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Room temperature single electron transistor based on
a size-selected aluminium cluster’

Vyacheslav S. Zharinov,** Thomas Picot,* Jeroen E. Scheerder,* Ewald Janssens** and
Joris Van de Vondel**

Single electron transistors (SET) are powerful devices to study the properties of nanoscale ob-
jects. However, the capabilities to place a nano-object between electrical contacts under pristine
conditions are lacking. Here, we developed a versatile two point contacting approach that tackles
this challenge, which is demonstrated by constructing in-situ a prototypical SET device consisting
of single aluminium cluster of 66 45 atoms, deposited directly in the gold nanogap using an innova-
tive cluster beam deposition technique. The gate driven conductance measurements demonstrate
Coulomb blockade oscillations at room temperature correlating with an extracted charging energy
of 0.14 eV, which is five times larger than kT at 300 K. Our work provides a model SET device

platform to probe quantum features of nano-objects with high precision.

1 Introduction

Amid the trend of downscaling modern field effect transistors
(FET) 12, single electron transistors (SET) are promising for a
future generation of nanometer scale electronic switches3“ and
sensors >, Most SET reported today can only be operated at cryo-
genic temperatures, which largely limits their application poten-
tial. Therefore, several attempts have been undertaken to adapt
SET designs for room temperature conditions’~10. SET architec-
tures are not only of interest for electronic devices but are also
highly appealing for fundamental research of individual nano-
size or pointlike objects. Pursuing these goals, a variety of SETs
has been realized based on either single molecules!!-14 single
nanoparticles >-1%:15-17 or patterned Coulomb islands>-8.

The design of a single electron transistor requires electron tun-
neling between both electrical contacts and the nanoscale object.
The electrical transport through the islands is controlled by an
applied gate voltage. As the distance between the contact and
the island is a critical parameter for tunneling, control of the ini-
tial nanometer wide separation between the electrical contacts is
required. Hereto, different approaches have been used, includ-
ing break junctions '8, electrodeposition'?, and electromigration
(EM) 11,2021 " EM refers to the motion of material that is driven
by high current densities and is mostly the result of momentum

@ Laboratory of Solid-State Physics and Magnetism, KU Leuven, Celestijnenlaan 200
D, box 2414, BE-3001 Leuven, Belgium. E-mail: vyacheslav.zharinov@kuleuven.be,
ewald.janssens@kuleuven.be, joris.vandevondel @kuleuven.be

T Electronic Supplementary Information (ESI) available: [details of any supplemen-
tary information available should be included here]. See DOI: 00.0000/00000000.

transfer from moving charge carriers to atoms. The advantages
of EM for nanofabrication are that i) it can be implemented rel-
atively easily using a simple control algorithm; ii) it can be per-
formed under ultra-high vacuum (UHV) conditions, avoiding un-
desirable contamination effects2223; and iii) it is compatible with
the addition of a gate electrode. Therefore, EM was reported as a
reliable method for yielding stable metallic electrodes®+2°. As a
result, the formation of contacts using EM has been proven fruit-
ful for studies of the electronic structure of individual nanoparti-
cles and molecules19:11:26,

The physical and chemical properties of nanoclusters, consist-
ing of at most of a few hundreds of atoms, dramatically depend
on their precise size, spatial atomic arrangements 27-2?
position30. This can be explained by their increased surface-to-
volume ratio and by quantum confinement effects at these re-
duced dimensions3!. The size-dependent properties of nanoclus-
ters triggered a lot of interdisciplinary research to fabricate and
characterize these fascinating building blocks and led to a variety
of cluster based applications in medicine32, catalysis33-3°, plas-
monics3°, memory devices based on quantum effects3”, memris-
tive devices3® and neuromorphic devices3%40. Due to their small
size, nanoclusters are ideal building blocks to fabricate room tem-
perature SET.

and com-

A great deal of activity in the field of supported nanoclusters
has been done on chemically synthesized nanoclusters covered
with ligands*!. Although ligand protected clusters are convenient
to handle and exhibit high stability#?#3, their chemical synthe-
sis limits the variety of composition materials and cluster size.
An alternative is to use the technique of cluster beam deposition
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(CBD), in which unprotected clusters are produced by physical
methods like magnetron sputtering or laser ablation. The size se-
lection is performed in the gas phase using mass filters for ions,
and soft-landed on a substrate #44°, all under UHV conditions 4°.
In comparison with chemical methods, CBD is more flexible in the
elemental selection, the composition*”, and the particle size.

In this article we propose to combine EM with CBD to fabricate
a cluster based SET (cSET). Both EM and CBD are performed
in-situ. By monitoring the current through the gap while deposit-
ing the clusters, we can detect that a single cluster bridges the
contacts after which the CBD is stopped. If the cluster is weakly
connected to both contacts through tunnel barriers, adding or re-
moving a single electron, changes the electrostatic potential of
the cluster and, as a result, prohibits electron transfer through
the cluster. This behavior is a cornerstone of SET devices and is
called the Coulomb blockade (CB). As the cluster in a ¢cSET has an
extremely low capacitance, charging by a single electron evokes
CB even at room temperature and brings these devices closer to
practical applications.

The successful fabrication of a cSET is presented in four parts.
In Section II we demonstrate the formation of electrical contacts
with the required nanometer separation by EM. In Section III, the
production and size filtering of aluminum clusters is described.
This particular choice of clusters, prone to oxidation, directly
proves we mitigated the problems present when studying chemi-
cally reactive clusters. The procedure of electrical connection to
a single cluster is discussed in Section IV. Finally in Section V, the
Coulomb blockade oscillations, observed at room temperature,
are discussed.

2 Nano-separated electrical contacts

The precursor structure for the electrical contacts is a bow-tie
bridge fabricated using electron beam lithography on a heav-
ily doped Si substrate covered with a thermally grown SiO,
layer. After exposure and developing of a spincoated double
MMA+PMMA (950k) resist layer, a gold film is grown by molec-
ular beam epitaxy. No adhesion layer is used between the gold
and the SiO, substrate. The resist mask is removed by soaking
the samples in acetone and consequent rinsing in isopropanol. A
scanning electron microscope (SEM) image of the resulting bow-
tie structure and the used electronic read-out scheme are shown
in Fig. 1a. The narrowest region has a width of about 40 nm. For
gate-controlled experiments, the Au film has a thickness of 15 nm,
the SiO, thickness is 90 nm, and the silicon substrate is employed
as a gate plate.

To produce a nanogap at the narrowest point in the bow-tie
structure, we use the EM technique, which is able to surpass the
resolution limitations of contemporary lithography methods!!.
Hereto, we applied a novel EM protocol that was demonstrated
to have a high controllability and reproducibility*®. The success-
ful creation of a few atom bridge between the two contacts is
reflected in the quantization of the conductance2°, which is con-
tinuously monitored during EM (see Fig. 1b). After removal of
these last bridging atoms, it is expected to obtain a gap of about
~1nm.

An example of the measured current-bias data of a fabricated
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Fig. 1 (a) An illustration of a sample structure combined with a general
measurement scheme. Here, the golden bow-tie bridge is tailored on
the surface of the oxidized silicon wafer and the colored SEM image is
rendered on top. Rsp = Gy} - junction resistance, R - resistance of the
connecting wires, Uy - electric bias applied to the structure, U = Usp and
1 = Isp - measured bias and current, respectively, and Ug - gate bias. (b)
Conductance as function of time during EM. Before gap formation, Ggp
demonstrates quantization (Gy - quantum of conductance). (c) I(Usp)
behaviour after gap formation (black dots) and a fit of this data with Sim-
mons formula for a barrier area of A = 1 x 10~ nm?(red curve), which
demonstrates the formation of a tunnelling gap with an inter-contact bar-
rier height ¢~1.6 £0.6eV and a width d~1.0£0.2nm.



gap is shown in Fig. 1c. The non-linear current-voltage depen-
dence demonstrates the formation of a tunnelling gap. This data
has been fitted (red line in Fig. 1c) with the Simmons model for
a symmetric, rectangular, barrier modified by image forces in the
intermediate voltage regime*®. As the fitting does not critically
depend on the exact barrier area®®, we fixed its value to A =
1 x 10~ nm?, which roughly corresponds to the cross-section of a
single gold atom. The least squares fitting was used to find the
barrier width and height, which are, respectively, d~1.0 £0.2nm
and ¢~1.6+£0.6eV. The error of both values is estimated by re-
peating the fitting procedure, while changing the barrier area by
two orders of magnitude around the selected value. The received
barrier height is considerably lower than the work function of
gold, which is in line with expectations and with earlier reports
on gold tunnelling contacts°%°1. In addition, the obtained barrier
width d should be considered as the shortest distance between the
leads. Given the expected irregular geometry of the gap, clusters
will have a more extended landing region to establish a weak link
between the contacts.

3 Cluster production and deposition

After formation of the nanogap, clusters are deposited on the de-
vice. The different steps of clusters formation, ion guiding, mass
filtering, and deposition are schematically presented in Fig. 2.
Aluminium clusters are produced by plasma induced sputtering
of a bulk aluminum target in a magnetron source and subsequent
material condensation in an inert gas (He and Ar mixture) atmo-
sphere (1). The formed particles with single positive charge are
channelled via ion-guides (2) to a quadrupole bender (3), where
residual neutral and negatively charged clusters are filtered out.
More accurate mass selection is possible by the quadrupole mass
filter (4). This filter enables particle selection with atomic preci-
sion for cluster sizes up to 100 atoms, but at a significant reduc-
tion of the throughput efficiency. In the current case, the resolu-
tion of the mass filter was reduced to increase the particle flux and
clusters composed of 66 +5 atoms were selected. A mass spec-
trum after filtering is shown as inset in Fig. 2. Assuming the bulk
density of Al and a spherical shape, the diameter of the deposited
clusters is around 1.3 +0.1 nm (if the particles flatten to a hemi-
sphere upon landing the diameter will be about 1.6+ 0.1 nm). Fi-
nally, the selected cationic clusters are soft-landed (impact energy
E4~70meV per atom) on the sample through a mask (aperture
® 1.5mm).

Since the position of the sample holder is adjustable in three
dimensions, the cluster beam can be aimed precisely at a selected
device on the sample. If required, the kinetic energy of the clus-
ters can be altered by applying an electrical bias on the sample >2.
By aiming the beam of charged particles to a metal plate con-
nected to a picoammeter, the cluster flux can be measured, which
allows to estimate the density of the deposited clusters. Overall,
the cluster beam deposition approach provides a high flexibility
and high control over the cluster size, the deposited amount, and
the kinetic energy of the deposited clusters4>°2,
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Fig. 2 Schematic overview of the cluster production, size selection, and
deposition. Inset: mass spectrum of the deposited cationic aluminium
clusters, filtering particles consisting of 66 +5 atoms.

4 Connecting to a single cluster

One of the main challenges to fabricate a single electron tran-
sistor is the difficulty to place a single molecule, quantum dot,
or nanoparticle in the prefabricated gap. In earlier studies, a
trial-and-error procedure is practised, which basically consist of i)
making many devices, ii) measuring the devices one by one after
fabrication, and iii) selecting those that show the desired single
electron tunneling behavior for further characterization. The suc-
cess rate, expressed as the ratio of the number of useful devices
to the number of fabricated devices, of this approach is typically
low?20,

We apply a more controlled strategy that allows monitoring of
the electrical characteristics of the device during cluster depo-
sition. The landing of a single cluster into the gap is directly
reflected in a sudden increase of the conductance. The low depo-
sition rate provides the required time to terminate the deposition
after observing a single event. The success rate of this approach
is almost 100%. A typical example of real time monitoring the
conductance between the two contacts (Gsp), while applying a
bias voltage Usp = 50mV, is shown in Fig. 3a. A first increase
of Gsp, denoted as G, in Fig. 3a coincides with the start of the
cluster deposition (vertical green line) and is caused by the cur-
rent of charged clusters that land on the leads. A second, well
defined, discontinuous increase AGsp = Gy, 1S present at T~8s
after commencing the cluster deposition. This kind of behaviour
has been observed consistently in our experiments. Rapid ter-
mination of the deposition after the jump in Ggp prevents that
additional clusters land into the gap. Indeed, no change in Gsp
is observed between the G, step and the end of the deposition,
which implies that no additional conductive paths are created. To
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Fig. 3 (a) Conductance of the device, Gsp, during cluster deposition. The
electric bias applied between leads is Usp=50mV. The green and red
vertical lines indicate the moments that the cluster deposition starts and
terminates, respectively. The red arrow points to the current of charged
clusters that land on leads (G,.,) and thus it is no “real” increase of the
conductance of the device, while the conductance jump highlighted by
the blue double sided arrow denotes the connection to a single cluster
(Geust)- (b) SEM image of a junction gap region after cluster deposition
until the gap was bridged.

check the stability of the resulting system, the conductance has
been monitored for nearly two hours after termination of the clus-
ter deposition and no irreversible changes have been observed.
An SEM image of a similar device after electromigration and
cluster deposition is shown in Fig. 3b. It could be concluded from
this image that the used EM protocol is successful for nanogap
fabrication and the aluminium clusters density around the junc-
tion is not high enough to form an interconnected percolation
network. Note that the resolution of the SEM image is insuffi-
cient to distinguish the cluster inside the gap. Due to the stochas-
tic nature of landing position/coordinates, it is not possible to
calculate exactly the deposition time needed to place a cluster in
the gap of an electromigrated junction. Still, one can estimate
this time (7) from the assumption that landing of a single clus-
ter in the gap is sufficient to cause a discontinuous increase in
Ggsp. The condition can be written as jTA = 1. Here, j is a clus-
ter flux and if a deposited cluster center is located in the area
A between leads, then the cluster bridges the contacts via two
weak links. At this moment the surface particle density will be
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pi=jT=1/A~0.03nm 2. Here, A~ 2 x 15 nm?2, which length
was estimated on the basis of the SEM image (Fig. 3b). This
value can be compared with the one obtained using the deposi-
tion time t until the Gsp jump (p4 = j7). For the case presented
in Fig. 3a, we have 7~8s and j=3.18 x 10735~ nm~2 and thus
pa~0.025nm~2, which is of the same order of magnitude as pj.
Therefore, our simple cluster connection model plausibly accords
to the experimental results and indicates that the jump in Ggp
jump is indeed caused by a single bridging cluster.

In addition, connecting to a single cluster requires staying be-
low the percolation limit. This condition can be expressed by
means of filling factor, 1 = jag7t, that should not exceed its critical
value 7.. Here, qy is a surface area occupied by a single deposited
cluster. The ensemble of deposited clusters can be described as
a two-dimensional (2D) continuum system of single size conduc-
tive circles>3-°*. Following this model, the critical filling factor
is approximately 1.13. Thus, for the case presented in Fig. 3a,
the time to reach the percolation threshold is 7. = 1./ jag =~ 800 s.
This is much longer than the observed deposition time until the
first jump 7. Therefore, it is unlikely that the changes in Ggp are
caused by charge percolation through a conducting path of mul-
tiple clusters. The same conclusion holds if electron tunneling is
included in the percolation model. This effectively increases the
diameter of the deposited clusters (increases 1) and, as a result,
reduces 7. The mean distance between clusters (L) at the mo-
ment of Gy, jump is (L)=6 nm. At these distances the tunneling
effects are negligibly small*® and the impact of tunneling can be
ruled out.

In order to preserve its electronic structure, a single cluster
should be weakly connected to the leads by means of tunnel-
ing. Both Landauer theory for the case of elastic scattering and
the Mott-Ioffe-Regel (MIR) limit of resistivity in case of inelas-
tic scattering can help to distinguish the tunneling conductivity
from the non-localized case. As follows from the MIR limit>>,
it is not possible to increase the resistivity of a metal above
pir~=300uQ cm when the carriers mean free path approaches
the interatomic distance. The estimated upper resistance limit
is Rir~6kQ, assuming a cluster cross-section of just 1 nm? and a
conductive line length of 4 nm (combination of the cluster diam-
eter and of two tunneling lengths).This value is much less than
the resistance through a single cluster as presented in this work
(G;lzi +=50MQ, Fig. 3a). Gc’l}m can neither be explained by means
of Landauer ballistic transport theory with the unit transmission
coefficient, as Gc_hlm greatly exceeds the quantum of resistance
Ry = h/2¢*~13kQ. As a result, we can conclude that after land-
ing of a cluster a tunneling contact remains. In principle, the ob-
served Ggp jump can be explained by a single tunneling contact
to a cluster while the second contact could be metallic. However,
a working cSET requires both contacts to be weak. The presence
of a Coulomb blockade effect, demonstrated in Section V, assures
that both contacts are tunneling contacts.

5 Coulomb blockade

To demonstrate a working cSET, Coulomb diamonds have been
measured and analysed. For this goal, a set of Isp(Usp) curves
have been obtained at room temperature for different backgate



voltages, Ug. Only positive bias voltages were applied, due to the
reduced lifetime of our devices for negative bias voltages caused
by an increased oxide degradation. The colormap presented in
Fig. 4a represent the differential conductance, Gsp(Usp,Ug) =
dlsp(Usp,Ug)/dUsp as a function of Usp and Ug. The dashed
lines contour the edges of the identified Coulomb diamonds.
These results have been further analysed from the perspective of
the orthodox CB model3.
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Fig. 4 (a) Example of Gsp(Usp,Ug) scan map. Dashed lines indicate the
borders of Coulomb diamonds. Uy is the periodicity of CB diamonds. (b)
The top view of the 3D model for a cluster-gate capacitance calculation
in “COMSOL Multiphysics”. s- tunneling gap that is the distance between
a cluster and the leads edge. Red arrow shows the “y” direction of the
clucter position shift. Initial position of the cluster is exactly between the
contacts. (c) Dependence of calculated C¢; as a function of tunneling
gap s for the case of gap size variation (red line) and the cluster position
variation in the direction “y” at leads gap size 3 nm.

The height of a vertically extrapolated Coulomb diamond, Uj, ~
0.28V (not indicated in Fig. 4a), gives the total capacitance of
the aluminium cluster, Cy ~ CEX = ¢/U, = 5.8 x 1071 F, where ¢
is an electron charge and the upper index EX means the value
received from an experiment. Thus, the charging energy of the
cluster (E,) can be estimated from this value: E. ~ > / ZCEX =
0.14eV. This confirms that the charging energy is much larger
than thermal energy at room temperature (kg7 = 26 meV), which
is an obligatory condition for cSET operation. In addition, the
gate-island capacitance, Cg, can be found from the relation Cg ~
CEX = ¢/U,, where U, is the periodicity of the CB diamonds as a

function of the backgate voltage. For the case presented in Fig. 4a,
the gate-island capacitance is CEX = 2.0 x 10720F. Therefore, the
main contribution to the total capacitance is given by the leads
and, in case we assume identical barriers, the capacitance of a
single lead is CEX = (CEX — CEX)/2=2.8 x 107 19F.

To check the validity of the experimentally obtained values,
reasonable estimations regarding the capacitive coupling can
be obtained from the knowledge about the cSET geometry. A
straightforward method to estimate Cg is to use an analytically
derived formula for a simplified system. First, the flat capaci-
tor model has been used to estimate the lower limit of the gate-
cluster capacitance Cgin = 8 x 10722 F. Secondly, the upper limit
is calculated using an approximated formula of a sphere over a
conductive plane®®°7 that gives Cgpar = 3 X 1071°F (see details
in the Supplementary information). CEX does fit in this range
pointing to the consistency of the applied Coulomb diamonds
model and the experiment. As the calculated Cg is spread over
three orders of magnitude, a more accurate estimation approach
has been also provided.

The second approach is based on the modelling of an electro-
static interaction in the cSET geometry using “COMSOL Mutli-
physics” simulation package. In the result, values of gate and
lead capacitances are found and are denoted as Cg and C¢ re-
spectively. The model geometry includes the cluster and the main
elements of the cSET that electrostatically interact with it: leads,
oxide layer and gate plate. The top view of the model is pre-
sented in Fig. 4b. It includes a semi-spherical shaped cluster of
diameter d located between electrodes that have semi-spherical
endings of radius R = 10 nm in accordance with the SEM image
presented in Fig. 3b. To account for the local geometrical uncer-
tainty, the tunneling distance (s) between the island and a lead
has been varied by means of shifting the cluster in the direction
noted in Fig. 4b as y and by variation of the gap size. In the
first case the gap between the leads was fixed at 3 nm, and in
the second case the cluster was located exactly between the leads
(y =0). The results of the calculated capacitance’s Cg have been
presented in Fig. 4c. For a realistic tunneling distance 0.4-1.5 nm,
Cg lies in the range 0.4 x 10720-0.9 x 10729 F and only slightly
depends on which of the two parameters was varied. Regardless
CE < CEX in the whole simulation range, the modelled values give
a closer correspondence to CEX than the capacitance limits ear-
lier estimated from the flat and spherical capacitor models. We
can reach a similar conclusion for the lead-cluster capacitance C¢
that is calculated to be 0.9 x 1071°F at s~1nm. The estimated
values justify the explanation of the observed Ggp oscillations by
Coulomb blockade.

6 Conclusions

We successfully realized a SET based on a single aluminium size-
selected cluster that demonstrated our new approach of mak-
ing in-situ electrical contacts with nano-objects. The revealed
Coulomb blockade diamonds, backed by modelling, provide a
proof-of-concept. The cluster-based transistor is able to operate
at room temperature, which broadens the spectrum of potential
applications of clusters in integrated electronics.

The new contacting approach can further be combined with
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other deposition techniques such as electrospray ionization that
enables direct contact to single molecules as well. This opens
prospects to study the size, structure and composition dependent
electronic properties of nano-objects in a SET configuration under
highly pristine conditions.

Future work includes operating those SET devices at cryogenic
temperatures to increase the spectral resolution and to mechani-
cally stabilize the system. Noteworthy, small clusters may have a
substantial HOMO-LUMO gap and energy levels separation. The
last one can be estimated by Kubo formula § = 4Er /3N 8, where
Er~11.7 eV>? is the Fermi energy of bulk aluminium and N is the
total amount of available valence electrons in the cluster (notice
that every aluminium atom has three valence electrons 60). Thus,
6 = 79meV for tested aluminium clusters. As it is more than kgT
even at room temperature, the presented cSET is potentially able
to reveal energy quantization phenomena.
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