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ABSTRACT: Harnessing graphene’s electronic properties for practical applications requires a comprehensive
understanding of its interfaces with metal contacts, which are essential for device integration. Traditionally, the
metal−graphene (MG) interface has been considered straightforward, primarily affecting graphene’s work function
through doping mechanisms. However, as device dimensions shrink to the sub-micrometer scale, subtle interfacial
phenomena become increasingly significant. Here, we investigate transport phenomena occurring at high-quality,
sub-micrometer metal contacts on graphene. Through transport measurements, electrostatic simulations, and first-
principles calculations, we demonstrate that the metal contact induces a localized n-doped radial cavity, defined
cooperatively by the metal-induced electrostatic potential and Klein tunneling. This mechanism leads to quantized
energy states and secondary resistance peaks as a function of graphene doping that decrease with increasing contact
size. In the presence of a perpendicular magnetic field, the cavity hosts a distinct set of Landau levels, resulting in the
formation of a secondary bulk interacting with the intrinsic graphene bulk. This interplay enables the direct
observation of topological edge states arising from bulk-boundary correspondence. Our results provide an improved
understanding of metal−graphene interfaces, highlighting fundamental properties of graphene relevant for
graphene-based nanoelectronic devices.
KEYWORDS: graphene, metal contacts, cavity states, Klein tunneling, Landau levels, quantum transport, electrostatic doping

INTRODUCTION
Since the isolation of monolayer graphene, its exceptional
electronic properties�such as high carrier mobility and
tunable conductivity�have made it a promising candidate
for next-generation nanoelectronic devices, including transis-
tors, sensors, and spintronic components. A fundamental
challenge in leveraging graphene’s full potential lies in
understanding and optimizing its interfaces with metal
contacts, essential for integrating graphene into practical
applications. Traditionally, the metal−graphene (MG) inter-
face is understood using a relatively simple modification of
graphene’s work function alongside electrostatic considera-
tions:1−3 the potential of the graphene under the metal is
pinned to the work function of the metal, and it gradually

returns to the intrinsic graphene level away from the MG
interface. This results in a doping gradient and the formation
of pn and pp junctions, explaining characteristic asymmetries
in two-terminal resistance measurements.4,5

However, as device dimensions shrink to the sub-micro-
meter scale, subtle interfacial phenomena become increasingly
significant, necessitating a deeper investigation into the MG
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interface at the nanoscale. Other features often emerge in
measurements, such as extra resistance peaks, which are
considered unavoidable imperfections and are largely ignored
as they are absent in four-terminal measurements.6 Further-
more, such extra resistance features are often attributed to the
graphene directly under the metal contacts.7,8

Here, we present findings that challenge this conventional
understanding, revealing an unexpected and rich structure
within the MG interface, which becomes particularly visible
when examining contacts with sub-micrometer dimensions. To
demonstrate this, we perform experiments in the simplest
possible setup: a single high-quality metal contact on graphene
connected to a larger reservoir contact. Using a combination of
magnetotransport measurements, electrostatic simulations, and
first-principles calculations, we uncover that the metal contact
induces a localized n-doped cavity around itself due to an
intricate electrostatic potential landscape shaped by the contact
and the phenomenon of Klein tunneling. This cavity formation
leads to quantized energy states and secondary resistance peaks
in transport measurements, decreasing with increasing contact
size.

Moreover, when a perpendicular magnetic field is applied,
the system exhibits the formation of an emergent “second
bulk” around the contact, characterized by a distinct set of
Landau levels that interfere with those from the intrinsic
graphene bulk. This interplay allows for the direct observation
of topological edge states forming at the interface between the
two bulks, providing further insights into the fundamental
properties of graphene and the bulk-boundary correspondence
in condensed matter physics. Our results underscore the
critical need for precise knowledge of sub-micrometer

graphene interfaces�a cornerstone for scaling down electronic
components toward spintronics9 and electron optics applica-
tions.10,11 This understanding is particularly important as new
generations of ever-improving two-dimensional material plat-
forms unravel richer physics.12−15

RESULTS AND DISCUSSION
Transport Measurements. Our samples consist of

monolayer graphene encapsulated within hBN supported by
a graphite back gate, allowing modulation of the carrier density
in the graphene layer, see Figure 1a. A fluorine-based dry etch
(see Methods) is used to selectively etch the hBN to define top
contacts. A metal stack of Cr/Pd/Au is then deposited on the
exposed graphene resulting in a gentle defluorination process,
such that a high-quality physisorbed metallic layer is formed
directly on the graphene.16−18 Source contacts are circular dots
with a radius, rCr, down to 100 nm, while drain contacts are
relatively large rectangles with areas exceeding 10 μm2,
allowing us to focus on the behavior of individual contacts.
Due to the etch-angle of hBN, a frustum-shaped top contact is
realized, where the radius of the top surface is slightly larger
than that of the bottom surface (see Methods). We note that
the distance between contacts eliminates unwanted coherence
between source and drain contacts (see Supporting Informa-
tion for experimental and numerical results for sub-micrometer
contact distance).

We first measure the two-terminal resistance, R, as a
function of the carrier density, ns, by varying the back-gate
voltage bias VG, see Figure 1b. Unless otherwise stated,
measurements were performed at a temperature of 10 mK, but
we note that the phenomena we observe are relatively

Figure 1. Emergent pn-junction at a metal−graphene interface. (a) Graphene is encapsulated in hBN and placed on a graphite back gate. Top
contacts (Cr/Pd/Au) are gently deposited directly on the graphene after selectively etching through the top hBN layer. (b) Two-terminal
resistance between the large contact (left) and a small dot contact (right) as a function of the carrier density ns. We observe three resistance
peaks P0−P2. (c) Zoom in on the dashed box in (b): ⓐ−ⓔ mark significant features, discussed in the text. (insets) Corresponding radial
interpolation of the work function of graphene from the contact to the bulk. (d) The electrostatic potential around the contact is simulated
using a finite-element method, see Methods. The obtained potential is plotted as a function of the carrier density, ns ∝ VG, and the radial
distance, r, starting from the contact edge. Presented linecuts at ⓐ−ⓒ mark scenarios where the pristine graphene is at the neutral point
(white), p-doped (red), and n-doped (blue), respectively.
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insensitive to temperature (see Supporting Information). We
use bias voltages around 100 μV to avoid any unwanted
charge-accumulation on the substrate.19 Scanning over ns from
−3 × 10−12 to 1 × 10−12 cm−2, we observe a sharp resistance
peak P0 at ns = 0 cm−2, and two smooth resistance peaks P1
and P2 at ns = −0.2 × 10−12 cm−2 and ns = −1.2 × 10−12 cm−2,
respectively. Narrowing our focus to the ns regime around P0,
we attribute the sharp peak P0 to the Dirac point of the bulk
graphene, marked by ⓐ in Figure 1c. As |ns| increases (marked
by ⓔ), R rapidly drops due to the increasing density of states of
the bulk graphene, nDOS s . Asymptotically away from the
first peak, R exhibits an asymmetric imbalance in the p- and n-
doped bulk regions, dubbed p- and n-branch and marked by ⓑ
and ⓒ, respectively. This is caused by the pinned potential
under the metal contact, which effectively leads to the
formation of a pn junction between the p-doped bulk graphene
and an n-doped region around the contact; the asymmetry in R
is then due to Klein tunneling filtering of conduction
channels.1,4,20 The appearance of a single secondary peak is
conventionally attributed to the gap opening due to the g/hBN
misalignment,21,22 or to the pinned Dirac point of the
graphene under the contact.23 However, we observe that the
soft peak P1 (marked by ⓓ) appears too close to the main peak
P0, rendering the g/hBN misalignment explanation inappli-
cable. This, and the appearance of the additional smooth peak
P2, points toward previously overlooked mechanisms, which go
beyond standard graphene pn-junction physics.
Finite Element Simulation. To gain insight into the

microscopic origin of these resistance features, we first
calculate, using a finite-element simulation, the electrostatic
potential profile of the graphene, Φ, around the metal contact,
see Figure 1d and Methods. The convex edge of the contact
suppresses interference effects and allows us to isolate the
subtle physics within the contact/bulk region.24 We employ
boundary conditions fixed by the work function of chromium

WCr = 4.3 V23 and graphene = +W v C V4.6 VG F
2 2

G
,25−27 where vF is the Fermi velocity; ℏ is the reduced Planck
constant and the geometric capacitance C = 2.72 × 1015 V−1

cm−2. Under the contact we assume that the potential of the

graphene is pinned to WCr regardless of VG,
3,23 i.e., the

graphene is n-doped there. Radially away from the contact
edge, the electrostatic potential continuously transitions from
the pinned value to the work function of the bulk graphene, set
by VG. In the p-branch, a pn-junction emerges ∼30−150 nm
away from the contact’s edge, marked by a solid white line in
Figure 1d. The emergence of a pn-junction as a function of VG
is in agreement with the asymmetry in resistance observed in
Figure 1c. Moreover, to verify the obtained distance between
the pn-junction and the contact’s edge, which is seemingly
shorter compared with previous research,28,29 we perform the
same measurement (see Figure S6) with two contacts that are
distanced 350 nm from each other. We observe the asymmetry
in resistance, suggesting the existence of a very narrow pn-
junction close to the contact’s edge.
Cavity Forming around the Contact. For ns < −0.1 ×

10−12 cm−2, the n-doped region between the contact’s edge
and the charge neutrality point (CNP) can become very
narrow with a radial width down to ∼30 nm, see Figure 1d. To
explore the prospective quantization of modes in this narrow
region, we write the graphene Hamiltonian around the contact
using a mixed position and momentum representation, i.e.,
using a finite radial extent r ̂ and transverse momentum k⊥≡|k|
sin(θ), where θ is the incident angle at the interface, and k is
the 2D momentum, see Figure 2a. We introduce the
interpolating electrostatic potential as an inverse-parabola on-
site term V(r, Vb), characterized by two parameters V0 = V(0,
Vb) and α = ∂r2V (see Methods). This on-site term extends
between the contact and the graphene bulk dopings, while the
latter is denoted by Vb, and experimentally tuned by VG. It
engenders a quasi-triangular radial cavity around the contact
with bound modes, see Figure 2b. The cavity width is k⊥-
dependent: consider a state propagating outward from the
contact along r;̂ it backscatters when the on-site energy is equal
to the kinetic energy in the transverse direction, i.e., we have a
classical turning point when |Vb| = vF|k⊥|. Similarly, another
classical turning point manifests for an inbound electron
propagating toward the contact. The resulting two classical
turning points thus determine an effective k⊥-dependent (i)
width for the cavity = | | + | |l V V V k v/ ( )/c b 0 b F ,

Figure 2. Doping-dependent cavity formation and energy quantization. (a) (upper panel) real space illustration of electron transport into the
contact when the graphene bulk carrier density ns is in the p-branch. Dopings are marked by the filling of the Dirac cone. Red arrows depict
that Klein tunneling is relevant only at k⊥ ≈ 0. (lower panel) Corresponding approximate parabolic function potential profile around the
contact, see Figure 1d. The thick black line marks the position of the Dirac point along the radial direction. The interpolating on-site
potential leads to the formation of three regions in the graphene (i) n-doped cavity (blue-filled cone) of width lc, (ii) energetically forbidden
region (dark gray) defining the pn-junction of width lf, and (iii) the p-doped graphene bulk. The latter is split into two parts p′ and p, until
the bulk doping is stabilized. (b) Sketch of bound states with discretized energy levels in the emergent cavity as a function of r. (c) Local
density of states (LDOS) of the bound states (up to r ≈ 50 nm) as a function of the transverse momentum k⊥ and doping level ns, see
Methods. Fine oscillations are due to finite-size effects in the numerics. Modes around k⊥ ≈ 0 penetrate the cavity due to Klein tunneling.
The white dashed line marks the analytically obtained spectrum of the cavity mode ϵc(m, k⊥), see Methods.
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as well as, (ii) a classically forbidden region of width lf between
the two turning points, see lower panel of Figure 2a. We
observe that both lc and lf decrease with increasing ns. The
former entails that the energy spacing between the cavity levels
increases with ns. The latter implies that the tunneling barrier
into the bulk becomes narrower with increasing ns. We verify
this prediction using a Green’s function method, by which we
numerically obtain the local density of states (LDOS)
spectrum in the cavity, see Figure 2b,c. Crucially, we observe
a discrete set of energy levels that depend on k⊥ alongside
contributions from Klein tunneling at k⊥ ≈ 0. An analytically
obtained spectrum εc(m, k⊥) (see Methods) fits well with the
result. In the n-branch, the absence of a forbidden region
allows states near the contact to strongly hybridize with the n-
doped graphene bulk, leading to a continuous dispersion.

We move to calculate the conductance Gkd⊥
between the

contact and the bulk (see Figure 3a)

| |G V t V k V( ) ( , ) ( )k kb pn b
2

b (1)

where tpn is the tunneling amplitude through the forbidden
region and ρk d⊥

(Vb) is a k⊥-dependent tunneling density of
states; the latter depends on both the density of states in the

bulk and in the cavity. We observe strikingly different behavior
in the p- and n-branches. In the n-branch, where no pn-
junction nor cavity form, Gk d⊥

exhibits a parabolic shape as a
function of k⊥ and ns, indicating that transport is dominated by
the density of states of the graphene bulk. In the p-branch,
instead, Gkd⊥

is restricted to small k⊥, due to filtering of tpn via
Klein tunneling through the forbidden region. Crucially,
whenever the cavity modes coincide with the allowed transport
window, the Gkd⊥

intensity increases, indicating a modification
of the density of scattering states ρk d⊥

(Vb).
The total resistance is obtained as R = [∑k⊥G(k⊥)]−1, see

bottom panel of Figure 3a, which we compare with Figure 1c.
Starting from the neutral point ⓐ, the resistance is high due to
the absence of states in the bulk. As ns increases toward ⓒ in
the n-branch, the resistance drops due to the increasing DOS
in the bulk. Conversely, as ns decreases toward ⓔ, the
resistance initially decreases as a dense spectrum of cavity
states is available at small k⊥. The P1 peak at ns ≈ −0.2 × 1012

cm−2, marked as ⓓ, appears when the cavity modes are off-
resonant with the Klein-tunneling allowed transport channels.
Finally, at ⓑ, although the cavity states found at small k⊥ can
assist the tunneling to the contact, their impact is less
pronounced as the narrow cavity and forbidden region allow
for direct cotunneling between the bulk and the contact.
Nevertheless, when ns continues to decrease toward the deeply
p-doped regime (see Figure S4), a second smooth peak is
observed where the cavity modes are once more off-resonant
with the allowed transport channels, thus, yielding a similar
feature as P2.
Scaling with Contact Size. Our effective cavity model

suggests that the secondary peak originates from the reduced
DOS in the emergent confined cavity around the contact, and
not from the graphene directly under the metal. As such, by
increasing the contact size, we expect an increase in the DOS
due to added transverse momentum modes, and hence a
reduction in the peak’s height. To probe our prediction, we
repeat the two-terminal resistance measurement using dot
contacts with radii rCr ranging from 100 to 400 nm, see Figure
3b. As the size of the metal contact increases, more transport
channels participate, and the overall R is reduced. Nonetheless,
the peak is observed for all contact sizes at the same carrier
density ns ≈ −0.2 × 1012 cm−2, showing that the secondary
resistance peak indeed depends only on the potential
environment created by the metal contact. To better isolate
the peak’s qualitative R reduction from the increased cavity
DOS on top of the R reduction due to the contact size and
contact resistance, we rescale all measured plots relative to the
R in the n-region, where no cavity forms, see inset of Figure 3b.
The cavity remains visible while showing a clear reduction with
the cavity diameter.
Dual Landau Fans. Subjecting the MG system to a

perpendicular magnetic field reveals further intricate details
about its electronic properties. In Figure 4a, we present the
measured differential resistance (δR/δVG) as a function of the
magnetic field, B, and carrier density, ns. While an expected
Landau fan (LF) pattern emerges out of graphene’s CNP,
interestingly, a second LF appears near ns ≈ −0.24 × 1012

cm−2, i.e., coinciding closely with the first cavity-induced
resistance peak, P1. Probing a larger density range (Figure 4b),
apparent phase slips at the intersections of the two LFs are
evident. While the primary LF is associated with the bulk
graphene, the origin of the second LF is unconventional: (i)

Figure 3. Cavity states modulated resistance and the impact of
contact size. (a) (upper panel) Conductance [cf. eq 1] as a
function of momentum k⊥ and carrier density ns. Fine oscillations
are due to the finite size of the numerical solution. Red dashed
lines encircle the regime of high-tunneling over the forbidden
region where tpn > 0.5, i.e., where Klein-tunneling is dominant (see
Methods). The dispersion of the cavity modes ϵc(m, k⊥) is marked
by gray dashed lines, cf. Figure 2c. (lower panel) The
corresponding resistance as a function of ns in units of R* = h/
(2e2). A soft resistance peak around ns = −0.2 × 1012 cm−2 appears
with small oscillations due to finite-size numerical artifacts. (b)
Experimentally measured resistance as a function of the carrier
density ns for different dot contacts with radii ranging from 100 to
400 nm. (inset) Zoom-in plot of R in the marked area in (a). The
resistance is rescaled relative to the R measured with rCr = 100 nm
at ns = 1.0 × 1012 cm−2.
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we cannot attribute it to the recoil band forming from the
misalignment between graphene and hBN,21,22 as the observed
ns ≈ −0.24 × 1012 cm−2 is too small compared with the typical
case related to such recoil; additionally, P1 and the source of
the emanating secondary LF occurs at a similar value of ns
across all our MG samples, regardless of g/hBN alignment (not
shown); (ii) the second LF manifests only beyond a finite field
strength (Bc ≈ 0.1 T), which may hint toward a Fock−Darwin
cascade of states within the emergent cavity;31 we rule out this
explanation as the cavity length (lc ≈ 20 nm) is smaller than
the magnetic length (lBdc

≈ 80 nm).
Direct View of the Bulk-Boundary Correspondence.

We attribute the second LF to a secondary bulk forming
between the cavity and the bulk graphene. Without a magnetic
field, a smoothly interpolating p′-doped region exists between
the bulk and the cavity (p′ ≠ p), cf. Figure 3a. When the
magnetic field is applied, electrons can be trapped in the p′-
doped region if their cyclotron movement is confined within
the region’s scale, i.e., when lBdc

≈ lp′.
32 Similar to LLs, these

electrons fall into highly degenerate energy levels, where
Coulomb interaction can renormalize the potential profile.30

Consequently, the potential in the p′-doped region flattens out
such that a second bulk effectively forms and the overall
potential exhibits steps akin to a “wedding cake”, see Figure 4c.
The energetic offset at the emergent bulk implies a secondary
LF emanating from a carrier density ns, where the graphene
bulk is p-doped, i.e., at ns < 0 cm−2. Furthermore, this offset
implies that the Landau level filling factors, ν = 4(n + 1/2),
differ between two bulks. We are hence in a scenario where the
quantum Hall effect’s Chern numbers n vary radially away
from the MG contact between the two differently doped bulks.
Due to the different topology between the two bulks, at the

interface between them (r ∼ r0), |ν1 − ν2| edge modes
appear,33 where ν1,2 are the filling factors in the main and the
secondary bulks, respectively, see Figure 4d. In Figure 4c, we
illustrate this bulk-boundary correspondence,34 i.e., the
continuous change in bulk filling leads to |ν1 − ν2| intersections
of LLs with the Fermi level (E = 0) at the interface between
the two bulks (r ∼ r0), thus forming edge states. As the
emergent edge states appear near the MG contact, we expect
the conductance to be dominated by the presence of these
transport channels. We confirm this model prediction by
measuring within the same parameter range of Figure 4d, see
Figure 4e. We observe a strong agreement between the
measured conductance G and the residual filling |ν1 − ν2|.
Furthermore, we observe splitting of the LLs that appear as a
nested set of triangular shapes; we attribute these splittings to
the lifting of the spin-valley degeneracy in the secondary bulk.

CONCLUSION
Our work reveals complexity in the seemingly simple system of
a metal contact on graphene. Contrary to the conventional
picture of mere doping, the contact creates an intricate
potential landscape that gives rise to quantized cavity states.
Under a magnetic field, this landscape further evolves,
spawning a distinct emergent bulk with its own set of Landau
levels. This second bulk, arising from the interplay between the
metal-induced potential and electron−electron interactions,
results in the formation of topological edge states at the
interface between the two bulks. The appearance of these
features�quantized cavity states, a secondary bulk, and edge
states�within a single graphene sheet suggests that contact
phenomena can involve additional complexity with implica-
tions for device physics. These effects may be relevant for
future approaches to controlling transport properties in

Figure 4. Formation of a second bulk with a perpendicular magnetic field. (a) Differential resistance at low-field and small ns with the radius
of the dot contact rCr = 200 nm. Two distinct sets of Landau Fans are observed. (b) Differential resistance for higher density values with
inset highlighting phase slips at the crossing of the Landau levels. (c) Sketch of “wedding cake” potential profile around the contact forming
under a perpendicular magnetic field. The smooth interpolating potential (black solid line) is renormalized and Landau levels appear along a
step-like energy profile (colored lines), cf. ref 30. (d) The difference between the fillings of the two bulks |ν1 − ν2|, as a function of the filling
factor of the graphene bulk ν1 and the magnetic field. (e) The longitudinal conductance G measured as a function of ν1 and B. The
conductance exhibits a triangular-shaped pattern resembling the |ν1 − ν2| from (d). We observe further splitting between the Landau fans of
the secondary bulk.
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graphene-based electronic devices. For instance, confined
regions with distinct topological properties could be used in
studies of topological electronics. In addition, the observation
of edge states at boundaries between distinct doping regions
provides a platform for examining the properties of topological
transport in condensed matter systems.

METHODS
Device Fabrication. Graphene and hBN are exfoliated on a SiO2/

Si substrate, and single-layer graphene is automatically identified using
its contrast relative to the substrate.35 The graphene heterostructures
are fabricated with a standard dry-stacking method13,36,37 using a
polycarbonate-coated polydimethylsiloxane stamp. We sequentially
pick up and intentionally misalign hBN (∼30 nm), monolayer
graphene, hBN (∼30 nm), and deposit these on a ∼5 nm thick
graphite flake. Layers are picked up by raising our substrate
temperature to about 110 °C during stamp contact, and dropped
onto the graphite flake by melting the polycarbonate at around 190
°C. Subsequently, we use electron beam lithography to define
contacts in a two-step process. First, the top hBN is gently etched
using a highly selective fluorine-based dry etch, based on either CF4 or
SF6, to expose the graphene. Crucially, this process does not etch
through the graphene (Figure S1). This is directly followed by a metal
deposition of Cr/Pd/Au (∼3/15/60 nm) to contact the graphene. A
second lithography step is done to draw electrical leads to the
patterned nanostructures. All metals are deposited at pressures of
∼10−8 Torr and rates of 0.3, 1, and 1 Å/s for Cr, Pd, and Au,
respectively.
Measurements. Transport measurements were performed in a

Bluefors dry dilution cryostat achieving a temperature at the mixing
chamber of 10 mK. The electrical resistance was measured in a two-
terminal configuration using Stanford Research SR860 lock-in
amplifiers while sourcing 100 μV at a reference frequency of 17.777
Hz to efficiently reject noise. Commercial Q-Devil filters are placed
on the mixing chamber of the cryostat adding a 5k Ω impedance in
series with the device which we subtract in the presented data.
Finite Element Calculation. We conduct the COMSOL

simulation using its semiconductor module, where we define a
radially symmetric geometry to model the top contact and its
surroundings, see Figure S2a. From bottom to top, we effectively
introduce the combined effect of the graphite back-gate together with
the separating hBN layer beneath the graphene by defining the
bottom surface of the whole geometry as a Thin Insulator Gate. Thus,
the back-gate voltage VG can be applied to the system. To the bulk of
the lowest layer, we assign a material C with electron affinity defined
as 4.6 V in accordance with measured values of graphene.25−27 The
linear dispersion of graphene is introduced by defining the density of
states in the valence and conduction bands as n = VG × 2.72 × 1012

m−2.
The graphene layer is covered by two separate parts from the top.

The metal contact is defined as the frustum-shaped area in the center
with material type air and metal contact interface to the top surface of
the graphene layer. For the latter, we use the work function of
chromiumWCr = 4.3 V.23 The top peripheral area pertains to the hBN
layer that encapsulates the graphene from the top. Its material is set as
SiO2, whereas the work function and the band gap are adjusted for
hBN.
Effective Model for the Emergent Parabolic Potential. We

model the interpolating electrostatic potential ϕ using a parabolic
onsite function V(r, Vb) on a tight-binding lattice, where the Fermi
level E = 0 is defined with respect to the primitive work function of
graphene. The onsite potential is a piece-wise function

=

<
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where V0 = −0.35t and = | |r V V /0 b 0 . The smoothness of V is
defined as α = 0.000027t/site (we omit the unit of α in the following
discussion), such that the electrostatic potential obtained by
COMSOL is best fitted around the cavity region, see Figure S2d.
We define the hopping amplitude t = 0.46 eV to model a 500 nm
system with 301 sites.
Quasi-2D Model. The tight-binding Hamiltonian of graphene

system reads

= + + +†
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where cl,m,n† denotes an electron creation operator on the sublattice l =
A(B) at site (m, n). Next, as the interface to the contact is a closed
circle, we impose a cylindric geometry, i.e. the boundary in n-direction
is closed with periodic boundary conditions such that we can reduce
the 2D system to a collection of 1D channels labeled by the good
quantum number k⊥. The left end of the cylinder corresponds to the
interface to the contact (Figure S3a). Moreover, we introduce the
potential profile in eq 2 modeling the electrostatic potential along the
r ̂ direction. The corresponding Hamiltonian is given as
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where m = 1, ..., M labels the site along r-direction. The spectrum is
obtained using exact diagonalization as a function of k⊥ with Vb = 0,
see Figure S3b. We find that there are discrete spectrum flows existing
next to the continuous spectrum. While the latter represents the
continuous energy levels in the graphene bulk, the former indicates
the existence of the discretized modes confined in the cavity.
Local Density of States and Conductance.We use the Green’s

function method with the 1D system in eq 4 to calculate the local
density of states (LDOS) and the transport across the system. The
local density of states at site m and at the Fermi surface E = 0 is given
as6

= [ ]m G m mLDOS ( )
1

Im ( , ; 0)k k
R

(5)

where G m m E( , ; )k
R is the retarded Green’s function between site m

and m′ at energy E. As the system is coupled to leads at the two ends,
the retarded and advanced Green’s functions are modified by the
interaction between the system and leads as
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where = E V0.4exp( ( )l r
R
/ 0 is the self-energy due to the leads.

We calculate the LDOS for each site m as a function of Vb and k⊥. To
illustrate the discrete energy levels in the cavity, we average over its
extent DOSc = ∑m=1,···30LDOS(m), i.e. we sum over the LDOS of the
first 30 sites (≈50 nm) next to the contact. See in Figure S3c.

Next, the k⊥ conductance between the two leads is Gk⊥ = e2Tk d⊥
/h,

where the transmission probability Tkd⊥
is obtained as

= [ ]T G GTrk l k
R

r k
A

(7)

where = [ ]†i ( )l r l r
R

l r
R

/ / / . We numerically evaluate eq 7 as a
function of k⊥ and Vb, see Figure S3d. To compare with the
experiments, we introduce the carrier density ns using the relation

=n V t v( ) /( )s b
2

F
2 2 , where vF = 106 m/s is the Fermi velocity of the

graphene.
We note that due to the finite size of the sample in the numerics

(M = 801 sites). The finite sampling of the longitudinal momentum
leads to a finite energy spacing ΔE = hvF/(aM) = 3.1 meV of the

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c16191
ACS Nano 2025, 19, 18156−18163

18161

https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16191/suppl_file/nn4c16191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16191/suppl_file/nn4c16191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16191/suppl_file/nn4c16191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16191/suppl_file/nn4c16191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16191/suppl_file/nn4c16191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16191/suppl_file/nn4c16191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16191/suppl_file/nn4c16191_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c16191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


states in the bulk, where a = 1.67 nm is the spacing of the quasi-2D
model in the numerics. Analogous to the mechanism of the resonance
bump due to the cavity states, the discretized bulk states here yield
finer oscillations with the period given by the energy spacing ΔE. In
the experiments, this effect is not observed, as the sample size is much
larger such that ΔE vanishes.
Analytic Expression for the Cavity Spectrum and Tunneling

Strength tpn.We calculate the spectrum of the cavity mode using the
WKB approximation. For the mode with transverse momentum k⊥ in
a cavity of length lc, we obtain the Sommerfeld quantization condition
by requiring the continuity of the wave function at the boundary r =
lc
38
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where +m is an integer number characterizing the quantized
energy levels. To cope with the 1D Hamiltonian in eq 4, we chose the
Fermi velocity v∥ = 1 and v⊥ = 3/2 for the energy in the unit of t. To
study the DOS inside the cavity, we solve Vb as a function of k⊥ for E
= 0 and +m using the equation above, i.e. for a mode confined in
the cavity characterized by the momentum k⊥, it can be found at the
Fermi level (E = 0) when the graphene is doped to Vb. As such, we
obtain an effective spectrum ϵc(m, k⊥) for the cavity mode, where
ϵc(m, k⊥) ≡ Vb for given quantized number m and momentum k⊥.

We numerically evaluate the integral in eq 8 and show the obtained
ϵc(m, k⊥) as the white dashed line in Figure S3c. The analytical results
agree well with the LDOS obtained numerically.

Finally, we estimate the transmission amplitudes tpn using the WKB
approximation24

=
+
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k r r
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where the imaginary wave-vector = | |k V r V v k v( , ) /b
2

F
2 2

F
characterizes the exponentially decaying wave function in the
c l a s s i c a l l y f o r b i d d e n r e g i o n w i t h a l e n g t h

= + | | | |l V v k V v k( )/ ( )/f b F b F . In Figure S3e, we show
tpn obtained by numerically evaluating eq 9 as a function of the
density carrier ns and the momentum k⊥.
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