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We investigate the zero-bias behavior of Josephson junctions made of encapsulated graphene boron nitride
heterostructures in the long ballistic junction regime. For temperatures down to 2.7 K, the junctions appear non-
hysteretic with respect to the switching and retrapping currents IC and IR. A small nonzero resistance is observed
even around zero-bias current and scales with temperature as dictated by the phase diffusion mechanism. By
varying the graphene carrier concentration we are able to confirm that the observed phase diffusion mechanism
follows the trend for an overdamped Josephson junction. This is in contrast with the majority of graphene-based
junctions which are underdamped and shorted by the environment at high frequencies.

DOI: 10.1103/PhysRevResearch.4.023203

Graphene-based superconductor-normal metal-supercond-
uctor Josephson junctions (JJs) have been a popular medium
of choice for studying the fundamentals [1–11] as well as
applications [12–17] of superconducting devices for more
than a decade. However, the full spectrum and consequences
of the interactions between the graphene Josephson junction
and the environment have not been fully mapped. For exam-
ple, the observed critical current IC of graphene Josephson
junctions is consistently suppressed compared to theoreti-
cal predictions; leading to postulations that the junctions are
severely underdamped [5,6,9,10,18], despite the relatively low
hysteresis between the switching IS and the retrapping IR

currents. The effect of a junction’s environment on its dynam-
ics can be directly investigated by looking at the statistical
distribution of the switching current IS [7–9,19,20], however,
such measurements add significant complexity and are not
typically practical for device characterization. Alternatively,
the damping regime of the junction can be assessed via the
measurement of zero-bias resistance arising from the phase
diffusion mechanism [5,18,21–25]. Analysis of the phase dif-
fusion mechanism can be performed via the common I–V bias
measurements, and among other things, allows one to extract
the Josephson energy without measuring the critical current.
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distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

Previous works have shown that the vast majority of graphene-
based JJs are underdamped [5,6,9,10]; this is often attributed
to the large capacitance generated by the bonding pads and
leads. Therefore, a scheme for designing and characterizing
overdamped graphene Josephson junctions is worthwhile.

In this paper we report on Josephson junctions made
from hexagonal boron nitride (hBN) encapsulated graphene
with molybdenum rhenium (MoRe) alloy superconducting
contacts [14,15,26]. These devices are governed by ballistic
electron transport and have been found to be in the interme-
diate to long-junction regime [9] (see Appendices A and C).
Here, the MoRe contacts terminate shortly after the active
region and are connected to the bonding pads via thin gold
leads. Moreover, the MoRe contacts exhibit a high level of
oxidation, introducing disorder, decreasing the Cooper pair
density and, in turn, increasing the kinetic inductance. This
kinetic inductance acts to insulate the Josephson junction
from the effect of the large bonding pad capacitance (see
Appendix B). The junctions were measured at temperatures
between 2.7 and 7 K where a clear phase diffusion governed
zero-bias resistance can be observed [5,18,21–25]. However,
for these devices, when changing the carrier concentration
via the backgate, the zero-bias resistance follows the trend
expected for overdamped junctions [5,25,27]. Thus, we con-
clude that we have demonstrated ballistic graphene Josephson
junction in the overdamped regime.

Graphene is made using the exfoliation method [28] and
is encapsulated in hBN using the pickup method [26]. Using
CHF3/O2 plasma, the hBN-graphene-hBN stack is etched
thorough in order to make quasi-one-dimensional electrical
contacts with superconducting electrodes [14]. MoRe alloy
electrodes are deposited onto the device using DC sputtering
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FIG. 1. The inset: The measurement schematic of the device.
Differential resistance dV/dI as a function of DC bias current IBias.
The current is swept from negative to positive. Panel (a) shows
dV/dI curves for different temperatures. The gate voltage here is set
to 35 V. Panel (b) shows dV/dI curves for different applied gate volt-
ages. The temperature here is 3 K. Note that there is no observable
hysteresis between the switching and the retrapping current. (The
curves appear symmetrical about zero bias). Moreover, all curves
feature a measurable zero-bias resistance R0 arising from the phase
diffusion mechanism.

with the approximate thickness of 100–120 nm. (Previous
work has demonstrated that MoRe alloy electrodes in a
quasi-one-dimensional contact configuration result in electri-
cal contact transparencies of up to 90% [9,14].) The bonding
pads and thin metal leads making contact to MoRe are made
of Cr/Au (5/110 nm). Here, we present data on the device
of length L = 500 nm (the distance between MoRe contacts)
and the width W = 3 μm (see Appendix A).

The device is measured in a home-made cryocooler with
a base temperature of 2.5 K, which is isolated via both a
heat shield and RC filters placed at the low-temperature stage.
Josephson junction resistance is measured using the lock-in
method with a four-probe geometry [Fig. 1(a) inset]. The
junction is biased by a variable DC current with a small AC
excitation of 5 nA. The voltage across the junction is amplified
using a custom differential preamp prior to being fed into the
lock in. The gate voltage applied to the back of the 300-nm
SiO2 oxide layer is used to control the carrier density of
graphene. Figure 1 presents the differential resistance dV/dI
as a function of applied DC bias current IBias. All the curves
show two transition points as the bias current is swept from a
large negative value to a large positive value. The absolute
value of the current on the negative side below which the

junction becomes superconducting is the retrapping current IR,
i.e., |IBias| = IR. On the positive side, the junction transitions
from the superconducting to the normal state at the switching
current IS [18]. Figure 1(a) shows resistance versus IBias for
different temperatures with the backgate voltage set to 35 V.
Figure 1(b) shows the resistance versus bias current for dif-
ferent gate voltages taken at 3 K. In both cases, the switching
and retrapping currents IS and IR follow the expected trends:
falling exponentially with increasing temperature and increas-
ing with gate voltage away from the Dirac point with the hole
conduction regime exhibiting a suppressed critical current due
to the effects of contact doping [5,6,9]. Moreover, the trend
of IS with respect to temperature T follows that expected for
ballistic Josephson junctions in the long junction regime (see
Appendix C) [9].

For all tested gates and temperatures we do not observe
a difference between IS and IR, i.e., there is no observable
hysteresis. The vast majority of previously reported graphene
Josephson junctions exhibit hysteresis between the switching
and retrapping currents (with IS > IR) even for temperatures
above 3 K. Whereas certain works attribute the existence of
hysteresis to self-heating of the junction [13,29], it has also
been shown that most of the graphene Josephson junctions
exhibit underdamped behavior [5,6,9,10]. However, it is still
possible that hysteresis has been smeared out due to tempera-
ture [18] as opposed to overdamped junction behavior.

Therefore, we now further investigate the junction dynam-
ics directly via the characterization of device behavior in the
phase diffusion regime. Phase diffusion manifests itself as
an observable nonzero resistance below the critical current
(even at IBias = 0), arising from phase slips that are caused by
thermal noise. The rate of these phase slips down the prototyp-
ical titled washboard potential, and, therefore, the measured
zero-bias resistance is governed by the junction dynamics
which dictate the energy dissipation rate [18]. Indeed, we are
able to observe a resistance in our devices, at zero bias, and
down to 3 K in temperature. We define the measured zero-bias
differential resistance as R0. In order to confirm that R0 arises
from the phase diffusion mechanism, we study the evolution
of this resistance with respect to temperature. Regardless of
the junction damping dynamics the trend behavior of R0 with
respect to temperature should have the following dependence
[5,18,21–25,27]:

R0(T ) ∝ 2EJ

kBT
e−2EJ /kBT . (1)

Here, EJ = h̄IC/2e is the Josephson energy. (The above
exponential dependence holds when 2EJ/kBT > 1 [18].)
Reworking Eq. (1), we can arrive at the proportionality re-
lationship: ln (R0T ) ∝ −2EJ/kBT . In Fig. 2(a) we plot the
value R0T versus inverse temperature T on a semilogarithmic
scale. Indeed, we find that the relationship is nearly linear,
consistent with theory. From here, knowing the temperature,
we can extract EJ from the slope of the curves. The fitted
Josephson energy versus gate voltage is plotted in Fig. 2(b).
For single layer graphene Josephson junctions governed by
ballistic transport it is expected that the value of EJRN is
constant with respect to VG [9]; and we find not only that
indeed this is the case (see Fig. 2 inset), but also that this
value matched well with the expected energy scale extracted
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FIG. 2. (a) The product of temperature and the zero-bias re-
sistance R0T as a function of inverse temperature 1/T shown for
several different gate voltages plotted on a semilogarithmic scale.
The linear dependence of the curves shown here confirms that the
resistance R0 arises from the phase diffusion mechanism. (b) The
Josephson energy EJ versus gate voltage VG. Here EJ is calculated
from the slope of the curves shown in panel (a). The dashed lines
represent a square-root relationship between EJ and VG (with an
offset), the expected relationship for single layer graphene Josephson
junctions in the long ballistic regime. (The inset) The product of the
Josephson energy and normal resistance EJ RN . For ballistic single
layer graphene Josephson junctions, this product is expected to be
constant with respect to gate voltage VG.

from the trend of IS versus T (see Appendix C). Here RN

is the normal resistance, i.e., the resistance of the junction
when it is in normal state. (The measured RN can be found in
Fig. 3.)

Having found the Josephson energy, we can determine the
last parameter governing R0. This final parameter is different
depending on the damping dynamics of the junction. Previous
theoretical works have defined three different regimes: For
overdamped junctions, the governing parameter is RN , the
normal resistance [25,27]. For underdamped junctions, R0

depends on the plasma frequency ωp ∝ √
EJ/C [23]. (Here

C is the capacitance of the junction.) Finally, if the junction
is underdamped at low frequencies, but becomes overdamped
at the plasma frequency (due to being shorted by the envi-
ronment), we have R0 ∝ Z0 [21]. Here Z0 is the real part
of the high-frequency impedance caused by the junction’s
environment [21]. We find that analyzing our devices as if they
were underdamped or damped by the environment does not

FIG. 3. Gate voltage dependence of measured normal resis-
tance RN (black line) compared to the resistance calculated from
the theoretically predicted relationship between RN and R0: RN =
R0/[I0(EJ/kBT )]−2. (I0 is the modified Bessel function.) RN is mea-
sured at IBias � IS and is averaged for several data points for negative
and positive biases. Here we present RN measured at 3.5 K, however,
at these temperatures the resistance shows negligible temperature
dependence. The data and calculated result match well, supporting
the claim that the measured device is an overdamped junction.

produce a good match between measured data and theoretical
expectation. (See Appendix D).

Now, we confirm that our devices are indeed in the over-
damped regime by comparing the measured normal resistance
RN with that backcalculated from the the zero-bias resistance
R0. Following the full expression in Ref. [27] we have

lim
IBias→0

V/IBias

RN
=

[
I0

(
1

2
γ

)]−2

. (2)

Here, I0 is the modified Bessel function, and γ = Ich̄/ekBT .
(V is the voltage measured across the junction.) For
IBias approaching zero, the equation simplifies to RN =
R0/[I0(EJ/kBT )]−2. Figure 3 shows the measured normal re-
sistance RN versus gate voltage VG plotted together with the
resistance calculated from Eq. (2) for different temperatures. It
can be seen that we have a good match between the measured
and the theoretical results, in particular, for high values of RN .

The damping of the junction is typically determined by
the quality factor Q with Q = RN (2eICC/h̄)1/2 = 2e

h̄ RN
√

EJC.
(C being the capacitance of the junction.) A Q < 0.85 re-
sults in an overdamped junction [30]. If we assume that
the net junction capacitance includes the contribution of the
100 × 100-μm bonding pads that couple to each other via
the backgate below the 300-nm thick SiO2 layer, we arrive
at C ≈ 600 fF. Taking the above capacitance, and the lowest
measured values of EJ = 0.3 meV and RN = 100 �, we ar-
rive at a minimum quality factor of Q = 1.6: the underdamped
regime. This estimate is contradictory to the observations
above. In order for the junction to be overdamped, it needs
to be adequately isolated from the bonding pads. At first
glance, one may suspect that the resistance from the gold
leads would be capable of sufficiently isolating the junction
[13,31]. However, measurements of our leads show only 10 s
of Ohms of resistance from the gold. Numerically solving the
resistively capasitively shunted junction equations, whereas
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including the effects of the bonding pads and leads show
this is not enough to isolate the junction. In fact, the lead
resistance would need to be near 500 � to sufficiently sup-
press hysteretic effects in the junction [11,32]. Instead, we
believe that the junction is isolated through a series in-
ductance, which, at the plasma frequency of our device
(∼35 GHz) would need to be ∼2.2 nH. This inductance can
be explained by the kinetic inductance of the disordered MoRe
leads. Indeed, the room-temperature resistance of the MoRe is
in excess of 10 k� indicating a high level of oxidation. The
oxidation would introduce disorder, decreasing the Cooper
pair density and, in turn, increasing the kinetic inductance.
In fact, we estimate that given the lead room-temperature
resistance, and the elevated temperature as compared to the
superconducting gap, our leads have an inductance in excess
of 10 nH (see Appendix B).

In conclusion, we have investigated the phase diffusion
regime in hBN encapsulated graphene Josephson junction
governed by ballistic electron transport. The observed trend
of the measured zero-bias resistance R0 with respect to car-
rier concentration conforms well to theory describing phase
diffusion in an overdamped junction regime. This is a conclu-
sive confirmation of overdamped behavior in graphene-based
Josephson junction. We attribute this behavior to effective
isolation of the Josephson junction from the capacitive con-
tribution of the bonding pads. The isolation arises from an
inductive connection within the device layout. In working
towards applications of graphene-based superconducting de-
vices in the field of quantum information [12–17] (e.g.,
quantum entanglers or parafermion-based qubits), a full de-
scription of the device behavior is required. This includes the
design of the ture Josephson energy as well as controlling
interaction with the environment. Our paper is an important
step towards such environmental control.
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APPENDIX A: DEVICE DESIGN
AND CHARACTERIZATION

The optical image of the device presented in the main text
is shown in Fig. 4(a). Graphene is made using the exfoliation
method [28], prior to encapsulation in (hBN the graphene is
verified to be single layer using Raman spectroscopy [33].
The measured Raman spectrum is shown in Fig. 4(b). An
AFM image is taken of the completed hBN-graphene-hBN
stack (not shown), and an area free of bubbles and defects
is chosen for further processing. Using CHF3/O2 plasma, the
hBN-graphene-hBN stack is etched thorough in order to make

FIG. 4. (a) Optical image of the device presented in the main text.
(Scale bar presented for reference). Graphene encapsulated in hBN
acts as the normal metal portion of the device. The superconductor
is made from MoRe alloy (yellow arrow) with the superconduct-
ing leads defining a junction of 500-nm length. The MoRe leads
terminate ∼50 μm past the active area of the device. The bonding
pads and leads connecting to the MoRe region are made of Cr/Au,
thickness 5nm/110 nm). An example of the transition between MoRe
and Cr/Au is highlighted by the green arrow. The red arrow indicated
the junction presented in the main text. (b) The Raman spectrum of
the graphene region used in the device.

quasi-one-dimensional electrical contacts with superconduct-
ing electrodes [14]. MoRe alloy electrodes are deposited onto
the device using DC sputtering with the approximate thick-
ness of 100–120 nm. [Yellow arrow in Fig. 4(a)]. The MoRe
contacts define the Josephson junction dimensions. However,
the MoRe leads are terminated ∼50 μm past the active area of
the device. [Green arrow in Fig. 4(a)]. The bonding pads and
thin metal leads making contact to MoRe are made of Cr/Au
(5/110 nm).

APPENDIX B: ESTIMATION OF THE ISOLATING
INDUCTANCE

As described in the main text in order for the junction to be
in the overdamped regime, the junction must be isolated from
the capacitance generated by the bonding pads and leads. In
our device, we attribute the isolation to a large series kinetic
inductance of the disordered MoRe film. Previous work [34],
has shown that alloyed thin films can have substantial kinetic
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inductance Lk . Lk can be estimated using Ref. [34],

LK = l

w

Rsqh

2π2�

1

tanh
(

�
2kBT

) , (B1)

where l and w are the length and width of the film, Rsq

is the normal-state resistance, � is the gap, and T is the
temperature. We measure the normal-state resistance of the
film at room temperature to be Rsq � 10 k�, an indication
the film is highly disordered. Based on the optical imaging in
Fig. 4, the most likely region to host the disordered film is
the dark gray region denoted by the yellow arrow. Therefore,
the length and width are roughly 10 and 1 μm, respectively.
The gap of MoRe is ∼1.3 meV. At 3 K, we estimate that this
inductance is on the order of 10 nH; which at the plasma
frequency of 35 GHz would result in an impedance of over
2 k�: substantially more than required to successfully isolate
the junction from the bonding pads and leads.

APPENDIX C: SWITCHING CURRENT IS DEPENDENCE
ON TEMPERATURE T

In Josephson junctions, the measured switching current IS

is suppressed from the expected maximum critical current IC
with IS found to be decreasing with increasing temperature T
[18]. Measuring the trend of IS with respect to temperature
T , one can determine whether the junction is in the diffusive
[6,35,36] or ballistic transport regime [9,37–43]. Addition-
ally, by sweeping gate voltage VG, one can also determine
whether the junction is made of single layer or multilayer
graphene. For the case of a Josephson junction governed by
ballistic electron transport and with junction length L � ξ (the
superconducting coherence length) we expect that IS (T ) ∝
exp(−kBT/δE ) [9,37–40]. The value of δE ≈ h̄vF /2πL is re-
lated to the Andreev bound states energy-level spacing (E0 =
π h̄vF /L) [18,37,38,44,45]. Here vF is the the Fermi velocity;
and in single layer graphene vF is a constant with respect to
carrier density. Therefore, δE is expected to be independent
of the applied gate voltage VG (as long as the junction re-
mains ballistic). The trend of the switching current IS versus
temperature T can be seen in Fig. 5(a), plotted on a semilog-
arithmic scale for several values of VG. A nearly linear decay
can be observed. Fitting the data to the above exponential
dependence, we can extract the value of δE . The guidelines
of the fit result are shown as dashed lines in Fig. 5(a), whereas
the fitted value of δE is presented in Fig. 5(b). One can
see that δE is independent with respect to gate voltage VG

(aside from the expected deviations close to the Dirac point).
Moreover, the extracted value is consistent with the designed
length L of the junction [9]. As the temperature approaches
zero, the switching current approaches the critical current
with ICRN = C δE . (Here RN is the normal resistance.) It has
been found empirically, that the dimensionless proportionality
constant C is ≈ 1 to 2, and is suppressed by the coefficient of
transmission τ across the junction [9]. In Fig. 5(b), alongside
δE , we plot the value of ICRN . The critical current IC is
backcalculated from the fitted Josephson energy EJ in the
main text. Indeed, we find a good match between the two
values. This suggests that our device is single layer graphene
and is governed by ballistic electron transport. Moreover, that

FIG. 5. (a) Switching current IS versus temperature T plotted on
a semilogarithmic scale. Plots for several values of gate voltage are
shown. The plot shows a nearly linear decay with respect to T , from
the slope of the decay one can fit the relevant energy scale δE . The
fit results are plotted in panel (b), and as dashed guide lines in panel
(a). (b)The fitted energy scale δE with respect to gate voltage VG. A
δE that is independent of gate is expected for single layer graphene.
Alongside, is plotted the value ICRN (critical current times normal
resistance). The two sets of data are very similar as is expected.

our fitted Josephson energy is close to the actual EJ of the
device.

Had the device been in the diffusive regime, IS would be
governed by the Thouless energy, which has a more compli-
cated relationship with respect to gate voltage. (A detailed
investigation into the switching current and the governing
parameters in garphene Josephson junctions can be found in
Ref. [9] for ballistic devices and Ref. [6] for diffusive devices).
The device shown in the main text largely follows the design
parameters of those presented in Ref. [9].

APPENDIX D: COMPARISON TO UNDERDAMPED
AND DAMPED BY ENVIRONMENT REGIMES

The main text presents the analysis of phase diffusion in
the overdamped regime. Here we follow the analyses as if
the Josephson junction was underdamped or damped by the
environment at the plasma frequency. In following previous
works, define the prefactor to the exponential in the main text
Eq. (1) as a variable R′

0 with R′
0 ≡ R0e(2EJ /kBT ) [5]. For un-

derdamped junctions, R′
0 ∼ (h/e2)h̄ωp/kBT [23], where ωp ∝√

EJ/C is the plasma frequency. Note that C is the capacitance
of the junction and is a constant.) However, if the junction is
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FIG. 6. The variable R′
0 versus the Josephson energy EJ . The

blue scatter data represent results obtained from the measured data.
The black and green lines represent best-fit lines for the theoretical
expectation in the case the Josephson junction is underdamped or
damped by the environment (respectively). The mismatch between
the measured data and theoretical predictions suggest than neither of
these cases apply.

underdamped at low frequencies but becomes overdamped at
the plasma frequency (due to being shorted by the environ-
ment), we have R′

0 = 2πZ0EJ/kBT [21]. Here Z0 is the real
part of the high-frequency impedance caused by the junction’s
environment [21]. Typically Z0 is found to be ∼200–250 �

and can also be treated as a constant. (Note, that the above
relationship holds only for EJ > kbT [21]). The measured
R′

0 versus the Josephson energy EJ is shown in Fig. 6 (data
taken at 4.0 K). Alongside, we plot the best-fitting results
obtained for each of the two cases mentioned above. Note
that the trend of the measured result is superlinear; whereas
the expected trend for the underdamped case is a square-root
dependence, and a linear trend is expected in the damped by
the environmental case. Clearly, the above two analyses do
not apply. It is important to note that Ref. [5], erroneously
used the same analysis via the variable R′

0 for the overdamped
case. This is not correct as the exponential dependence only
approximates the slope of the trend with respect to tempera-
ture not the absolute value [18,27]. Instead, the full expression
from Ref. [27] is to be used; as was performed in the ain text.
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