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ABSTRACT: Graphene quantum dots could be an ideal host for spin
qubits and thus have been extensively investigated based on graphene
nanoribbons and etched nanostructures; however, edge and substrate-
induced disorders severely limit device functionality. Here, we report the
confinement of quantum dots in few-layer graphene with tunable barriers,
defined by local strain and electrostatic gating. Transport measurements
unambiguously reveal that confinement barriers are formed by inducing a
band gap via the electrostatic gating together with local strain induced
constriction. Numerical simulations according to the local top-gate
geometry confirm the band gap opening by a perpendicular electric field.
We investigate the magnetic field dependence of the energy-level spectra in
these graphene quantum dots. Experimental results reveal a complex
evolution of Coulomb oscillations with the magnetic field, featuring kinks at
level crossings. The simulation of energy spectrum shows that the kink
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features and the magnetic field dependence are consistent with experimental observations, implying the hybridized nature of

energy-level spectrum of these graphene quantum dots.
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G raphene has received tremendous attention as a
promising candidate for nanoelectronics and quantum
computing owing to its extraordinary electronic properties.l’2
Quantum dots (QDs) confined in graphene could be an ideal
host for spin qubits. A long coherence time up to 80 s has
been theoretically predicted in graphene QDs due to the weak
spin—orbit coupling and hyperfine interaction,” which is 4
orders of magnitude of the predicted S ns for GaAs in the
absence of nuclear-spin polarization.” To define spin qubits in
graphene, a band gap has to be opened up to create a tunable
QD. Hence the modification of graphene structures for opening
its band gap is a crucial step toward practical applications.
Graphene QDs have been extensively investigated based on
graphene nanoribbons and etched nanostructures; however,
edge and substrate-induced disorders severely limit device
functionality.”~”

Few-layer graphene (FLG) is the only known material to
exhibit an electric field- and stacking-dependent band
structure.*"'® Stacking order in FLG provides an important
yet rarely explored degree of freedom for tuning its electronic
properties. For instance, by breaking the layer inversion
symmetry in AB-stacked bilayer graphene, an external
perpendicular electric field can open an energy gap by local
electrostatic gating.'"'> Gate-defined QDs have been demon-
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strated in suspended bilayer graphene."' Compared with
monolayer and bilayer graphene, trilayer graphene has more
complex interlayer interactions resulting in richer electronic
structure.'” ABC-stacked trilayer graphene (r-TLG) is
predicted to be semiconducting with a tunable band gap.®™"
However, confining quantum dots has not been achieved yet in
TLG. A perpendicular magnetic field breaks the time-reversal
symmetry in graphene and thus lifts the valley degeneracy.'*
That is crucial to perform two-qubit gates using Heisenberg
exchange coupling of electron spins in graphene QDs."” In this
Letter, we report an experimental approach to define QDs in
FLG with tunable barriers and demonstrate a hybridized nature
of energy-level spectrum of QD, featuring kinks at level
crossings in the presence of a perpendicular magnetic field.
We investigated the application of nanoscale top gates on
exfoliated graphene to define QD devices. The device
fabrication involves multiple e-beam lithography processes to
make source—drain contacts and local top gates. Graphene
flakes were exfoliated onto highly doped Si substrates
terminated by 300 nm SiO,. The flake thickness and stacking
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Figure 1. (a) Schematic cross-section of a graphene QD device. (b) SEM image of a measured r-TLG QD device D1. The scale bar is S00 nm. The
graphene sheet is highlighted in purple. (c) Low-energy band structure of r-TLG around the K point in the region beneath the top gate, upon
electrical gating V{ = 5.0 V and V{, = —22.6 V. (d) Close-up of (c) showing a band gap of 4.0 meV. (e) A simulated profile of barrier potential for the
QD device shown in b upon electrical gating V{ = 5.0 V and V}, = =22.6 V.

order were characterized by a combination of optical contrast,'®
AFM and Raman spectroscopy (see Supporting Informa-
tion)."”™"” Selected FLG (bilayer or trilayer) flakes were
located relative to pre-existing fiducial markers. Ti/Au (10 nm/
80 nm) source—drain metal contacts were deposited by ebeam
evaporation. Samples were annealed at 350 °C for 3 h to
remove PMMA residues from the graphene surface, followed
by 100 nm SiO, deposition by plasma-enhanced chemical vapor
deposition (PECVD). Top gates were patterned with e-beam
lithography followed by e-beam evaporation of metal films Ti/
Au (10 nm/60 nm). The device structure is shown schemati-
cally in Figure la, and a SEM image of a typical QD device is
shown in Figure 1b. After fabrication, the device chip was wire-
bonded and loaded onto the mix chamber of a dilution
refrigerator. Transport measurements were carried out at a base
temperature about 10 mK unless otherwise mentioned. RC, 7,
and copper powder filters in the measurement circuit were used
to filter out measurement noise. Upon applying a DC source—
drain voltage V4, the device current I 4 was measured using a
current—voltage preamplifier at a noise floor of 0.5 pA/~/Hz. A
voltage Vi applied to the degenerately doped Si substrate
provided a global back gate.

Eleven FLG QD devices and 16 field-electron-transistor
(FET) devices have been investigated to varying levels of detail
at a low temperature. At room temperature, all devices show a
linear I4—V,4 behavior indicating a resistance in range of 1—27
kQ with the back and top gate voltages all zero, as shown by
solid curves in Figure 2a for four representative QD devices
(D1-D4) and two FET devices (DS, D6). The detailed
description of measured devices is shown in Table S1 in the
Supporting Information. Suppression of device conductance to

varying degrees has been observed as the temperature is
lowered for eight QD devices from 11 ones. A nonlinear
characteristic of I,3;—V4 was usually found for QD devices at a
base temperature of 10 mK, as shown in Figure 2b for QD
device D1-D4. This conductance suppression is consistent
with the observation in the recent experimental and theoretical
studies."”***" It is likely to be caused by strain due to a
mismatch in thermal expansion coefficients of gate metal,
insulating layer, and substrate."” This hypothesis is supported
by the nonsuppression of conductance for graphene FET
devices without top gates. Although the device conductance
varies, I,g—V,4 curves keep linear for 16 FET devices measured
as the temperature decreases to the base temperature, as shown
as dashed lines in Figure 2a for two representative FET devices
(DS and D6). The local strain could be stronger in smaller top
gate structures with the same dielectric layer thickness. The
enhanced conductance suppression observed in QD devices,
confined by smaller top gates with a dot size less than 100 nm,
further confirms the hypothesis that the local strain plays a
crucial role for top-gated graphene QD devices. For eight FLG
QD devices, the conductance is suppressed but not completely
pinched off at the base temperature. By applying a
perpendicular electrical field through the back gate and top
gates, tunnel barriers are further enhanced beneath the top
gates, eventually leading to a pinch-off to define a dot
constriction. Figure 2c shows low-bias conductance measure-
ments (V4 = 0.5 mV) for the device D1 as varying gate-voltage
configurations at a base temperature. With the back and top
gate voltages all zero, the device conductance is significantly
reduced to 0.270 e*/h at 10 mK. Under the individual top-gate
voltage sweeping from 0 to 10 V, the device conductance can
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Figure 2. (a) I,;—V,, characteristics for the QD device D1 (black), D2
(red), D3 (blue), and D4 (green) at room temperature. I;— V4 curves
for the FET device DS (magenta) and D6 (dark yellow) at room
temperature (solid line) and a base temperature of 10 mK (dashed
line), respectively. (b) Nonlinear characteristics of I,;—V,4 for the QD
device D1 (black), D2 (red), D3 (blue), and D4 (green) at 10 mK.
The back and top gate voltages are all held zero. (c) Minimum
conductance (V4 = 0.5 mV) for device D1 as varying gate-voltage
configurations (W}, V{;, Vi, Vi3, and V},) at a base temperature. Error
bars indicate the uncertainty of conductance measurements. Wl
(black): (0V,0V,0V,0V,0V); @ (red): (0V,40V,0V,0Y,
0V); @ (green): (0V,0V,4.6V,0V,0V); % (blue): (0V,0V,0V,
24V,0V); O (cyan): (0V,0V,0V,0V,22V); ® (rnagenta): (ov,
1.83V,0V, 1.73V, 0 V); < with + (dark yellow): (—23V, 6.52V, §
V, 5V, 5V). (d) A low bias characteristic of the conductance (V4 =
0.16 mV) for device D1 as a function of a top gate voltage V;; upon
electrical gating V|, = =23 V, V}, = V; = V{; = S V at a base
temperature. A series resistance of the RC filter, 22.4 kQ, has been
subtracted for all figures in the main text, except for Figure 3b,c,d and
Figure 4a,b.

be modulated by a factor of 2. The minimum conductance has
been observed at 0.145, 0.132, 0.140, and 0.180 e*/h,
respectively, associated with a Dirac point 4.0, 4.6, 2.4, and
2.2V, for individually sweeping top-gate voltage V{;, V},, Vi3,
and V},. By performing a pair of top gates, for instance, V;; and
Vi3, the conductance can be further reduced to 0.119 e*/h at a
corresponding Dirac point with V{; = 1.83 Vaand V;; = 1.73 V.
By further adjustments of top and back-gate voltages, the device
conductance is eventually reduced to 0.104 e?/h at a Dirac
point with Vi, = =23 V, V,; = 652V, Vj, = Vi3 = V}, = S V,
which is closed to a pinch-off. These measurements reveal that
the top gate not only functions as a plunge gate but also
modulates the barrier potential. Thus, the confinement barrier
here is likely formed by inducing a band gap through the
electrostatic gating together with local strain induced
constriction. It is known that graphene could be deteriorated
by the electron beam during the lithography process. The
graphene deterioration could form barrier potentials under-
neath the top gates, which is a possible origin of the
conductance suppression. Further investigation is needed to
clarify the possibility of deterioration-induced conductance
suppression in top-gated graphene QD devices.

A perpendicular electrical field breaks the layer inversion
symmetry in FLG. Studies have observed that an external
perpendicular electric field opens an energy gap tunable up to
250 meV in bilayer graphene.”” Opening a band gap in r-TLG
has been experimentally confirmed in the electrical transport
measurement and optical spectroscopy.”””* As schematically
shown in Figure 1a, we consider a QD device structure with the
presence of a back gate and top gates, separated d, and dj, from
the top and bottom layer of r-TLG by a media of dielectric
constant &. The effective voltage between the gate and the
closest graphene layer V,y, = Vi, — Vi = endyp/€0€,, which
produces an electric field E,}, = en,)/ €08y 2" where Vip is the
applied top/back gate voltage, V), is the effective offset voltage
due to the initial environment induced carrier doping, &, is the
permittivity of the vacuum, and n,, is the effective charge
density on the top and the back gate. Upon electrical gating, the

sum of effective charge between the top and back gate,
_ gtV &EV
Q="
graphene layers, resulting in a shift of the Fermi energy. Setting
of Q = 0 defines a charge neutral point (CNP) of graphene

layers.26 The difference of the two,
etV _ &tV
Q=T T
try of graphene layers and generates a nonzero band gap.”® By
setting Q to zero and varying 6Q, we can tune the Fermi level
into the band gap to maintain zero carrier density in the top-
gated regions while keeping a finite charge accumulation in the
dot region due to an uncompensated back-gate voltage. In our
experiment, the drain electrode is grounded. The Fermi energy
and the band gap are tuned by top and back gate voltages (V7,
V3). We have observed Coulomb oscillation patterns for these
top-gated graphene QDs as varying the top/back gate voltage.
Figure 3a shows Coulomb-blockade diamonds of the differ-
ential conductance for the device D1 as a function of bias
voltage V4 and a top gate voltage V{,. The voltages Vi, = =23V,
= Vi3 = Vi, = 5 V are held constant. The charging energy
extracted from the measurement is about E. ~ 0.32 meV,
corresponding to a dot capacitance, C ~ 500 aF. The addition
energy ranges from 46.7 to 93.3 meV. Thus, the lever arm for
conversion of gate voltages into energies is estimated to be
0.34% ~ 0.69%. A low bias characteristic of the conductance
(Vg = 0.16 mV) for device D1 is plotted as a function of a top
gate voltage V}; upon electrical gating Vj, = =23V, V;, = V}; =
t+ = 5V, as shown in Figure 2d. The transport is tuned from
the electron (left-hand side) to the hole regime. The
conductance is strongly suppressed within the transition region
586 V < V; < 683 V, indicated by two arrows. This
conductance-suppressed region is so-called “transport gap”. A
sequence of reproducible resonances is revealed in the
transport gap, which are corresponding to the Coulomb
diamonds shown in Figure 3a. The transport gap is measured
at a constant V4 (nearly zero), but varyin% Fermi energy Ep.
Following the method used in the report,”® we estimate the
energy scale of “transport gap”,

AE; = hAk-vg = hog /27zchVt'/|e| ~ 50.3meV, according

to our simulated top-gate capacitance, where ¢, is the gate
capacitance per area and g ~ 10° ms™ is the Fermi velocity of
charge carriers. It is worthy to note that this formula is derived
based on the characteristic linearly dispersing band of single-
layer graphene. Considering the nonlinear dispersion of
“Mexican hat” shaped low-energy band in r-TLG for our
device, the “transport gap” should be corrected to count for the

= en, + en,, leads to a net carrier doping on

= en, — en,, breaks the inversion symme-
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Figure 3. (a) Coulomb-blockade diamonds of the differential
conductance as a function of bias voltage V4 and a top gate voltage
VY, at a base temperature. The voltages Vi, = =23V, V;, = V3=V, =5
V are held constant. (b) and (c) Coulomb resonances as a function of
the back and top gate voltage at a fixed source—drain voltage V4 = 1
mV, and V}, = Vi3 = V, = 0 V at a base temperature. The slope of
dashed lines gives a relative lever arm of top/back gate to be af, ~ 2.04
and 4.85 in a region of back gate voltage —8 V < V}, < —3.5 V (b) and
—20 V < W} < =15 V (c), respectively. (d) A low-bias conductance
measurement as a function of the V}; and V{5 with V4 = 0.5 mV and Vj,
=V, = Vi, = 0 V at a base temperature.

quadratic dispersion. Thus, it could be roughly estimated to be
2 2 2 2 2

AE, = L% = L Ay" % 9.0 meV, where 7, = 038 eV. As

discussed below, a band gap opening of 4.0 meV is estimated

due to the electrical gating. Thus, the local strain induced

barrier could have contributed more than half of total

constriction barriers.

Figure 3b shows a low-bias conductance measurement as a
function of the Vj, and V7, at a fixed source—drain voltage V4 =
1 mV. A sequence of essentially straight tilted lines has been
observed implying Coulomb blockade resonances of the QD.
The corresponding relative lever arm of top/back gate is given
by o, ~ 2.04 in the region of low negative back gate voltage
—8.0 V <V, < —3.5V. The slope of tilted lines changes abruptly
as the back gate voltage further decreases. The relative lever
arm turns to be @/, ~ 4.85 in the region =20 V< V, < —1§ V,
as shown in Figure 3c. This reduction of the relative lever arm
reflects a weakening of gating effect at large negative back gate
voltage. Although highly doped Si substrate was used for the
global back gate, the conductivity of the substrate was
significantly reduced at the base temperature due to the
freezing out of the carriers in the substrate. The effective offset
voltage V§ and V!, due to the initial environment induced
carrier doping, can be extracted by the zero-bandgap CNP (Q =
0,5Q =0), to be V) ~ —6.6 Vand V{ ~ 1.6 V in the region of
large negative back gate voltage. Upon electrical gating V{ =5V

and V{, = =23V, the Fermi level could be tuned into the band
gap in the top-gated regions, while holes accumulated in the dot
region. Extending top gate voltage further positive cannot push
the QD into a single-electron regime, so it is impossible to
absolutely determine the number of holes in the dot. Figure 3d
shows a low-bias conductance measurement as a function of the
Vi1 and Vi with V4 = 0.5 mV. The observed straight tilted lines
imply Coulomb blockade resonances. The conductance
measurements have revealed the modulation of barrier
potentials by the top gate voltage, which should lead to a
change in the QD size and charging energy as varying the gate
voltage. Indeed, we have observed a modulation of the QD
addition energy with changing a gate voltage. Figure S2¢ and d
in the Supporting Information shows a monotonic change of
the addition energy as a function of the top gate V;, and V7,
respectively. The addition energy varies by changing the back-
gate voltage as well, as shown in Figure S3b.

To obtain a better quantitative understanding of the gate-
defined QD, we use a commercial finite element analysis
simulation tool (COMSOL) to calculate the barrier potential
and band structure of a top gate-defined QD in r-TLG. The
induced charges on the different graphene layers, n,, n,, and n;,
can be determined by the V,;, via the relation n, + my, + Y011, =
0. Considering a uniform electric field E; = en;/€y€,, the layer
asymmetries between the first and second layers, as well as
between the second and third layers are determined by a
corresponding change in the potential energy A, and A3, A,
= (ny + n3 + my)e’co/€oEy Doy = (n3 + mp)e’co/ €4, which break
the inversion symmetry of graphene and generate a nonzero
band gap,””” where ¢, = 0.35 nm is the interlayer distance. By
using a self-consistent Hartree approximation to calculate the
induced charges on the different graphene layers, we simulated
the barrier potential and band structure of a trilayer graphene
system in the presence of the top and back gates. The
simulation method was discussed in more detail in the
Supporting Information. Figure lc shows a low-energy band
structure of r-TLG around the K point in the region beneath
the top gate, upon electrical gating V{ = 5.0 Vand V}, = —22.6 V
to match the experimental condition. The band structure
consists of a set of six cubic bands with four of them crossing at
an energy E = y; ~ 0.38 €V above (below) the K point,”’
consistent with the previous theoretical calculation.” For the
other two lower energy bands, a band gap of about 4.0 mV is
feasible in the zoomed area (Figure 1d), under the
corresponding asymmetric potentials A;,/e ~ 3.94 mV and
A,3;/e ~ 4.05 mV from the self-consistent calculation.
According to the top-gate geometry and electrostatic gating
of the QD device, we calculated the profile of barrier potentials
(Figure 1le), conduction and valence band (Figure S4 in
Supporting Information). The dot size (diameter) is estimated
to be dy,;, ~ 500 nm, from the area bounded by the closed
portion of the contour line at the saddle points of the barrier
potential in Figure le, consistent with the lithographic
dimension of QD. A maximum height of the potential barrier
~9 mV was obtained for the gate-defined constriction. The
band gap opening due to the local strain was not included in
our calculation. Further investigation may deem desirable to
explore the potential application of strain engineering by
exploiting different device geometries and different thermal
coeflicients of gate and insulating materials.

The mass term generated by the layer asymmetry breaks the
inversion symmetry between graphene layers, while the
perpendicular magnetic field breaks the effective time-reversal
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Figure 4. (a) Evolution of Coulomb resonances in device D1 as a function of the back gate voltage and magnetic field perpendicular to the graphene
plane at a base temperature. The voltages V4 = 0.1 mV, V{; = 575V, V}, =59V, V[ = 5.0 V, V{, = 4.85V are held constant. The dashed lines
indicate the kinks where the trend of energy spectra changes the direction. (b) Coulomb resonances in device D1 as a function of the top gate
voltage V}; and the perpendicular magnetic field at a base temperature. The voltages V4 = 0.1 mV, V|, = =23, V; =59V, V; =5.0V, V{, = 4.85 V are
held constant. (c) A simulation of the low energy-level spectrum as a function of the perpendicular magnetic field for device D1, upon electrical
gating V| = 5.0 Vand V} = —22.6 V. (d) 10 converged energy levels indicated by the red lines in (c) are chosen and converted into electrochemical
potential energies by adding a charging energy of 0.32 meV. For clarity, the electrochemical potential for the first energy level (black curve) is set to

zero at B = 1.15 T.

symmetry.' *** Thus, the combination of a mass-term and
magnetic field breaks all the orbital degeneracies. The magnetic
field dependence of energy levels has been theoretically
investigated in gapped single- and bilayer QDs.'**” The results
show that the valley degeneracy is broken by a magnetic field
applied perpendicular to the graphene plane. Several recent
theoretical studies have focused on the Landau level spectrum
of ABA- and ABC-stacked trilayer graphene.” ' Numerical
simulations reveal that six cubic bands of ABC TLG lead to
three groups of Landau levels (LLs) with intergroup and
intragroup LL anticrossings.” Instead of focusing on the
graphene sheet, we exploited the evolution of Coulomb
resonances with a magnetic field B in top-gated QD devices.
In Figure 4a, we show the Coulomb resonances in device D1 as
a function of a back gate voltage and a magnetic field
perpendicular to the graphene plane. A small bias voltage of 0.1
mV applied to the device allows probing the magnetic field
dependence of exquisite detailed energy-level spectra in QD.
Experimental data shows current peaks displaying a unique
complex evolution as increasing the magnetic field B. The
energy level first shifts toward a high energy (negative back gate
voltage), following a kink as B reaches about 1.22 T, and then
turns in a contrary direction toward a low energy. A second
kink appears when B ~ 1.36 T, where the trend of energy
spectra changes the direction again and presents a third kink at
B ~ 159 T. The dashed lines in the figure indicate the
pronounced kinks where the trend of energy spectra changes
the direction. These kinks may be attributed to the intragroup
LL crossings of energy spectrum. Since the data were taken in 2
days, there is no surprise that an abrupt shift of oscillation
patterns occurs when B = 0.50 T and 2.66 T, probably due to
the disturbed potential shift from charge traps in the insulator
layer. Kink features are also found in Coulomb resonances as a
function of the top gate voltage at a magnetic field of about 0.97

T, as shown in Figure 4b. Similar kink features have been
observed in the energy level spectrum of the monolayer
graphene QD.>**%73*

To elucidate the evolution of Coulomb oscillations, we
performed numerical calculations for the eigenenergies of a 1-
TLG QD in the presence of a perpendicular magnetic field (see
Supporting Information for details). We calculated the
magnetic field dependence of energy-level spectrum in a r-
TLG QD. The result shows three groups of Landau levels, with
one set of LLs starting from zero energy and two sets of LLs at
an energy y,, which correspond to the low-energy band that
touches the Dirac point and those cross at y;, respectively (see
Figure 1c). Figure 4c shows a zoomed area of the calculated
low-energy spectrum for QD device D1, as a function of the
magnetic field upon electrical gating V{ = 5.0 V and V}, = —22.6

V. In our case, the magnetic length, I, = /% , is smaller than
€.

the dot size; thus we expect the density of states to converge
toward Landau levels. We indeed observed some characteristics
of low-energy Landau levels labeled n(n’) = 0—3 in the figure,
for two branches which bend upward and downward,
respectively. Landau levels in different branches feature a kink
at the level crossing. These level crossings reflect the hybridized
nature of energy-level spectrum of TLG QD. Our transport
measurement is a direct measure of electrochemical potential
Haoe(N) in the bias window Vg thus, the calculated single-
particle energy E, needs to be mapped into an electrochemical
potential z4.,(N) for comparison, by a relation g4, (N) ~ E, +
E, where E_ is the charging energy of the QD and N is the
number of electrons/holes in the dot.*> In consequence, we
chose 10 converged energy levels from the Landau levels
indicated by the red lines in Figure 4c,”* and converted them
into electrochemical potentials, plotting in Figure 4d by adding
a charging energy of 0.32 meV. For clarity, the electrochemical
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potential for the first energy level (black curve) is set to zero at
B = 1.15 T. Three series of kinks are indicated by dashed lines
in the figure, positioned at B ~ 1.21 T, 1.36 T, and 1.58 T,
respectively, which are well matching the experimental
observation of kink locations at 1.22 T, 1.36 T, and 1.59 T
(see the corresponding dashed lines in Figure 4a). Moreover,
the overall trend of the simulated magnetic field dependence is
consistent with experimental observations, implying the
hybridized energy-level spectrum of QD in FLG.

To define spin qubits in graphene QDs, a valley splitting
must be larger than Zeeman splitting so that only the lower
spin levels have to be considered. Considering a perpendicular
magnetic field B = 3 T, we obtain a Zeeman splitting gupB =
0.35 meV with a g factor g ~ 2,° where uy is the Bohr
magneton. A valley splitting is estimated to be 7u#B, where 7
refers to the valley index (z = £ 1). The effective magnetic

2
moment ﬂ; ~ %(Zpiz - )“3’35 where m is the mass of free
0
electron, m* ~ 0.012my, is the effective electron mass in bilayer
graphene, p (p,) is the electron momentum.® At a band gap
minimum p = p,, the valley splitting is about 28.9 meV, which is
much larger than the Zeeman splitting. These results suggest
that such QDs confined in FLG graphene could be an ideal
host for spin qubits.

In summary, we have investigated the functionality of top-
gate defined QDs in FLG. We observed a suppression of device
conductance at a low temperature even without the application
of external gate voltages. We ascribe these observations to the
induced local strain by a mismatch in thermal expansion
coefficients of gate metal, insulating layer, and substrate. Local
strains alone could not pinch off the conductance completely;
thus to define a dot constriction, a perpendicular electrical field
is required to further enhance tunnel barriers beneath the top
gates. Our transport measurements unambiguously reveal that
confinement barriers are formed by inducing a band gap via the
electrostatic gating together with local strain induced
constrictions. The investigation in energy-level spectra reveals
a complex evolution of Coulomb oscillations with a
perpendicular magnetic field, featuring kinks at level crossings.
The numerical calculation confirms the band gap opening by a
perpendicular electric field in FLG QD. The simulation of
energy spectrum shows that kink features and overall trend of
the magnetic field dependence are consistent with the
experimental observation. Potential application of this electro-
static gating and strain engineering would be desirable to
confine QDs in FLG for spin qubits.
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