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ABSTRACT: Graphene p—n junctions provide an ideal platform
for investigating novel behavior at the boundary between
electronics and optics that arise from massless Dirac Fermions,
such as whispering gallery modes and Veselago lensing. Bilayer
graphene also hosts Dirac Fermions, but they differ from single-
layer graphene charge carriers because they are massive, can be
gapped by an applied perpendicular electric field, and have very “**Eipe oy
different pseudospin selection rules across a p—n junction. Novel
phenomena predicted for these massive Dirac Fermions at p—n
junctions include anti-Klein tunneling, oscillatory Zener tunneling, and electron cloaked states. Despite these predictions there
has been little experimental focus on the microscopic spatial behavior of massive Dirac Fermions in the presence of p—n
junctions. Here we report the experimental manipulation and characterization of massive Dirac Fermions within bilayer
graphene quantum dots defined by circular p—n junctions through the use of scanning tunneling microscopy-based (STM)
methods. Our p—n junctions are created via a flexible technique that enables realization of exposed quantum dots in bilayer
graphene/hBN heterostructures. These quantum dots exhibit sharp spectroscopic resonances that disperse in energy as a
function of applied gate voltage. Spatial maps of these features show prominent concentric rings with diameters that can be
tuned by an electrostatic gate. This behavior is explained by single-electron charging of localized states that arise from the
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quantum confinement of massive Dirac Fermions within our exposed bilayer graphene quantum dots.
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Recent advances in fabricating heterostructures of graphene
and hexagonal boron nitride (hBN) have created new
opportunities for fundamental study and control of Dirac
Fermions at the nanoscale. The ability to realize highly pristine,
sharp interfaces and tunable potential landscapes in these
systems has led to a renaissance in the study of electronic
phenomena in graphene p—n junctions.' * In particular,
scanning tunneling microscopy (STM) of circular p—n
junctions in graphene/hBN heterostructure devices has
revealed exotic quasibound states known as whispering gallery
modes.’”® Massive Dirac Fermions in bilayer graphene (BLG)
also possess attributes that make their behavior in p—n
junction configurations equally novel, such as 100% barrier
reflection and electron cloaking states.”™"" Application of out-
of-plane electric fields break inversion symmetry in BLG and
can be used to create tunable-bandgap BLG p—n junction
systems.'>~'® Transport experiments have been used to probe

v ACS Publ]ca‘tions © XXXX American Chemical Society

massive Dirac Fermions in BLG p-n junctions,ls_]8 but
studies that map their spatial behavior are lacking.

In order to locally explore the behavior of confined massive
Dirac Fermions, we have utilized new STM-based techniques
to create and characterize nanoscale circular p—n junctions in
BLG.*" As depicted in Figure la, our experimental setup
consists of a Bernal-stacked BLG/hBN heterostructure placed
on a SiO,/Si wafer. The BLG is electrically grounded with a
gold contact, and its surface is exposed and accessible to an
STM tip held at voltage —Vg with respect to ground (the
typical STM bias convention). A backgate voltage Vg is applied
to the heavily doped Si and can be used to tune the chemical
potential (/tg) of the entire BLG flake. In order to create a local
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Figure 1. Local doping of bilayer graphene (BLG). (a) Schematic for using a scanning tunneling microscope (STM) to locally dope a Bernal-
stacked BLG/hexagonal boron nitride (hBN) heterostructure resting upon a SiO,/Si wafer. A voltage pulse is applied to an STM tip positioned a
few nanometers above the graphene surface while the Si backgate is held at a voltage V. This ionizes defects within the hBN (inset), resulting in a
buildup of space charge that acts as a local embedded gate on the BLG. (b) dI/dV; spectra showing shifts in the BLG charge neutrality point
(CNP) due to local doping. Each dI/dV; curve was obtained with the backgate held at Vi = 0 V. Initial tunneling parameters: Vg = 0.5 V, I = 0.5
nA, V,. = 5 mv.
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Figure 2. Scanning tunneling spectroscopy (STS) of locally doped bilayer graphene. (a) dI/dVg(V, V) plot consisting of dI/dV spectra measured
at the center of a locally p-doped region of the BLG. The bright diagonal lines are peaks in dI/dVy spectra that shift in energy as a function of V.
(b) d*1/dV(Vg,Vs) produced by numerically differentiating (a). (c) dI/dVy spectra corresponding to line cuts at V;; indicated by dashed lines in
(). Each spectrum is offset for clarity by 0.2 au from the spectrum below it (initial tunneling parameters for all dI/dV; spectra: Vg = 0.5V, I = 0.5
nA, V,. = S mV). (d—g) Schematic illustration of how the backgate can be used to create and tune a circular p—n junction in BLG. (g) A region of
the BLG that is locally p-doped by an STM tip voltage pulse. Increasing V gradually n-dopes the BLG and reduces the area that is p-doped, as
shown in (f) and (e). For sufficiently large values of V;, the BLG will become completely n-doped, as shown in (d).

confinement potential in the graphene under these conditions, results in a buildup of space charge within the hBN below the
the STM tip is placed a few nanometers above the BLG and a location of the tip as shown in the inset of Figure la.'” This
Vs = 5 V voltage pulse is applied while holding the backgate at space charge (which acts as a local gate on the BLG) has a
Vg (see Supporting Information for details). This process polarity opposite to the backgate voltage, is stable at T = 4 K,
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and can be made either positive (which n-dopes the BLG) or
negative (which p-dopes the BLG).

To verify that this procedure works for BLG/hBN we
performed STM spectroscopy on BLG subjected to confine-
ment potentials fabricated as described above (this technique
is already well-established for single-layer graphene®'?). Figure
1b shows the differential conductance (dI/dVi) of BLG
measured with V; = 0 V after performing a tip-pulse procedure
for various values of V. Each spectrum displays an ~130 mV
gap-like feature at Vg = 0 V that is known to arise from
phonon-assisted inelastic tunneling.””*' Adjacent to the
phonon gap-like feature is a smaller dip that corresponds to
the local charge neutrality point (CNP) of the BLG at the
location of the tip pulse (marked by black arrows in Figure
1b). When the CNP is to the right (left) of Vg = 0 V, the BLG
is p-doped (n-doped). A clear trend in the data of Figure 1b is
that a positive (negative) Vg results in a shift of the CNP to
the right (left) with the magnitude of the shift determined by
the value of V. This behavior is consistent with previous
experiments on single-layer graphene/hBN where positive
(negative) backgate voltages p-doped (n-doped) graphene
after application of tip-voltage pulses.”'” The BLG behavior is
also similar to single-layer graphene behavior in that the
doping can be removed by applying a tip pulse while holding
Vg = 0V, thus restoring the BLG to its pristine condition
(green curve in Figure 1b).

The modified electronic structure of locally gated BLG is
best seen by measuring dI/dVj as a function of both V; and Vg
at the point where a tip-pulse has been applied. Figure 2a
shows BLG behavior at the site of a local gate created using Ve
= 60 V. One prominent feature in the data is a dark horizontal
band around Vg = 0 V that does not shift with V. This reflects
the phonon-assisted inelastic tunneling feature present in the
dI/dVy spectra shown in Figure 1b. Another prominent feature
is the set of bright (i.e., high dI/dVj signal) diagonal lines that
shift in energy as a function of V. Four prominent lines with
similar spacing appear near the middle of the plot, and
numerous fainter lines with smaller spacing and a different
slope appear to the left. The lines appear more clearly in Figure
2b which shows the numerical derivative (d*I/dVg* (Vg, Vs))
of Figure 2a. These features can also be seen in the “phonon
gap” bias regime (—100 mV < V5 < 100 mV) when the STM
tunnel current is increased by a factor of 2, revealing diamond-
like features (see Supporting Information for details). Figure
2c shows a plot of dI/dVy spectra corresponding to line cuts at
different values of V; marked by color-coded dashed lines in
Figure 2a. Sharp peaks appear in dI/dVy spectra for 46 V < Vg
< 52V, but are absent when V; moves outside of this range.
The energy spacing between dI/dVj peaks appears to increase
with increasing V.

The spatial dependence of the electronic structure induced
by locally gating BLG is obtained by performing dI/dVy maps
in the regions subjected to a tip pulse. Figure 3a and 3b show
dI/dVg maps obtained at V; = 44 and 42 V for a BLG region
prepared similarly as the region discussed in Figure 2. Multiple
bright concentric rings can be seen in both dI/dVg maps. As
the backgate voltage is lowered from Vg =44 Vto Vg=42V
the number of rings and their spatial density increases. Figure
3¢, d show plots of the spatial and bias dependence of d*I/dV*
obtained along the dashed lines in Figure 3a, b for V5 = 44 and
42 V. Similar to Figure 2b, V5 = 0 V is bracketed by horizontal
red and blue lines due to phonon-assisted inelastic tunneling.
The most striking features in Figures 3¢, d are the multiple
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Figure 3. Spatially resolved STS of circular p—n junctions in bilayer
graphene. (a, b) dI/dVg maps of locally p-doped bilayer graphene at
two different backgate voltages. (c, d) d*I/dVg*(x,Vs) measured along
dashed lines in (a) and (b). Horizontal dashed lines in (c) and (d)
indicate Vg for measurements shown in (a) and (b). Arrow in (c)
highlights increased spacing between fourth and fifth levels. Initial
tunneling parameters for dI/dVy spectra: Vg =0.5V,1=0.5nA, V, =
S mV. (e, f) Sketch shows spatially varying charge neutrality point
(Ecnp) in locally p-doped bilayer graphene. Ecyp is raised locally
relative to the chemical potential of graphene, y,. Lowering Vj; raises
Ecp relative to y1,, expanding the area of BLG that is p-doped.

resonances that shift up together in energy as the distance from
the origin is increased, thus forming nested parabola-like
curves in d*I/dVi? (x, Vs). As Vg is decreased from Figure 3c
to Figure 3d, the number of resonances increases and the
voltage spacing between them decreases.

Our experimental observations in Figures 2 and 3 have some
similarity to previous scanning gate microscopy (SGM) studies
on quantum dots in carbon nanotubes,zz’23 InAs/InP nanowire
heterostructures,”*** AlGaAs—GaAs heterostructures,”® and
lithographically etched sheets of graphene.”” In those experi-
ments gate-tunable ring features were attributed to single-
electron charging of a double-barrier quantum dot due to
proximity of a conducting scanned probe tip. Our experimental
observations can be similarly explained, but with notable
differences regarding the mechanism for charge confinement.
Massive Dirac Fermions in circular BLG p—n junctions are
confined via two mechanisms: (1) novel barrier reflection at
the p—n junction (anti-Klein tunneling);”*® and (2)
suppression of states via an electric-field-tunable band gap.'?
Confinement mechanism (1) causes normally incident
electrons to reflect and become trapped within a circular
BLG p—n junction, contributing to sharp quantum dot (QD)
eigenstates.28 Confinement mechanism (2) causes a tunnel
barrier to emerge at the p—n junction due to an out-of-plane
electric field that induces a local band gapz()_31 (see
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Figure 4. Single-electron charging of a double-barrier quantum dot in BLG. (a—c) Schematic illustration of how the STM tip can be used to
control and detect the charge state of a BLG quantum dot (QD). From (a) to (b) the STM tip moves toward the QD interior (R, < R;) while the
sample bias Vg remains constant. From (b) to (c) the lateral distance is held constant but a slightly higher sample bias Vg + 6V is applied. Energetic
alignments between the STM tip, the QD, and the BLG at tip positions and sample biases are shown. E 4 is the electron addition energy gap
between unoccupied levels (dashed lines) and occupied levels (solid lines). In (a) and (b) the gating efficiency between the tip and QD increases as
the tip moves toward the QD interior which lifts the QD levels. In (c) the sample bias Vj is increased which further shifts the QD potential and
ionizes the QD. This results in a sudden increase in the number of empty QD states in the bias window available for tunneling, causing a jump in
(d) the tunneling conductance and producing a peak in dI/dV;. (e) An effective circuit diagram of the system when the STM tip is positioned

above the QD. The tip (bulk BLG) is coupled to the QD through capacitance C,

coupled to the QD (Cqp) as well as the bulk bilayer graphene (Cpyp)-

ip (Cpun) and tunneling resistance Ryp (Rpuy)- The Si backgate is

Supporting Information for details), thus resulting in confine-
ment.

Confinement mechanism (2) is most likely the dominant
mechanism in our experimental system. This is supported by
the fact that the doping level achieved by our local gating
technique (40 to 100 meV) is comparable to doping levels
achieved previously in BLG systems by global backgating that
resulted in BLG energy gaps.” Prior theoretical work and
transport measurements indicate that in this regime anti-Klein
tunneling is suppressed because the pseudospin selection rules
across the p—n junction are modified by the presence of the
energy gap.'®***® The gate-dependent electronic structure of
the QD can be understood schematically from the drawings in
Figure 2d—g. Figure 2d corresponds to the highest gate voltage
(Vg = 54 V) which is represented by the dashed purple line in
Figure 2a and results in the top dI/dVg spectrum in Figure 2c.
Here the high gate voltage causes the BLG y to lie above the

dome-like potential (i.e, the spatially dependent CNP)
induced by trapped negative charges in the hBN layer. The
quantum dot states lie far below 4, and so are not seen in the
dI/dVy spectrum. As the gate voltage is reduced to Vg = 50 V
(dashed green line in Figure 2a), Mg lowers and intersects the
top of the dome potential (Figure 2e). Because the states here
lie in the narrowest region of the dome they have larger
energetic separation, as seen by the peak spacing in the
corresponding dI/dVy spectrum of Figure 2c (green curve).
When the gate voltage is reduced to V = 46 V, y, lowers into
a wider section of the dome potential (i.e., that has a wider p—
n junction boundary) that corresponds to states with smaller
energy separation (Figure 2f). This is reflected in the more
closely spaced peaks of the corresponding dI/dVy spectrum in
Figure 2c (orange curve). As the gate voltage is reduced further
(Vg=44V), Mg lowers and the quantum dot grows even wider
(Figure 2g). The quantum dot levels eventually become so
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close in energy that they cannot be separately detected, as seen
in the corresponding dI/dV; spectrum of Figure 2c (red
curve). The background signal observed in Figure 2c may be
partially attributed to direct tunneling from the tip to the bulk
BLG outside of the potential well.

The distinctive upward slope (as Vg is increased) of the
resonant lines in Figures 2a, b arises due to the single-electron
charging nature of these peaks. Similar features have been
observed in single-layer graphene csluantum dots in a zero and
finite perpendicular magnetic field,”*® but there are differences
for BLG. In BLG dots the quantum level detection mechanism
is equivalent to charging a double-barrier quantum dot. The
first barrier is the vacuum gap between the STM tip and the
dot while the second barrier arises from the BLG energy gap at
the p—n junction between the interior (QD) and exterior
(bulk) BLG (this barrier does not exist for single-layer
graphene whispering gallery mode systems). For Vg > 0 V the
STM tip acts both as a charge reservoir for the double barrier
quantum dot and as the initiator of single-electron charging
events where charge is transferred from the dot to the exterior
BLG. For Vg < 0V the QD receives an electron from the BLG
bulk, thus resulting in the distinctive dependence of the
charging peaks on V;; and Vg as shown in Figure 2a, b.

The details of this process are sketched in Figure 4 where
the unoccupied QD eigenstates (dashed lines) are separated
from occupied QD eigenstates (solid lines) by an electron
addition energy E,i>” When the lateral distance between the
STM tip and the QD center is decreased from R; to R,, as
shown in Figure 4a—b, the QD energy levels are raised due to
increased tip-gating efficiency (i.e., greater capacitive coupling
between the QD and the tip, Ctip(r), as represented in Figure
4e).”® Figure 4c shows the energy level diagram as the STM
bias voltage is increased slightly from Vg to Vg + 6V, which
further lifts the QD energy levels and allows an electron to
tunnel out of the QD and into the BLG bulk, thus changing the
net charge on the QD. Since the rate of tunneling between the
tip and QD is determined by the number of empty QD states
available within the bias window, the resulting enhancement in
empty states produces a jump in current and a sharp peak in
the dI/dVg spectrum (as shown in Figure 4d) each time an
occupied QD level crosses ,ug.37’39742 When QD levels are very
closely spaced and a large asymmetry exists between the tip/
QD and QD/bulk-graphene tunnel barriers then a correspond-
ing asymmetry can exist between the charging and direct
tunneling signals that occur as the tip chemical potential
crosses a QD state.””™*

These Coulomb blockade resonances provide information
regarding the electronic structure of BLG QDs that confine
massive Dirac Fermions. For example, the voltage spacings
between charging peaks in dI/dVy spectra are related to E 44
where E 4 = AE + E(, AE is the single-particle orbital splitting
set by the confinement potential, and E = ¢*/C is the charging
energy required to add an electron to a quantum dot of total
capacitance C.”” Both AE and E. are expected to decrease
when the QD diameter is increased, consistent with the trend
observed in Figure 2 where the voltage spacing between
Coulomb peaks in dI/d Vg spectra decreases as the effective size
of the quantum dot increases. dI/dVy spectra in Figure 3c
show equal voltage spacing for all resonances except between
the fourth and the fifth, where the voltage spacing is largest.
This is consistent with the expected 4-fold degeneracy in QD
energy levels due to spin and valley symmetries which allow
AE to make a nonzero contribution only after all orbitally

degenerate levels have been filled. The Coulomb peaks appear
more equally spaced in the larger quantum dot of Figure 3d,
signifying a transition to a regime where E( is the dominant
contribution to E, 4.

This interpretation of the observed dI/dVy peaks is further
validated by estimating the level spacing AE for confined
massive Dirac Fermions and comparing it to an estimated E_4,.
Here we approximate the confinement potential with a

parabola having level spacing 7w, where w = L*, m* =

m

0.03m, (the BLG electron effective mass),’® and k is the
curvature of the electrostatic potential. For k we use the
experimental value extracted from our previous study on tip-
induced QDs in single-layer graphene.’ Because of stronger
screening in BLG compared to single-layer graphene,'” this k
value represents an upper limit. The actual quantum dot level
spacing is thus expected to be less than the calculated level
spacing of AE = S meV, which is significantly smaller than the
estimated BLG QD charging energy of Ec ~ 45 meV
(estimated using a 2D disc capacitance model*”). Analysis of
the diamond-like features observed at small V; (Figure S1b)
yield an E 44 of ~27 meV, consistent with our estimate for E
and AE (see Supporting Information for details). These low-
bias spectra are expected to exhibit the electric field induced
gap in addition to Coulomb diamonds, thus complicating the
assignment of the diamond-like features directly to E, 4.
Nonetheless, charging behavior is seen to dominate the
response of the BLG QD (E; > AE), unlike the case for
single-layer graphene QDs where the situation is reversed. This
striking difference between single-layer graphene and BLG
quantum dots could be attributed to the larger level spacing for
single-layer graphene QDs (~15 meV®) as well as the larger
resistance expected from the barrier surrounding each BLG
QD.

In conclusion, we have taken the first steps toward
visualizing and manipulating massive Dirac Fermion states
confined within circular p—n junctions. We observe sharp
resonances and prominent concentric rings with gate-tunable
diameters that can be explained by charging of single-electron
states that arise from confinement of massive Dirac Fermions
within a circular p—n junction. The Coulomb charging energy
dominates over the orbital level spacing energy in the BLG
QDs synthesized to date. We expect that thinning the hBN
insulator thickness should allow steeper electrostatic potentials,
thus enabling smaller BLG quantum dots with orbital-level
spacings that surpass the charging energy. Such dots should
facilitate more direct imaging of quantum interference effects
in QD wave functions, thus providing a deeper understanding
of the physics of massive Dirac Fermions in BLG.

Sample Fabrication. Our samples were fabricated using a
transfer technique developed by Zomer et al.*’ that uses 60—
100 nm thick hBN crystals (synthesized by Taniguchi and
Watanabe) and 300 nm thick SiO, as the dielectric for
electrostatic gating. Bilayer graphene was mechanically
exfoliated from graphite and deposited onto methyl meth-
acrylate (MMA) before being transferred onto hBN previously
exfoliated onto a heavily doped SiO,/Si wafer. The bilayer
graphene was electrically grounded through a Ti (10 nm)/Au
(40—100 nm) electrode deposited via electron-beam evapo-
ration using a shadow mask. Devices were annealed in Ar/H,
gas at 350 °C before being transferred into our Omicron
ultrahigh vacuum (UHV) low-temperature STM. A second
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anneal was performed overnight at 250—400 °C and 107"
Torr.

Scanning Tunneling Microscopy and Spectroscopy
Measurements. All STM measurements were performed at T
= 4.8 K with platinum iridium STM tips calibrated against the
Au(111) Shockley surface state. STM topographic and dI/dVy
images were obtained at constant current with sample bias Vg
defined as the negative of the voltage applied to the STM tip
with respect to the grounded bilayer graphene sample.
Scanning tunneling spectroscopy (STS) measurements were
performed by lock-in detection of the a.c. tunnel current
induced by a modulated voltage (1—6 mV at 613.7 Hz) added
to V. d*I/dV* was obtained through numerical differentiation.
The results presented here were reproduced with numerous
STM tips on more than 15 circular p—n junctions.
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