooled to 4 K
for further characterisation (Fig. 1f).

Results

Electrical transport through single mesoscopic metal islands
at low temperatures is well described by the classical orthodox
model,*®*>° where any discreteness of the energy levels AE
within the island or any inelastic transport mechanisms are
considered to be negligible.”® In this picture, devices may be
treated as an equivalent network of capacitors and resistors as
shown in Fig. 3a. The number of electrons occupying the
central island becomes quantised when the capacitive char-
ging energy E of the island (equivalent to the addition energy
E, in the orthodox model) is greater than the thermal energy
ksT and the electrostatic potential e|Vyq| in the leads.”® This
condition is known as Coulomb blockade.

With the captured gold nanoparticles acting as the metallic
islands, we saw clear Coulomb blockade features in 11 devices
measured at 4 K. An IV curve for one such device is shown in
Fig. 3c. By measuring IV curves across a range of gate voltages
we can construct stability diagrams showing characteristic
Coulomb diamonds, as in Fig. 4. By measuring the gradients
and spacing of the Coulomb diamond edges we can extract the
values of the three capacitances Cs, Cp and Cg.>® These values

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) An equivalent circuit diagram of a gold nanorod device. The

source S and drain D tunnel barriers are represented by an RC circuit
and the gate is modelled as a capacitor Cg. Qg denotes the residual frac-
tional charge on the island. (b) A zero bias conductance gate trace taken
from Device A. Data points are represented by open circles and the solid
line shows a fit to a classical thermally broadened conductance peak
((522)1).5* (c) An IV of Device A at zero gate voltage taken over a large
bias range. The first derivative is shown in orange. Multiple, equally
spaced resonances can be seen indicating the addition of another elec-
tron to the nanorod.
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Fig. 4 Results of fitting to the orthodox model for Device A (a), B (b)
and C (c). The left panels show [Vs fitted to the orthodox model,
informed by capacitances measured from the gradients of the Coulomb
diamonds shown in the central panel. The central panels show the
measured conductance stability-diagrams. The red line indicates the
value of gate voltage for which the IV curves were taken. The right
panels show the stability diagrams calculated with the orthodox model
using the parameters resulting from the IV fit and a value of Cg taken
from the Coulomb diamond spacing.

are then used to inform the fitting of the IV curves to the
orthodox model, which further gives the resistances Rsp and
the parameter |Q,| < e/2, describing the fractional residual
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charge on the island at zero bias. Fig. 4 shows the fitting
results for three measured devices alongside the measured
and calculated stability diagrams. The extracted parameters
are listed in Table 1. The stability diagrams all exhibit several
discontinuities as the gate-voltage is swept. These are caused
by sudden local charge rearrangements which act to gate the
nanoparticle, and are commonly seen in single electron tun-
nelling measurements. We find that the extracted capacitance
values are similar across the three devices while the resistances
show more variance.

An estimate for the lower-bound of the capacitance can be
found by considering the self-capacitance of a prolate (a = b <

1+M
+ ) where

llipsoid
c) ellipsoi T

M = ./1—c2/a>.>* We can account for the mixed dielectric
environment by taking &, = (1 + eyso2)/2 &~ 7. This yields Cx =
11 aF for a prolate ellipsoid with dimensions a = b = 7.5 nm
and ¢ = 30 nm. This in turn gives us an upper bound for the-
charging energy of Ec = €¢°/Cy ~ 14.6 meV.”> The measured
charging energies are good agreement with this value and any
discrepancy can likely be accounted for by additional capaci-
tances to the electrodes. We observe no traces of individual
quantum levels at 4 K for these particles. As such, for our
nanoparticles E, ~ E¢ at 4 K.

Cs, = 4mereg2aM/ log<

Discussion

Our measured E values are in good agreement with other
studies that have examined gold nanoparticles of comparable
sizes.’®® The asymmetry in the values of Cs and Cp, can be
attributed to the nanorod being positioned more over one elec-
trode than the other, given that the nanorods are considerably
longer than the widths of the nanogaps. Differences in specific
nanorod positioning across the nanogap can also explain the
observed inter-device variance of capacitance values. We find
large relative values of Cg, and thus large values of the lever-
arm f as a result of the close proximity of the gate electrode,
the choice of a high-« dielectric and the reduced screening of
the gate potential by graphene electrodes compared to metallic
electrodes. It is noteworthy that even after annealing there
remains a barrier between the graphene the nanorod that
enables charge quantisation. Graphene and gold couple
weakly,>® due in part to the low density of states of graphene,
resulting in a large sensitivity of the contact resistance to
chemical termination, contact area and defects.®®®! In order
to observe Coulomb blockade the barrier need not be purely
tunneling but can also arise in the presence of scattering.®?
The Coulomb diamonds shown in Fig. 4 consist of only two
gradients and close at zero bias, indicative of transport
through a single particle.®?

All devices that exhibited conductance increases after the
annealing step and that were imaged were found to have nano-
rods situated over the nanogap region. However, it is pertinent
to consider whether a graphene constriction,**®> ribbon®**” or
some graphene quantum dot created during

Nanoscale, 2021, 13, 6513-6520 | 6517
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Table 1 Parameters resulting from fits to the orthodox model

Device Cs (aF) Cp (aF) Cq (aF) Rs (MQ) Rp (MQ) Qo (e) Ec (meV) plevv
A 11 6.5 4.2 58 1.2 -0.28 7.4 0.2

B 10 1.1 6.0 6.2 0.55 0 9.4 0.35

(¢ 9.3 6.4 2.4 1.1 5.8 0.17 8.9 0.13
electroburning®®”> could form the charge island and be the enhancement of graphene’s intrinsic plasmonic excitations

responsible for the single-electron tunnelling behaviour.
Despite the abundance of charge discontinuities in our
devices, we observe regularly spaced and sized Coulomb dia-
monds. Furthermore, we observe no evidence of excited states
running parallel to the diamond edges. This strongly suggests
we are in the classical orthodox regime (E, ~ Ec > AE) and is
in-line with a ‘particle-in-a-box’ estimate of the level spacing in
our nanoparticles AE = 21*A%/mkgV ~ 16 peV,”>”* which would
not be resolvable at 4 K.”°> On the other hand, a graphene
quantum dot with an equivalent addition energy would
require a diameter of 100-150 nm,>® approximately the width
of the graphene constriction before electroburning. At this size
previous studies on graphene quantum dots have found a
level-spacing on the order of 2 meV,”> which we do not
observe. Together, these observations point strongly towards
the gold nanoparticles as being responsible for the single
charge tunnelling.

Over large gate ranges, we observed modulations magni-
tude of the conductance peaks like those shown in Fig. 3b.
Such modulations are not expected in the orthodox model
where the density of states of the electrodes and of the island,
and therefore the tunnel coupling between them, are treated
as constant with respect to any electrostatic gate. Previous
experiments have demonstrated that for metallic nanoparticles
the level spacing, and therefore p, does indeed remain inde-
pendent of electron number.>””® However, unlike in metallic
electrodes where the constant density of states approximation
is valid, graphene has a discontinuous density of states and
can be gated, leading to localised density-of-states fluctuations
within the graphene leads and therefore modulations in the
tunnel coupling.”"””"7°

Conclusions

Here, we have demonstrated a dielectrophoretic platform
which enables the facile bottom-up formation of single-par-
ticle devices from a nanoparticle suspension. Our nanometre-
separated electrodes enable direct electrical contact across
even the smallest nanoparticles, and the inclusion of a buried
gate electrode allows for tunable transport measurements,
giving access to the study of the unique electrical properties
that can be engineered in chemically derived nano-structures.
Single-particle devices have shown promise for applications
such as nanoscale light sources®”**%°%" and spintronic
devices.**®% Interfacing nanoparticles with graphene has
allowed for the study of proximity induced spin effects®”"*® and

6518 | Nanoscale, 2021, 13, 6513-6520

for improved optoelectronic devices.*” Our platform opens a
clear route to further quantum transport measurements on a
plethora of novel nanomaterials at single-particle resolution
and represents a key step towards realising new devices and
technologies that exploit them.
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