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We have reported the precise methodology for fabricating graphene quantum dots through electroburn-
ing and performed measurements on the Coulomb blockade and oscillation phenomena. The diameters
of graphene quantum dots can be estimated to range from several to tens of nanometers, utilizing the
disk capacitance model and the two-dimensional quantum well model. By subjecting the quantum dots
to a vertical magnetic field, an obvious alteration in conductance can be detected at the point of reso-
nance tunneling. This observed phenomenon can be attributed to the modification in the density of
states of Landau levels within the graphene leads. Moreover, by manipulating the gate voltage, it is poss-
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ible to regulate the Fermi level of the lead, resulting in distinct magnetoresistance of different electron
states. The presence of this lead effect may potentially disrupt the magnetic response analysis of gra-
phene-based single-molecule transistors, necessitating a comprehensive theoretical examination to miti-
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Since the isolation and subsequent discovery of graphene
through mechanical stripping from highly oriented pyrolytic
graphite,’ extensive research has been conducted on the
quantum effect exhibited by this two-dimensional material.>™*
Owing to its hexagonal lattice structure, graphene possesses
exceptional electrical conductivity and temperature stability,
which lay a solid foundation for the development and appli-
cation of novel electronic devices in the future.’

Various specialized processes have been employed to treat
graphene, including the controlled electroburning method
which generates a nanoscale gap in graphene nanoribbons.®™
These gaps are exploited to fabricate single-molecule transis-
tors by introducing molecules into them.'®'" The organic
chain molecules with multiple benzene rings at their ends are
capable of forming n-n coupling with graphene leads on both
sides of the gap,"”””"” while chain molecules featuring an
amino group at their ends can form covalent bonds with the
carboxyl group located at the ends of the graphene gap.'®2°

There exists a unique case where graphene quantum dots
are present in the nanogap formed through the electroburning
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method.?! These quantum dots exhibit electrical transport pro-
perties highly similar to those of single-electron transistors;
for instance, both exhibit the Coulomb blockade phenom-
enon.”> Moreover, the blocking region exhibits a significant
addition energy,” ensuring that this characteristic is main-
tained even at room temperature. Additionally, by applying a
top gate voltage,>*?” quantum dots can be isolated within
specific regions of flake graphene. Notably, graphene quantum
dots also demonstrate peculiar fluorescence phenomena and
possess immense potential in future applications such as bio-
imaging, sensors, catalysts, and optoelectronic devices.*®
However, further investigation is necessary to fully understand
the electrical transport properties of graphene quantum dots
and their response to applied magnetic fields.

In this study, we present a novel approach for the fabrica-
tion of graphene quantum dots. Initially, a single layer of gra-
phene synthesized through chemical vapor deposition (CVD)
is carefully transferred onto a 300 nm silicon oxide substrate.
Subsequently, a 500 nm wide graphene ribbon is precisely pat-
terned using electron beam lithography and oxygen plasma
etching techniques. The Raman spectrum analysis of the
employed monolayer graphene is presented in Fig. 1a.
Furthermore, to serve as the source and drain electrode, we
utilize a well-defined 20 nm Cr/200 nm Au pad patterned on
the graphene surface while employing highly doped conduc-
tive silicon as the back gate electrode.

We employ a feedback-controlled electroburning program
to fracture the graphene ribbon under ambient conditions at
room temperature. A voltage ramp of 1 V s' is applied to the
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Fig. 1 Graphene quantum dot devices fabricated by electroburning. (a) Standard Raman diagram of a single-layer graphene; compared with G
peaks, the higher 2D peaks show a monolayer characteristic. (b) /-V curves of the feedback electroburning process; the red line is the curve of the
first cycle, and the illustration is the graphene nanoribbon diagram under a microscope. (c) /I-V curve after electroburning, obtained using the

Simmons model to estimate the gap at 1-2 nm.

source electrode, while monitoring and recording real-time
current as well as maximum current during the process. Upon
detection of a decrease in real-time current, the voltage is
rapidly ramped down to 0 V within 1 ms. The feedback con-
dition is adjusted based on the previous feedback threshold
voltage. This iterative program continues until the low bias re-
sistance between the source and drain electrodes exceeds 100
MQ. Fig. 1b illustrates the source-drain current-voltage (I-V)
curves obtained from this feedback process, where the red
curve represents the I-V curve of the initial feedback breakage
event. The inflection point of the red curve is related to the
process of graphene annealing and impurity removal in an
oxygen environment.”®

The electroburning process culminates in the formation of
gaps within the graphene ribbons, whose sizes are estimated
using the Simmons model as depicted in Fig. 1c.*® Most of
these gaps vary in size from 1 to 2 nm and may potentially
contain graphene quantum dots. By comparing current maps
as a function of source-drain voltage and gate voltage at 2 K
temperature in a vacuum environment, these devices can be
broadly classified into four groups.”® Fig. 2a illustrates the
transport properties of the nanogap without graphene
quantum dots. The current map does not exhibit any discern-
ible pattern, while the output characteristic curve shown in
Fig. 2e (with a gate voltage of —2 V) demonstrates high sym-
metry that can be fitted using the Simmons model.
Additionally, no prominent peak is observed in the transfer
characteristic curve at a bias of —2 mV, as presented in Fig. 2i.

Fig. 2b illustrates the transport characteristics of a single
graphene quantum dot within the nanogap. The current map
exhibits a series of discernible rhombic blocking regions,
characterized by equal slopes along their corresponding edges,
commonly referred to as Coulomb diamonds.*’ Under high
bias conditions, electrons can traverse the boundaries of these
Coulomb diamonds and enter the conduction region, resulting
in an abrupt surge in current at specific bias voltages.
Consequently, fitting the output characteristic curve at —2 V,
as shown in Fig. 2f, using the Simmons model becomes chal-
lenging due to its deviation from the expected behaviour.
Furthermore, the transfer characteristic curve at a bias of
—2 mV in Fig. 2j exhibits a set of Coulomb peaks.
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In Fig. 2c, the transport characteristics of multiple
quantum dots within the graphene nanogap are depicted,
revealing several sets of indistinguishable Coulomb diamonds
with varying slopes. These diamonds correspond to abrupt
points observed in the output characteristic curve at a gate
voltage of —2 V in Fig. 2g and prove challenging to fit using
the Simmons model. Additionally, multiple peaks can be
observed in the transfer characteristic curve at a bias of —2 mV
in Fig. 2k.

Fig. 2d illustrates the transport characteristics of graphene
nanoribbons in a partially broken state, where multiple
Coulomb diamonds are challenging to discern. In comparison
with Fig. 2b and c, the size of the Coulomb diamonds is
smaller while the current at both ends of the source and drain
under identical bias voltage is larger. Notably, at a bias of
—2 mvV, Fig. 21 exhibits a transfer characteristic curve with
more densely distributed peaks. The primary focus of this
study is on the scenario depicted in Fig. 2b, specifically high-
lighting the presence of one quantum dot within the gap
region.

Fig. 3 illustrates the differential conductance maps of four
distinct graphene quantum dot devices under varying bias and
gate voltages. The size estimation of a quantum dot can be
achieved by analyzing the slopes and sizes of the Coulomb dia-
monds.*” The slopes of the diamond boundaries are deter-
mined using the ratio of the capacitances to the source (Cj),
drain (C4) and gate (C,). The positive slopes o = Cy/(Cy + Cq)
correspond to the case when the energy level of the quantum
dot is aligned with the source. The negative slopes a~ = Cy/(Cs)
correspond to the case when the energy level of the quantum
dot is aligned with the drain. Taking device A as an example,
which is depicted in Fig. 3a, there are three complete Coulomb
diamond regions within the gate voltage range from —50 V to
50 V. Notably, these three Coulomb diamonds possess identi-
cal absolute values for their slopes (). When a' = —a~ = 0.018,

it is concluded that the gate coupling parameter
a’la”|
= —————=10.009, which indicates the ability of the gate to

regulate the energy level of the quantum dot. The height of the
Coulomb diamond in V4 multiplied by one electron charge (e)
represents the energy required for adding a single electron to

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Four situations of graphene nanojunctions after electroburning. (a), (b), (c) and (d), respectively, show the differential conductance of the
four types of graphene after electroburning. (a) No quantum dots in the graphene nanogap. (b) One quantum dot in the gap. (c) Multiple quantum
dots in the gap. (d) The graphene ribbon is not completely broken. (e), (f), (g) and (h) show the output characteristic curves corresponding to the
gate voltage of —2 V in the four cases, respectively; (i), (j), (k) and (1) show the transfer characteristic curves corresponding to the four cases when

the bias is —2 mV.
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Fig. 3 Differential conductance maps of graphene quantum dots with
different sizes. (a), (b), (c) and (d) show the differential conductance of
devices A, B, C and D, respectively.

the quantum dot. This energy is commonly referred to as the
addition energy (E,qq). The addition energy can be divided
into two components: first, the charge energy E. = €>/2C which
accounts for overcoming the repulsion between charges within
the quantum dot, where C = Cs + Cq + C, is the total capaci-

This journal is © The Royal Society of Chemistry 2024

tance of the quantum dot, and second, AE, which denotes the
difference in energy levels between the newly added electron
and its predecessor. The size of the quantum dot can be esti-
mated using two different methods with two kinds of energies.
The E,qq values for the three Coulomb diamonds in Fig. 2a are
160 meV, 300 meV, and 140 meV, respectively. In this study, we
assume a constant charging energy and consider multiple
degenerate states within each energy level. Consequently, it
can be inferred that a Coulomb diamond exhibiting a higher
addition energy indicates electron occupation at an elevated
energy level. Conversely, a Coulomb diamond with lower
addition energy suggests electron filling in different degener-
ate states within the same energy level. The minimum E,q4q =
140 meV is taken as the charging energy E. to calculate the
total capacitance of the quantum dot as C = ¢°/2E, = 0.57 aF.
The disk capacitance model was used to estimate the diameter
of the graphene quantum dot d. = C/2(eo(£oxide + £air)),” > Where
Eoxide = 3.9 and &, = 1. The calculated result is 6.5 nm. In
addition, the maximum E,4qq = 300 meV minus the minimum
E,qq = 140 meV can be defined as the energy level spacing AE =
160 meV, and dy, = hg/2AE = 13.7 nm can be estimated by
using the two-dimensional quantum well model,*® where the

Nanoscale, 2024, 16, 6309-6314 | 6311
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Fermi velocity vy = 10° m s~'. Both of these estimation
methods show that the diameter of the quantum dot in device
A quantum dot is about 10 nm.

The relevant parameters of four different devices A, B, C
and D are listed in Table 1. It can be seen that the gate coup-
ling parameters of the four devices are all within the range of
0.01 * 0.005, which reflects that the degree of adhesion
between graphene quantum dots and silicon oxide substrates
is relatively uniform to a certain extent. Due to the limitation
of measurement conditions, there is only one complete
Coulomb diamond, it is therefore impossible to judge the
specific electron filling of quantum dot D, and the E,qq of the
Coulomb diamond is regarded as E. The absolute values of
the positive and negative slopes of device D are different,
which indicates the asymmetry of electron transport between
the source and drain.

Compared with the sizes of the devices A, B and D (about
10 nm), the differential conductance map of device C shows
smaller Coulomb diamonds and correspondingly a larger
quantum dot. This phenomenon shows that the larger the size
of the quantum dot, the smaller the repulsion of the internal
electrons, and therefore the smaller the addition energy
required to add an electron to the quantum dot. At the same
time, the increase of quantum dot size makes the energy level
spacing decrease, which is consistent with the transformation
law from the energy level of microscopic molecules to the
energy band of macroscopic objects.

By applying a perpendicular magnetic field to the graphene
dot at a bias of 2 mV, we observed anomalous changes in con-
ductance at the point of resonance tunneling. These changes
exhibit high repeatability, effectively eliminating the impact of
thermal and electrical noise. We measured the 0-8 T magnetic
response curves of each Coulomb peak in device C (Fig. 4a-e),
revealing that each peak displays distinct responses while
changing the magnetic fields. However, there are no signifi-
cant changes in the central position of the peak, ruling out
any Zeeman effect caused by intrinsic magnetic moments of
quantum dots.** We attribute this unusual magnetic response
to the fluctuation of density of states of the graphene leads
caused by both applied electrical and magnetic fields.*®

As a unique two-dimensional material, graphene exhibits
quantized energy levels under strong magnetic fields, resulting
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Fig. 4 Conductance change of device C in a magnetic field. (a), (b), (c)
and (d) show the conductance and applied vertical magnetic field
relationship of device C. The bias voltage is 2 mV, the magnetic field
range is O to 8 T, and the gate voltage is -1.2 V, 1.1V, 51V, and 8 V,
respectively. (e) The variation of the current of device C at the four
Coulomb peak with the magnetic field, ranging from 0 to 8 T. (f)
Schematic diagram showing magnetoconductance changes of graphene
quantum dots. The leads at both ends of graphene quantum dots form
Landau energy levels in magnetic fields, and the density of states
changes.

The Landau level energy of the zero-mass Dirac fermion in gra-
phene is as follows:®

in the formation of Landau levels as depicted in Fig. 4f.*%*’ Ex = sgn(N)/2eavg?|N|B (1)
Table 1 Comparison of parameters of the four devices

Device Number a a B E. (meV) AE (meV) C (aF) d. (nm) d,, (nm)
A 0.018 —-0.018 0.009 140 160 0.57 6.5 13.7

B 0.02 —-0.02 0.01 130 120 0.6 6.7 17

C 0.03 —-0.03 0.015 40 50 2 22 41

D 0.0077 —0.015 0.005 170 — 0.47 5.3 —

The information includes the following: the device number; the positive slope of the Coulomb diamond: «'; the negative slope of the Coulomb
diamond: a~; the gate coupling coefficient: f; the charge energy: E; the energy level spacing: AE; the total capacitance of the quantum dot: C; the
diameter of the graphene quantum dot estimated with the disk capacitance model: d.; the diameter of the graphene quantum dot estimated with

the two-dimensional quantum well model: d.,.
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where the integer N represents an electron-like (N > 0) or a
hole-like (N < 0) Landau level index, which can be regulated
using the gate voltage. As a result, the application of a large
perpendicular magnetic field should induce alterations in the
density of states at the Fermi surface of the graphene leads,
while different gate voltages exhibit distinct magnetic
responses.>®

To illustrate the relationship between the density of states
of the leads and the conductance, the current through a
certain energy level orbital of a quantum dot is given by the
Landau equation®®
_ 2e

2 4@z o) @)

1

where fi(E) and fi(E) denote the Fermi distribution of the gra-
phene leads, which remain constant at a fixed bias voltage.
T(E) is the transmission function which is given by the Breit-
Wigner formula®®

AT TR
[E— e’ +(I'L +Tr)

T(E) = (3)
where ¢ is the energy of the quantum dot level, and Iy, and I'r
characterize the quantum dot coupling to the leads, which are
proportional to the density of states at the graphene leads.®
Therefore, when the density of states changes with the
magnetic field, the coupling between the quantum dot and
the graphene lead also changes, causing an overall change in
the transmission function and consequently impacting the
total conductance at the point of resonance tunneling.
Furthermore, it should be acknowledged that due to the
inherent complexity within mesoscopic systems, additional
effects such as weak localization arising from quantum coher-
ence cannot be disregarded.***

In conclusion, we present a detailed procedure for synthe-
sizing graphene quantum dots through electroburning and
investigate the Coulomb blockade phenomenon at low temp-
eratures. By employing the disk capacitance model and two-
dimensional quantum well model, we estimate the diameters
of various quantum dots, which range from a few to tens of
nanometers. Furthermore, upon applying a vertical magnetic
field, we observe significant changes in conductance attributed
to variations in the Landau level within the graphene leads
located at both ends of the quantum dot at the Fermi surface.
Notably, adjusting the gate voltage allows for the regulation of
the Fermi level within these leads, resulting in distinct conduc-
tance trends. It is crucial to acknowledge that this lead effect
may potentially interfere with future analyses involving mag-
netic responses in graphene-based single-molecule transistors,
thus necessitating comprehensive theoretical investigations
aimed at mitigating such interference.
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