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ABSTRACT: Hybrid superconductor/graphene (SC/g) junctions
are excellent candidates for investigating correlations between
Cooper pairs and quantum Hall (QH) edge modes. Experimental
studies are challenging as Andreev reflections are extremely
sensitive to junction disorder, and high magnetic fields are
required to form QH edge states. We fabricated low-resistance
SC/g interfaces, composed of graphene edge contacted with NbN
with a barrier strength of Z ≈ 0.4, that remain superconducting
under magnetic fields larger than 18 T. We establish the role of
graphene’s Dirac band structure on zero-field Andreev reflections
and demonstrate dynamic tunability of the Andreev reflection spectrum by moving the boundary between specular and retro
Andreev reflections with parallel magnetic fields. Through the application of perpendicular magnetic fields, we observe an oscillatory
suppression of the 2-probe conductance in the ν = 4 Landau level attributed to the reduced efficiency of Andreev processes at the
NbN/g interface, consistent with theoretical predictions.

KEYWORDS: two-dimensional, van der Waals, graphene, niobium nitride, superconductivity, Andreev reflection, quantum Hall effect,
Zeeman splitting

At the interface between a normal metal and a super-
conductor, electrons in the normal metal with energy

below the superconducting gap can only transition into the
superconductor via Andreev reflection, where an electron
incident on the interface reflects as a hole along with the
transmission of a Cooper pair into the superconductor. The
probability of this process strongly depends on the band
structure of the normal metal and the properties of the
interface. Graphene, because of its Dirac band structure with a
highly tunable Fermi level, is an enticing avenue to explore the
role of the normal metal’s electronic properties on Andreev
processes.1−6 Initial experiments by Efetov in 2016 demon-
strated the effect of graphene’s Dirac electronic structure on
Andreev processes, identifying intraband Andreev processes
(RAR) and interband Andreev processes (SAR). Under the
application of perpendicular magnetic fields, graphene hosts
chiral QH edge states, which has allowed for the investigation
of Andreev process from integer QH states,6−9 which manifest
non-Abelian zero modes of Majorana Fermions.6,10−13

However, there are still many unanswered questions such as
how junction transparency and the proximity effect in
graphene evolve under large perpendicular magnetic fields in
the integer and fractional QH regime and the role of interfacial
vortices on the junction properties. In addition, the effect of
large parallel magnetic fields on the Andreev reflection
spectrum (where Zeeman splitting is induced without the

formation of QH states) has thus far been unexplored. The
limitations in experiments on SC/g junctions arises from
technical challenges in fabricating SC/g junctions with
favorable properties. Previous reports on SC/g junctions suffer
either from relatively low junction transparency (as Andreev
reflections are extremely sensitive to interfacial inhomogeneity
and disorder14,15) or low critical magnetic fields (≤8 T),
limited by the superconducting contact.3,7

In this paper, we report SC/g junctions fabricated using
niobium nitride (NbN) as an edge contact to bilayer graphene
fully encapsulated with hexagonal boron nitride (hBN).16,17

Bilayer graphene is used because of the smaller disorder
broadening of the charge neutrality point (CNP) compared
with monolayer graphene.2−4 Figure 1A shows the schematic
of the device. First we use the dry-polymer-transfer technique
to make a fully encapsulated graphene heterostructure,17

followed by electron beam (e-beam) lithography and reactive
ion etching to define the device area. Superconducting (2 nm
Ti + 100 nm NbN) and normal metal (2 nm Cr + 90 nm Au)

Received: July 10, 2021
Published: September 27, 2021

Letterpubs.acs.org/NanoLett

© 2021 American Chemical Society
8229

https://doi.org/10.1021/acs.nanolett.1c02020
Nano Lett. 2021, 21, 8229−8235

D
ow

nl
oa

de
d 

vi
a 

T
A

T
A

 I
N

ST
 O

F 
FU

N
D

A
M

E
N

T
A

L
 R

E
SE

A
R

C
H

 o
n 

D
ec

em
be

r 
7,

 2
02

1 
at

 1
2:

43
:1

6 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Da+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evan+J.+Telford"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Avishai+Benyamini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+Jesudasan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pratap+Raychaudhuri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenji+Watanabe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Taniguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Taniguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+Hone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cory+R.+Dean"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abhay+N.+Pasupathy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.1c02020&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02020?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02020?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02020?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02020?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02020?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/21/19?ref=pdf
https://pubs.acs.org/toc/nalefd/21/19?ref=pdf
https://pubs.acs.org/toc/nalefd/21/19?ref=pdf
https://pubs.acs.org/toc/nalefd/21/19?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c02020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf


edge contacts are patterned by e-beam lithography and
deposited by e-beam deposition (Cr/Ti/Au) and sputtering
(NbN).18 By sweeping the back-gate voltage and total current
bias, we have full control of the Fermi energy in graphene and
voltage bias across the NbN/g junction. NbN has a large,
isotropic upper critical field19 (Figure S1), which allows for the
investigation of finite-field phenomena such as vortex
formation at the NbN/g edge, junction transparency as a
function of magnetic field, and the role of Zeeman splitting on
Andreev reflections. By investigating the perpendicular
magnetic field dependence of the junction resistance, we
observe a suppression of the conductance within the QH
plateaus, which can be well explained by interfacial scattering
at a nonideal SC/2DEG interface using the Blonder−
Tinkham−Klapwijk (BTK) theory to model the scattering of
QH edge states.20,21 Studying the junction under parallel
magnetic fields, we observe shifts in the Andreev reflection
spectrum in graphene, which is explained by Zeeman splitting
of the graphene band structure.
We begin by investigating Andreev reflections at the NbN/g

interface through nonequilibrium conductivity measurements
at zero magnetic field in Figure 1 (see Supporting Information

for measurement details). By varying the electronic density in
the graphene through electrostatic gating, we can access three
distinct tunneling regimes (demonstrated in Figure 1C−E). In
regime 1, the Fermi level of graphene is at the CNP (cartoon
in Figure 1C). The NbN/g junction conductance manifests a
local minimum at zero bias due to the vanishing graphene
density of state (DOS). As the DC current bias is increased,
the conductance increases as charge carriers are injected at a
finite energy above or below the CNP (Figure 1C; temperature
dependence in Figure S2). In regime 2, the Fermi level of the
graphene is tuned away from the CNP, but within the
superconducting gap of the NbN (cartoon in Figure 1D). We
observe a peak in the differential conductance at zero bias,
which is attributed to Andreev processes as the feature is
suppressed for T > TC (Figure S3). We also observe local
differential conductance minima when the Fermi level of
graphene is equal to the voltage bias across the junction
interface (ϵF = e|VNS|) (Figure 1D).2,3 In regime 3, the Fermi
level of graphene is further tuned away from the CNP and
outside of the superconducting gap of NbN. We observe a
zero-bias differential conductance peak due to Andreev
reflections. We no longer observe minima in the differential

Figure 1. Andreev reflection in a NbN/g junction at zero magnetic field. (A) A scanning electron microscopy (SEM) image of the measured device
with the corresponding measurement configuration (left) and a top and bottom view schematic of the device geometry (right). Color code: blue,
NbN leads; yellow, Au leads; red, hBN; gray, SiO2; black, Si. (B) Derivative of differential junction resistance versus DC current bias and back-gate
voltage. The dashed black lines denote the crossover from SAR to RAR regimes. Arrows label the position in gate voltage of the cuts in C−E. (C−
E) differential conductance versus DC current bias for VBG = −2.0 V (C), VBG = −3.3 V (D), and VBG = −5.0 V (E). Blue, red, and white colored
regions correspond to increasing, decreasing, and constant differential conductance, respectively, in panel B. A cartoon of the band structure at the
NbN/g interface is given above each plot. The left side of each cartoon is an energy versus momentum diagram of the graphene band structure,
while the right side is an energy versus real space diagram of the NbN band structure. The inset of D shows a cartoon of the Andreev processes
when ϵF = e|VNS|. The injected electron (black dot) and Andreev reflected hole (white dot) have an energy of ϵe/h = ϵF ± eVNS. The inset of E plots
the normalized junction conductance (solid black line) versus DC voltage bias with a fit to the BTK model (solid red line). Extracted junction
parameters are given in the inset. The extracted SC gap of NbN is larger than expected (Δ* > Δ = 1.76 · kBTC ≈ 2 meV) as the voltage bias is not
entirely dropped across the NbN/g junction.
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conductance as the CNP is outside of the superconducting gap
and the graphene behaves as a normal metal. In this regime, we
can quantify the transparency of the junction using BTK
theory (see supplemental for details).14 We find the barrier
strength of our junction to be Z ≈ 0.4 with a broadening
parameter of Γ ≈ 1.3Δ*, comparable to other reported SC/g
junctions.2,7,22 The large value of the broadening parameter Γ
may be due to NbN/g interface disorder created during
fabrication, doping inhomogeneities, or external electro-
magnetic noise.
Figure 1B shows a two-dimensional (2D) colormap of the

derivative of the differential resistance ( )V
I

d
d

2

2 versus DC bias

and back-gate voltage. This emphasizes the boundaries
between the three observed tunneling regimes. The dashed
black lines in Figure 1B clearly define the boundary between
SAR and RAR as previously observed in NbSe2/graphene
junctions2,3 (see Figure S4 for temperature dependence). In
the absence of disorder, the boundary between Andreev
reflection regimes should intersect at ϵF = e|VDC| = 0. In our
junction, we observe a finite width at VDC = 0 due to disorder
in the graphene, which we estimate to be Vdisorder ≈ 0.7 V,
similar to previously reported NbSe2/graphene junctions.3

We next explore the effect of parallel magnetic field as it is
predicted that Zeeman splitting of graphene’s Dirac cones will
lead to the observation of specular Andreev processes at zero
DC bias.4 Figure 2A shows a schematic energy vs momentum
diagram of the NbN/g interface under an in-plane magnetic
field. Zeeman splitting breaks the spin degeneracy, energeti-
cally separating the graphene bands into two copies with
opposite spins (see Figure S5 for details). The boundary

defining the crossover between RAR and SAR processes shifts
correspondingly (Figure 2B). A regime of SAR (diamond-
shaped blue region in Figure 2B) appears at zero bias. In that
regime, injected electrons with spin up in the valence band are
reflected as holes with spin down in the conduction band.10 To
illustrate the movement of the boundary between SAR and
RAR, cuts of differential conductance versus DC bias at
selected magnetic fields are shown in Figure 2C. We choose a
fixed back-gate voltage of VBG = −4.2 V, where we clearly
observe the SAR/RAR boundary at zero magnetic field (see
Figure S6 for cuts at additional back-gate values). At a parallel
field of 4.5 T, the conductance enhancement due to Andreev
reflections at zero bias decreases. When the parallel field is
increased further to 9 T, the zero-bias conductance peak has
transitioned into a conductance dip, indicating a transition
from tunneling regime 2 (Figure 1D) to tunneling regime 1
(Figure 1C). At higher fields up to 18 T, only a conductance
dip is observed near zero bias likely becuase the NbN
superconducting gap is below the graphene Fermi level (Figure
S8). By plotting the derivative of the differential resistance

( )V
I

d
d

2

2 versus DC bias and back-gate voltage (as in Figure 1B)

at different in-plane magnetic fields, one can extrapolate how
the boundary between tunneling regime 1 and regime 2 moves
as a function of in-plane field (Figure 2D and Figure S7). We
define the boundary between the two tunneling regimes as the
VBG at which a zero-bias conductance peak appears. With no
disorder, one would expect the zero-bias conductance peaks to
appear for any finite gate bias away from the CNP (with ϵF <
Δ). The role of disorder is to broaden the CNP so the zero-
bias conductance peaks appear at finite gate biases away from

Figure 2. Andreev reflection in a NbN/g junction under parallel magnetic field. (A) Schematic diagram of energy vs momentum at the NbN/g
interface under an in-plane magnetic field. Zeeman splitting is denoted as ϵZ. Unsplit bands are shown as solid black lines while spin up (down)
bands are shown in orange (green). (B) Schematic of the anticipated differential conductance versus DC bias and back-gate voltage under an
applied in-plane magnetic field. (C) Differential conductance versus DC voltage bias with VBG = −4.2 V for various in-plane magnetic fields. (D)

Colormap of the derivative of junction resistance( )V
I

d
d

2

2 versus DC voltage bias and back-gate voltage at an in-plane magnetic field of 4.5 T (left)

and 18 T (right). DC voltage bias was converted from DC current bias by integrating the measured differential resistance and using V = I · R. The
dashed black lines denote the boundary between SAR and RAR regimes. (E) Zeeman splitting extracted by measuring the boundary between SAR
and RAR (dashed black line in panel D) versus in-plane magnetic field. The extracted g factor is g = 2.1 ± 0.1.
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the CNP. We assume the broadening is independent of
magnetic field, so any changes in the position of the boundary
relative to the zero-field position is attributed to Zeeman
splitting. In Figure 2D, the boundary has moved from VBG =
−3.4 V (at zero field, Figure S7) to VBG = −3.8 V at 4.5 T
(Figure 2D left) and disappears completely at 18 T (Figure 2D
right). By tracking the position of the boundary for different in-
plane magnetic fields, we extract the induced Zeeman splitting
(Figure 2E). The induced Zeeman splitting is linear with the
applied field, and we extract an effective g factor of g = 2.1 ±
0.1.
By applying perpendicular magnetic fields, we can

investigate correlations between superconductivity and the
QHE. In the QH regime, the bulk conductance of graphene
vanishes, and electrons are only transported through edge
conductance channels. A semiclassical skipping orbit picture
can be used to understand the Andreev process that occurs at
the NbN/g interface (Figure 3A). Electrons are injected at one
edge of the interface and reflected as holes (green) as a result
of intraband RAR process. Through a similar Andreev process,
the reflected holes are rereflected as electrons at the NbN/g
interface. For long junction widths (W ≫ RC, where W is the
junction width and RC is the cyclotron radius), an equilibrium
superposition of electrons and holes is formed at the SC/g

interface known as an Andreev bound state. As Schön et al.
pointed out, the Büttiker description of quantum transport can
be used to calculate the Andreev contribution to the
conductance at a SC/2DEG interface in the QH regime.

∑
π

=
ℏ

*

G
e

B
n

nAR

2

1 (1)

Bn is the hole probability for a particular Andreev bound state,
and the summation is over the Andreev bound states that
intersect with the chemical potential.20 The energy spectrum of
Andreev bound states (and hole probabilities Bn) at the SC/
2DEG interface is found by solving the Bogoliubov−de
Gennes (BdG) equation with spatially nonuniform single-
electron/hole Hamiltonians and pair potential.20 For an ideal
interface without scattering, QH plateaus are predicted (Figure
3B). For a nonideal interface, we expect an oscillation of the
conductance within a given Landau level (Figure 3B).
To properly quantify the role of Andreev processes in the

QH regime, we compare measurements of the NbN/g and
graphene channel resistances versus Landau level filling factor
for the same device (Figure 3C). Contact resistances of
≈246Ω for the NbN/g junction and ≈104Ω for the Au/g
junction were measured at a graphene carrier density of n ≈

Figure 3. Intersection of QHE and superconductivity. (A) A schematic of the classical skipping orbit picture at the NbN/g interface. Electron
(hole) trajectories are given by solid black (green dashed) lines. NbN and graphene are denoted by green and gray regions, respectively. (B)
Schematic of conductance versus filling factor for a SC/g junction in the QH regime with a perfect interface transparency w = 0 (solid and dashed
black line) and a nonideal interface transparency w > 0 (solid black line and solid red line).20 (C) Graphene channel (solid black curve) and NbN/
g (solid red curve) junction resistance versus electron density measured at a perpendicular magnetic field of 4.5 T. In each curve, the contact
resistance was extracted at zero field at a graphene carrier density of n ≈ 2.4 × 1012 cm−2 and subtracted from the presented data. The difference
between the two curves is given by the solid blue curve. Highlighted blue and red regions signify when the NbN/g junction resistance is larger and
smaller than the graphene channel (Au/g) resistance, respectively. The vertical dashed black lines demarcate the ν = 4 plateau.

Figure 4. NbN/g junction transparency vs perpendicular magnetic field. (A) NbN/g junction conductance versus graphene carrier density for
various perpendicular magnetic field values. ν = 4 plateau is marked by a black dashed line. (B) NbN/g (yellow, purple, pink, and green solid lines)
and graphene channel (red lines) conductance versus graphene filling factor at various perpendicular magnetic fields. ν = 4 plateau is marked by the
black dashed lines. (C) Extracted scattering parameter w versus perpendicular magnetic field. The solid red line is a fit to the theoretically
predicated ∝w

B
1 dependence. Inset: Extracted hole probability amplitude versus scattering parameter w for the data in panel B. The dashed

black line is a fit to the data with eq 2.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c02020
Nano Lett. 2021, 21, 8229−8235

8232

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02020/suppl_file/nl1c02020_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02020?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02020?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02020?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02020?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02020?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02020?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02020?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02020?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c02020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.4 × 1012 cm−2 at zero magnetic field and zero DC bias. The
contact resistances increase with magnetic field, but the
difference in contact resistance between Au/g and NbN/g is
nearly constant versus field (Figure S9). Outside of the QH
plateaus, the NbN/g and graphene channel display a nearly
constant difference related to the discrepancy in contact
resistance between Au and NbN for a given magnetic field.
When graphene is tuned to the ν = 4 QH state, the difference
in conductance between the graphene channel and the NbN/g
channel is prominent and depends upon carrier density in an
oscillatory fashion. We can understand these observations by
noting that Andreev processes are sensitive to the band
structure of graphene.20 Outside of the QH plateaus,
conductance is dominated by bulk transport in which normal
Andreev processes occur, whereas inside the QH plateaus, the
only available Andreev process is through the Andreev bound
edge states (Figure 3A).
In Figure 4, we characterize the quality of the NbN/g

junction by examining the perpendicular magnetic field
dependence of the junction conductance. In Figure 4A, we
plot the NbN/g junction conductance versus graphene carrier
density at various perpendicular magnetic field values. The QH
plateaus are not perfectly quantized (compared to our
graphene channel in Figure S10), which indicates a finite
junction transparency. For analysis of the NbN/g junction
quality, we focus on the ν = 4 plateau as it is well developed in
the graphene channel for all presented magnetic field values
(Figure 4B). From Schön et al., the two important parameters
used to describe the quality of the junction are the Fermi

velocity mismatch = ϵ
ϵ

s m
m

F
S

N

F
N

S
(where ϵF

S, ϵF
N and mS, mN are the

Fermi energies and effective electron masses for the super-
conductor and normal metal, respectively) and the interfacial

barrier strength =
ℏ ϵ

w m U2 N 0
2

2
F
N (where U0 is the interface

scattering potential), which quantifies the interface scattering.
For an ideal interface without backscattering and no Fermi
velocity mismatch, s = 1, w = 0. For simplicity, we set s = 1
since it is magnetic field independent and our primary
objective is to determine the magnetic field dependence of
w. The barrier strength w can be determined by extracting the
minimal NbN/g junction conductance within the ν = 4 plateau
region as the junction conductance depends only on w and ν.

∑
π π

γ

γ
=

ℏ
=

ℏ
−

+ − −
G

e
B

e q

q
2

/(1 )

(1 1 /(1 ) )
nAR

2

1

4 2 2
0
2

2
0
2

(2)

=
+ +

q
s

s w
2

12 2 (3)

γ πν πν= + − +
+ +

s w w
s w

( 1)sin( /2) 2 cos( /2)
10

2 2

2 2 (4)

The scattering parameter w depends upon magnetic field

through =
ℏ ϵ

w m U
B

2
( )

N 0
2

2
F
N , where νϵ = ωℏB( )F

N
2

C and ω = eB
mcC

(Figure S11). The inset of Figure 4C shows extracted hole
probability Bn versus scattering parameter w. We find w equals
0.22, 0.18, 0.15, and 0.12 for perpendicular field values of B =
4.5 T, 6.0 T, 7.5 T, and 9.0 T, respectively. We can
demonstrate the data is well described by Schön’s model20

by fitting the extracted w versus magnetic field and comparing

it to the expected ∝w
B

1 dependence. We find close

agreement between our experiment and theory (Figure 4C).
Although Schön’s model20 fits our data, it omits the

contribution of higher-order corrections to the conductance
due to phase coherence in wide SC/2DEG junctions (defined
as W ≫ RC, where W is the junction width and RC is the
cyclotron radius). It is worth discussing the role of phase
coherence and why our data can be accurately described by the
first order coherence term. When examining the SC/2DEG
interface, the four tunneling processes we consider are e→ e, e
→ h, h → e, h→ h, whose corresponding probabilities are (ree,
reh, rhe, rhh) . To take phase coherence into consideration, the
transmission matrix is generalized to include the spatial
dependence of the superconductor phase ϕ(y) and to consider
all possible scattering trajectories (in the form of individual
action terms for electrons Se and holes Sh).

23 The final
expression for junction conductance can be written as

∑ν πν δ= +
=

∞

G g n( ) cos(2 )
n

n n
0 (5)

where δn is related to the phase coherence. The higher order
harmonics (nth term corresponding to n coherent e/h bounces)
are relevant for larger junction widths but are suppressed by
the presence of interfacial disorder. The leading term to the
conductance can be written:

ν πν δ≈ + +G g g( ) cos(2 )0 1 1 (6)

An intuitive way to understand the suppression of higher-
order terms by interface disorder is the following: at the
junction, short-range disorder is considered by introducing
fluctuations that rescatter electrons and holes, destroying phase
coherence between multiple bounces. Therefore, the con-
ductance oscillations are predominantly described by the first
order harmonic (approximation used in Schön’s model20)
when the average length scale of the interface disorder and
inhomogeneity is less than the cyclotron radius RC = hkF/2πeB.
In conclusion, low-resistance junctions between NbN, a

superconductor with an isotropic critical magnetic field
exceeding 18 T, and bilayer graphene are fabricated and
investigated. At zero field, we observe the role of graphene’s
Dirac cones on Andreev reflections, demonstrating three
distinct tunneling regimes. With the application of parallel
fields, we demonstrate dynamic tunability of the boundary
between RAR and SAR. The movement of the boundary
corresponds to the expected Zeeman splitting in bilayer
graphene, from which we extract a g factor of g ≈ 2.1 ± 0.1.
Finally, through the application of perpendicular fields, we
observe an oscillatory suppression of the two-probe con-
ductance in the ν = 4 Landau level that is well described by a
theoretical model given by Schön et al.20 For future
experiments, realizing NbN/g junctions with lower graphene
disorder broadening will allow us to better explore the regime
of zero-field SAR near the CNP and investigate the
intersection of superconductivity and the FQHE. Furthermore,
if ν = 0 helical edge modes in graphene are stabilized,24,25

counter propagating edge modes of quantum spin hall states
can be realized at the NbN/g interface, which is predicted to
host nonabelian Majorana physics.25−29
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Sladek, K.; Panaitov, G.; Grützmacher, D.; SchäPers, T. Crossover
from josephson effect to single interface andreev reflection in
asymmetric superconductor/nanowire junctions. Nano Lett. 2014,
14, 4977−4981.
(10) Lutchyn, R. M.; Sau, J. D.; Das Sarma, S. Majorana fermions
and a topological phase transition in semiconductor-superconductor
heterostructures. Phys. Rev. Lett. 2010, 105, 077001.
(11) Sarma, S. D.; Freedman, M.; Nayak, C. Majorana zero modes
and topological quantum computation. npj Quantum Information
2015, 1, 1−13.
(12) San-Jose, P.; Lado, J. L.; Aguado, R.; Guinea, F.; Fernández-
Rossier, J. Majorana zero modes in graphene. Phys. Rev. X 2015, 5,
041042.
(13) Fu, L.; Kane, C. L. Superconducting proximity effect and
majorana fermions at the surface of a topological insulator. Phys. Rev.
Lett. 2008, 100, 096407.
(14) Blonder, G. E.; Tinkham, M.; Klapwijk, T. M. Transition from
metallic to tunneling regimes in superconducting microconstrictions:
Excess current, charge imbalance, and supercurrent conversion. Phys.
Rev. B: Condens. Matter Mater. Phys. 1982, 25, 4515−4532.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c02020
Nano Lett. 2021, 21, 8229−8235

8234

https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02020?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02020/suppl_file/nl1c02020_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cory+R.+Dean"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:cd2478@columbia.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abhay+N.+Pasupathy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2744-0634
https://orcid.org/0000-0002-2744-0634
mailto:apn2108@columbia.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Da+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evan+J.+Telford"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9494-9166
https://orcid.org/0000-0002-9494-9166
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Avishai+Benyamini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6239-5955
https://orcid.org/0000-0002-6239-5955
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+Jesudasan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pratap+Raychaudhuri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenji+Watanabe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3701-8119
https://orcid.org/0000-0003-3701-8119
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Taniguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1467-3105
https://orcid.org/0000-0002-1467-3105
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+Hone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02020?ref=pdf
https://doi.org/10.1103/PhysRevLett.97.067007
https://doi.org/10.1103/PhysRevB.94.075403
https://doi.org/10.1103/PhysRevB.94.075403
https://doi.org/10.1038/nphys3583
https://doi.org/10.1038/nphys3583
https://doi.org/10.1103/PhysRevB.98.075301
https://doi.org/10.1103/PhysRevB.98.075301
https://doi.org/10.1103/PhysRevB.94.235451
https://doi.org/10.1103/PhysRevB.94.235451
https://doi.org/10.1103/PhysRevLett.121.086809
https://doi.org/10.1103/PhysRevLett.121.086809
https://doi.org/10.1103/PhysRevLett.121.086809
https://doi.org/10.1126/science.aad6203
https://doi.org/10.1038/nnano.2015.156
https://doi.org/10.1021/nl501350v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl501350v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl501350v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1103/PhysRevX.5.041042
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevB.25.4515
https://doi.org/10.1103/PhysRevB.25.4515
https://doi.org/10.1103/PhysRevB.25.4515
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c02020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(15) Daghero, D.; Gonnelli, R. S. Probing multiband super-
conductivity by point-contact spectroscopy. Supercond. Sci. Technol.
2010, 23, 043001.
(16) Dean, C. R.; Young, A. F.; Meric, I.; Lee, C.; Wang, L.;
Sorgenfrei, S.; Watanabe, K.; Taniguchi, T.; Kim, P.; Shepard, K. L.;
Hone, J. Boron nitride substrates for high-quality graphene
electronics. Nat. Nanotechnol. 2010, 5, 722−726.
(17) Wang, L.; Meric, I.; Huang, P. Y.; Gao, Q.; Gao, Y.; Tran, H.;
Taniguchi, T.; Watanabe, K.; Campos, L. M.; Muller, D. A.; Guo, J.;
Kim, P.; Hone, J.; Shepard, K. L.; Dean, C. R. One-dimensional
electrical contact to a two-dimensional material. Science 2013, 342,
614−617.
(18) Chockalingam, S. P.; Chand, M.; Jesudasan, J.; Tripathi, V.;
Raychaudhuri, P. Superconducting properties and Hall effect of
epitaxial NbN thin films. Phys. Rev. B: Condens. Matter Mater. Phys.
2008, 77, 214503.
(19) Mondal, M.; Chand, M.; Kamlapure, A.; Jesudasan, J.; Bagwe,
V. C.; Kumar, S.; Saraswat, G.; Tripathi, V.; Raychaudhuri, P. Phase
diagram and upper critical field of homogeneously disordered epitaxial
3-dimensional NbN films. J. Supercond. Novel Magn. 2011, 24, 341−
344.
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