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ABSTRACT: Setting up strong Josephson coupling in van der Waals materials in
close proximity to superconductors offers several opportunities both to inspect
fundamental physics and to develop cryogenic quantum technologies. Here we
show evidence of Josephson coupling in a planar few-layer black phosphorus
junction. The planar geometry allows us to probe the junction behavior by means
of external gates, at different carrier concentrations. Clear signatures of Josephson
coupling are demonstrated by measuring supercurrent flow through the junction
at milli-Kelvin temperatures. Manifestation of a Fraunhofer pattern with a
transverse magnetic field is also reported, confirming the Josephson coupling.
These findings represent evidence of proximity Josephson coupling in a planar
junction based on a van der Waals material beyond graphene and will expedite further studies, exploiting the peculiar
properties of exfoliated black phosphorus thin flakes.
KEYWORDS: Josephson junctions, black phosphorus, quantum devices, van der Waals materials, planar geometry

To date, Josephson junction (JJ) devices find a wide
range of applications, such as highly sensitive
magnetometers,1 infrared sensors,2−4 single-photon

detectors,4 and superconducting quantum circuits for quantum
information purposes.5 Moreover, hybrid JJs formed with
semiconductors placed in between two superconducting
contacts have attracted great interest,6−15 due to the possibility
of tuning their superconducting properties by external
electrostatic gates. Among all, high-quality two-dimensional
electron gases (2DEGs) have been inspected in so-called
planar JJs, exploiting peculiar features such as long ballistic
transport and conductance quantization in combination with
proximity-induced superconducting correlations.15−22

In the study of 2D materials, recent advances in mechanical
exfoliation techniques allowed for the fabrication of devices
with thickness ranging from a single 2D layer, like graphene
and its van der Waals relatives, to multilayer systems with
different and tunable properties.23−33 Planar junctions based
on 2D exfoliated materials constitute a very interesting and
intriguing platform for several reasons. To start with, such
devices offer the great opportunity to study fundamental
aspects of distinct physics, such as Dirac-like relativistic
behavior in combination with superconductivity,34−37 and are
a promising platform for advanced sensing and detection down
to the single photon in a wide spectral range.4 Importantly, the
superconducting contacts can be placed laterally, retaining the

surface of the device free, allowing for the spatially resolved
investigation of correlations and transport properties, provid-
ing also the possibility to add top gates. This has triggered
great experimental efforts to realize hybrid JJs with 2D flakes
and led in 2007 to the fabrication and characterization of a
graphene-based JJ device,34 demonstrating a bipolar tuning of
supercurrent amplitude with well-developed Josephson cou-
pling.
Since then, a vast variety of graphene−superconductor

hybrid structures have been explored (see ref 36 and references
therein), with an improved quality of both the graphene
samples and the transparency of the interfaces. This allowed to
investigate proximity-induced superconductivity in graphene
junctions from the diffusive to the ballistic regime. Interest-
ingly, the coexistence of superconductivity and quantum Hall
regime has been reported recently in this platform,38−41

promoting graphene-based JJs as a good candidate to
investigate the emergence of topological states of matter.42,43
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Graphene is only one example of the large family of van der
Waals materials that can be exfoliated down to monolayer
thickness.26−33 However, to date, clear signatures of Josephson
coupling in other van der Waals-based planar JJs have not been
reported. We note that finite Josephson coupling in a vertical
structure including a 5 to 10 nm thick spacing layer of black
phosphorus (bP) in between Nb slabs44,45 and in a vertical
interconnect between MoS2 and MoRe46 has been reported
recently. In these structures, the semiconducting van der Waals
material is used as a thin, almost transparent barrier, and the
transport in the vertical direction, across the layers, is probed.
There, however, gate tuning of the proximitized system is very
difficult and can be achieved only laterally, resulting in a strong
anisotropic modulation of carrier density in the semiconduct-
ing material.45 In this respect, planar junctions represent a
scalable and versatile technology, where homogeneous gating
can be easily obtained. In addition, planar junctions allow the
investigation of the superconducting proximity effect in the
extreme single layer (monolayer) limit, which is not possible in
the vertical configuration.
In this work, we report on the fabrication and character-

ization of planar JJ devices based on few-layer black
phosphorus. bP is a layered semiconducting material, whose
peculiar properties mainly stem from the anisotropic shape of
its band structure, which affects both its electronic and optical
properties.30−33,47−50 Theoretical studies for superconducting
JJs with monolayer bP have been put forward, with intriguing
features that may emerge in ballistic samples in combination
with ferromagnetic elements.51−53

Here, we perform transport measurements on bP planar JJs
with Nb contacts at cryogenic temperatures down to T = 33
mK, demonstrating supercurrent flow and clear evidence of
Josephson coupling.

RESULTS AND DISCUSSION

Exfoliated bP flakes were deposited on B-doped Si substrates.
A geometry with four parallel contacts was designed to allow
for the characterization of several JJs on a single BP flake. The
devices were realized by electron beam lithography, with a
procedure described in detail in the Methods section. Air
exposure was minimized throughout the fabrication process,
and a combined oxygen−argon plasma process was optimized
to enhance the interface quality. Moreover, an Ar etching,
described in detail in the Methods section, was performed in
situ, to remove any residual oxide under the contacts.
Superconducting Ti/Nb contacts of 10/60 nm thickness
were deposited by a sputtering technique. The critical
temperature Tc of the Ti/Nb electrodes was measured to be
8.3 ± 0.2 K, which corresponds to a bulk superconducting gap
of the electrodes of ΔS = 1.76kBTc = 1.26 ± 0.03 meV, in line
with the expected value for bulk Nb.21,22,54

The devices shown in Figure 1(a) have a length of the
individual JJs of L ≈ 500 nm, while their widths W range from
1.6 μm (between contacts 1−2) to 2.0 μm (between contacts
2−3 and 3−4), due to a slight trapezoidal shape of the bP
flake. We estimate the uncertainty in these numbers to be ±25
nm. The flake thickness of the few-layer bP, inferred from the
optical microscopy image, is about 10 nm. In the following, we
will present results obtained between contacts 2 and 3 (with
contacts 1 and 4 floating). We underline that we have obtained
consistent results from device 1−2 (shown in Figure S5 in the
Supporting Information).
Black phosphorus is an intrinsically p-type semiconduc-

tor.47−49 For a back gate voltage Vbg = −80 V, the bP is deep in
the p-type branch. Sweeping the back gate toward zero voltage,
the Fermi level of the semiconductor is shifted into the band
gap, which results in a strong increase in resistance or,
equivalently, a strong decrease in conductance. This is shown

Figure 1. (a) Optical microscopy image of the device. Contact numbers are indicated in the figure. Scale bar: 1 μm. (b) Conductance G
versus back gate voltage Vbg from −80 to 0 V, measured in current bias with a current of 20 nA. The straight line is a linear fit to the data
from Vbg = −80 V to −30 V, used to calculate the hole mobility. (c) Vsd as a function of Isd at a back gate voltage Vbg = −80 V. The inset
shows the same for a back gate voltage of 0 V. (d) Differential resistance dV/dI of the junction in a wide range of bias values Vsd at Vbg = −80
V. The central dip is due to the supercurrent in the junction. All data were measured at B = 0 mT and T = 33 mK.
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in the back gate sweep in Figure 1(b), which was measured in
current bias with a current amplitude of 20 nA. A further
increase of the back gate voltage to +80 V drives the device
into the n-type regime, as shown in the Supporting
Information. From the back gate sweep, a field effect mobility
μ = 360 cm2/(V s) is obtained from a linear fit of G versus Vbg
in the range −30 V to −80 V.
Figure 1(c) shows the V−I characteristics of the device

measured in a current bias configuration at a back gate voltage
of −80 V. A clear and pronounced Josephson supercurrent
with an amplitude of 5 nA is observed. Once the bias current
exceeds this critical value, the device switches from the
superconducting to the normal state, with a resistance of RN =
560 Ω. As can be seen in Figure 1(c), the differential resistance
around Isd = 0 is not strictly zero but R0 ≈ 200 Ω. This is due
to the effect of thermal fluctuations in the junction and can be
understood in the framework of the theory by Ambegaokar and
Halperin.55,56 In fact, the McCumber parameter βc of the
junction is βc = ωJτRC, with ωJ = 2eVc/ℏ the characteristic
Josephson frequency (ℏ is the reduced Planck constant, Vc =
IcRN, with Ic the critical current) and τRC = RNC the decay time
within the RCSJ model.56−58 Approximating the junction
capacitance C with a parallel plate capacitor model, we obtain
βc = 1.2 × 10−5 ≪ 1 (for details, see the Supporting
Information). Thus, the junction is in the overdamped regime,
and the nonvanishing junction voltage even in the limit Isd → 0
can be attributed to a phase-slip resistance contribution.
Consistent with this interpretation, the measured V−I curves
do not show any hysteresis; that is, switching and retrapping
current, Isw and Irt, respectively, are equal.
Finally, we inspect the behavior of the junction at elevated

bias, to look for any subharmonic gap features. Figure 1(d)
shows the differential resistance, measured at Vbg = −80 V. The
supercurrent branch is resolved as the central dip, due to the
reduced resistance in the V−I curve at the origin. The
differential resistance curve shown in Figure 1(d) does not
show any evidence for multiple Andreev reflections (MARs),
but instead a clear Schottky behavior, with an increased
resistance at small bias. This indicates that at small bias the
transparency of the S/N interface is not ideal, and the
Josephson junction is better described as a SINIS structure, i.e.,
a superconductor−insulator−normal−insulator−superconduc-
tor hybrid system. From Figure 1(d), we can estimate the
resistance Ri of each S−N interface from the difference in
differential resistance at low bias (RN = 560 Ω = RbP + 2Ri) and
at high bias (RbP = 400 Ω, see Figure 1(d)). This gives Ri = 80
Ω. The hypothesis of opaque S/N interfaces is further
supported by the lack of excess current as described in the
Supporting Information.
The Schottky barrier is further increased at lower carrier

concentrations, as shown in the inset to Figure 1(c), which
shows that at Vbg = 0 V, in contrast to the observation at Vbg =
−80 V, no supercurrent is observed, and the V−I curve rather
shows a Schottky-like behavior. In line with the above
discussion, this confirms the presence of a Schottky barrier
at the interface between bP and the superconductor,
preventing a Josephson coupling at Vbg = 0 V. Also in the n-
type regime, as shown in the Supporting Information, the
quality of the contacts does not improve, consistent with
previous observations,59 and the metal−semiconductor con-
tacts are still dominated by the Schottky barrier, which
prevents observation of a bipolar signal in supercurrent

amplitude. Thus, in the following we will focus on the
accumulation region.
From the data shown in Figure 1, important information on

the transport in the junction can be extracted. The sheet
resistance Rs of bP at Vbg = −80 V is Rs = (W/L)RbP = 1.6 kΩ/
□. Within a two-dimensional Drude model we obtain a carrier
concentration at Vbg = −80 V of n = 1.1 × 1013 cm−2. Using e

= ℏkFμ/e and the Fermi wave vector k n2F π= ,60 we
estimate the elastic mean free path to be e = 20 nm. This
places the junction in the diffusive regime, since the mean free
path is much smaller than the length of the junction, e ≪ L.
The coherence length of the N region (bP) is61

D k T/(2 ) 290N Bξ π= ℏ = nm at 33 mK, which reduces to

100 nm at 300 mK. Here, D v e m R/2 /( )F e
2 2

sπ= = ℏ * is the
diffusion coefficient in the bP and m* = 0.41m0 the average in-
plane effective mass of holes in bP.50,62 Therefore, L is greater
than ξN. This indicates that the device operates in the long-
junction regime.22,54,63

The natural energy scale for the proximity effect is the
Thouless energy64−66 ETh = ℏD/L2; here ETh = 6.0 μeV. Thus,
ΔS ≫ ETh. The thermal energy kBT is slightly smaller than ETh
(here kBT = 2.8 μeV) and also smaller than the Josephson
energy66 EJ = ℏIc(T)/2e (here EJ = 10.3 μeV), however,
sufficiently large that thermal fluctuations would be relevant,
supporting an interpretation of the data in terms of the
Ambegaokar−Halperin picture.55,56

The supercurrent in the junction can be controlled by an
external back gate. This is shown in Figure 2(a), which shows
the differential resistance dV/dI of the junction as a function of
bias current Isd and back gate voltage Vbg. Reducing the back
gate voltage from −80 to 0 V, the switching current is reduced
from 5 nA to zero. This reduction in supercurrent is
accompanied by an increase in the resistance of the normal
branch (evaluated at Isd = 20 nA). Figure 2(b) shows, on the
left axis, the switching current as a function of back gate
voltage, while the right axis shows the corresponding energy
scale, obtained via EJ = ℏIsw/2e. Figure 2(b) shows that a
reduction of the back gate voltage reduces the Thouless energy
ETh (via an increase in the sheet resistance). At about Vbg =
−40 V, the Josephson energy EJ, which is proportional to the
critical current, becomes smaller than the thermal energy kBT.
Beyond this point Isw displays strong thermal fluctuations, until
a complete suppression is observed at Vbg = −25 V, a back gate
voltage at which also the Thouless energy becomes smaller
than the thermal energy kBT. Also at about Vbg = −25 V, the
resistance at zero current R0 becomes larger than the resistance
in the normal branch, underlining the quenching of the
Josephson coupling due to the increased Schottky barrier, as
also shown in the V−I curves in Figure 1(c).
The monotonic decay of Isw(Vbg) is well described in the

framework of diffusive Josephson junctions with opaque S/N
interfaces.12,67,68 The details of the theoretical model are
described in the Methods section. As shown in Figure 2(b),
the model can accurately describe the monotonic decay of
Isw(Vbg), adding further evidence for the presence of a Schottky
barrier at the interface between bP and the superconductor.
It is well known that an increase in temperature suppresses

proximity-induced superconductivity. Figure 3(a) reports the
temperature dependence of the differential resistance. The
figure clearly shows that at ∼500 mK supercurrent is
suppressed, and an ohmic behavior of the junction is observed.
Two effects lead to this evolution: first, the value of the
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switching current is reduced by temperature. At the same time,
the slope R0 of the V−I curves at Isd = 0 increases due to
thermally activated phase slips. An Arrhenius plot of ln(R0) vs
1/T (Figure S6 of the Supporting Information) shows a linear
trend between 200 and 600 mK, with slope −256.0 mK.
According to Halperin et al.,69 R e E k T

0
2 /J B∝ − . From this, EJ =

11 μeV is obtained, in good agreement with the value of EJ
obtained at base temperature (33 mK).
Figure 3(b) shows, on the left y-axis, the switching current as

a function of temperature on a logarithmic scale. The right axis
shows the corresponding energy scale. The graph shows that
the Thouless energy ETh is approximately constant, since the
normal resistance does not change significantly in this
temperature range. At low temperatures, the supercurrent
appears to be approximately constant until kBT becomes larger
than EJ, possibly due to a saturation of electron temperature
below 100 mK. Above that point, a linearly decreasing trend in
switching current and thus in Josephson energy is observed

(on a log-scale), compatible with an exponential decrease with
temperature. However, when the Josephson energy becomes
approximately equal to the Thouless energy, a deviation from
this exponential decrease is observed, with EJ ≈ ETh, until
finally at T ≈ 500 mK the switching current drops to zero. An
exponential decrease in switching current is typical of ballistic
long junctions,22,63 but a quasi-exponential temperature
dependence of the critical current is also expected for a
diffusive system in the long junction regime, as shown by
Courtois and Schön.66,70,71 An analysis of the measured
switching current with the function Isw = I0 exp(−T/T*) yields
as best fit parameters I0 = 7.3 nA and T* = 194 mK. The fit is
also indicated in Figure 3(b). According to Wilhelm et al.,71

kBT* = 12E*/π, with E* = ETh(1 + 0.7Ri/RbP),
68 and thus

from T* we get a value of the Thouless energy of 5.0 μeV, in
excellent agreement with the value obtained from the data
shown in Figure 1. Overall, this analysis underlines the
importance of the Thouless energy as the relevant energy scale,
since here ETh ≪ ΔS.
Also in this case, the temperature dependence of Isw can be

well represented by the theoretical model of a diffusive

Figure 2. (a) Differential resistance dV/dI of the junction as a
function of bias current Isd and back gate voltage Vbg. (b) Left axis:
switching current Isw evaluated from (a), and right axis: the two
relevant energy scales, Josephson energy EJ and Thouless energy
ETh, as a function of back gate voltage Vbg, compared to the
thermal energy kBT. The Josephson energy is evaluated from the
switching current EJ = ℏIsw/2e, while ETh(Vbg) = ℏD/L2 is obtained
from the transconductance of the junction (see the Methods
section for more details). The transconductance has also been used
in a theoretical model for the critical current Ic including a sizable
interface resistance and shown in (b) superimposed on the
experimental data. B = 0 mT, T = 33 mK.

Figure 3. (a) Differential resistance dV/dI of the junction as a
function of bias current Isd and temperature T. (b) Left axis:
switching current Isw on a logarithmic scale as a function of
temperature T. Error bars are the standard deviation of the
measured data. The fitted line indicates an exponential decay of
the switching current with temperature, which is also captured by
the theoretical model. Right axis: the corresponding energy scale.
ETh is obtained via Rs, which is calculated from the measured RN
using eq 2 (see Methods for more details). B = 0 mT, Vbg = −80 V.
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mesoscopic Josephson weak link with opaque interfaces (cyan
curve in Figure 3(b)). Notably, the same model with clean
interfaces yields an Ic one order of magnitude higher,
demonstrating the importance of the opaque interfaces in
the estimation of Ic.
A clear signature of a well-established Josephson coupling in

a JJ device is the presence of a Fraunhofer pattern, when a
magnetic field perpendicular to the junction is applied. Figure
4 shows the differential resistance dV/dI of the junction versus
bias current Isd and perpendicular magnetic field B, measured
for three different back gate voltages. The presence of a
Fraunhofer pattern centered at B = 0 mT is clearly visible,
consistent with a strong Josephson coupling at zero magnetic
field. Applying a small magnetic field, the supercurrent is
gradually reduced to zero at |B| = 1.65 mT; then it reappears,
and at |B| > 3.3 mT it completely disappears. This behavior is
characteristic of a Fraunhofer pattern with a central lobe and
two side lobes, and the suppression of supercurrent by a small
magnetic field clearly points at the proximity effect as the
origin of the observed behavior of the V−I curves around zero
bias. The Fraunhofer patterns measured at different back gate
voltages consistently follow the general trend shown in Figure
2: the supercurrent is reduced by a lower negative voltage on
the back gate, while the normal resistance is increased.
However, the periodicity of the Fraunhofer pattern remains the
same as for Vbg = −80 V, adding further support to the
interpretation of these data in terms of induced super-
conducting proximity within the junction.
These data were analyzed with the well-known conventional

Fraunhofer formula Ic(B) = Ic(0)|sin(πΦ/Φ0)/(πΦ/Φ0)|, with
Ic(0) the critical current at zero magnetic field, Φ the magnetic
flux, and Φ0 = h/2e the superconducting flux quantum.72,73

The corresponding Fraunhofer patterns are included in Figure
4 as dashed red lines. From the periodicity of the Fraunhofer
pattern, we extract a characteristic area of 1.35 ± 0.07 μm2, in
good agreement with the effective geometrical area of the
junction74 A = W(L + 2λL) = 1.16 ± 0.06 μm2, with λL = 39 ±
5 nm the London penetration depth of Nb.75 The slight
difference between the two values can be explained by a
magnetic field focusing due to the Meissner effect.22,76,77

CONCLUSIONS

In summary, we have presented transport measurements on bP
planar JJs with Ti/Nb contacts performed at cryogenic
temperatures down to T = 33 mK, demonstrating a sizable
supercurrent up to 5 nA and unequivocal evidence of

Josephson coupling. The supercurrent can be controlled by a
back gate. Application of a small perpendicular magnetic field
leads to the formation of a well-developed Fraunhofer pattern.
Supercurrent signal disappears above a temperature of 500 mK.
All these observations are clear manifestations of proximity-
induced superconductivity in the bP planar junction and place
bP in the spotlight as a valid 2D van der Waals material for
applications in quantum technology. We anticipate that
optimization of the ohmic contacts to the bP will improve
device performance and eventually allow the observation of
ambipolar supercurrent in such devices. Further progress in
device fabrication, e.g., by encapsulation of the bP flakes in
hexagonal boron nitride, will allow the realization of ballistic
junctions, in which the crystalline anisotropy of bP might be
employed for innovative devices and quantum sensors. Among
all, bP devices are exploited as widely tunable infrared
photodetectors,78−80 and optimized bP-based planar Joseph-
son junctions are thus a promising platform for infrared single-
photon detectors.4,81

METHODS
Device Fabrication. BP crystals were fabricated following a well-

established procedure.82 For details, see the Supporting Information.
There we also show a Raman spectrum of the flake used in this work.
The high reactivity of exfoliated bP represents the major challenge for
the realization of high-quality devices, including JJ-like devices, where
the quality of the interfaces represents one of the main bottlenecks.
To address this issue, bP exfoliation was carried out in a glovebag
under a nitrogen atmosphere. After the transfer of the flakes onto the
Si wafer substrate, the samples were immediately coated with a layer
of protective polymer (poly(methyl methacrylate), PMMA), which is
also the lithographic resist. The geometry of the device was defined by
electron beam lithography (EBL) using a Zeiss Ultraplus SEM
equipped with Raith Elphy Multibeam software. After development of
the resist, a combined and optimized cleaning procedure was applied
to the sample.83 First, a mild oxygen plasma of 10 W for 1 min with
40 sccm of oxygen was performed to efficiently remove all the resist
residuals. Then the sample was transferred to the vacuum chamber for
the metal sputtering, and an in situ cleaning with Ar plasma was
performed at 50 mTorr with 4 W power for 30 min. The etching
conditions were tuned to have a gentle etching and a better control of
the process. The etching time was calibrated to minimize the contact
resistance. This last cleaning step was performed after the
presputtering of the two metallic targets for metal deposition, during
which the sample was preserved from contamination thanks to a
closed shutter and a rotating carousel that allowed moving the sample
away from the plasma source. Then 10 nm of Ti and 60 nm of Nb
were deposited. The Ti layer was found to decrease the contact
resistance and to allow for a better growth of the Nb overlayer. In fact,

Figure 4. Differential resistance dV/dI of the junction as a function of bias current Isd and magnetic field B. (a) Vbg = −80 V, (b) Vbg = −60 V,
(c) Vbg = −40 V. A fit to the standard Fraunhofer formula is plotted as a dashed red line in each panel. T = 33 mK.
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an average increase of the critical temperature of the devices with a Ti
layer was observed, compared to devices with an Al/Nb bilayer or
with Nb grown directly onto the bP.83 After the sputtering process,
the sample underwent a fast lift-off in acetone at 55 °C. Then it was
immediately coated with a bilayer of methyl methacrylate methacrylic
acid copolymer and PMMA, to guarantee protection from oxidation.
This protection layer is more than 500 nm thick; therefore holes for
the bonding pads have been opened in a second EBL step.
Transport Measurements. The low-temperature transport data

were measured in a filtered closed-cycle dilution refrigerator from
Leiden Cryogenics with a base temperature of T = 33 mK. V−I curves
were measured in DC current biasing, using a Yokogawa DC source
on a 10 MΩ bias resistor. The voltage drop across the junction was
measured in four-probe configuration with a DL Instruments voltage
preamplifier (gain 104) and an Agilent multimeter, while the current
was measured with a DL Instruments current preamplifier (gain 107)
and another Agilent multimeter. The back gate was biased with a
Keithley DC source. We have verified that the loss current from gate
to sample was below the detection limit of the source meter. The
differential resistance measurements shown in Figure 1(d) were
obtained with a DC + AC signal, using a standard AC lock-in
technique with current excitation in the range 5 to 10 nA.
Model. The observed behavior of the critical current Ic of the

junction can be modeled by solving the associated quasi-classical
Usadel equation.84 To properly reproduce the experimental data, a
sizable S/N interface resistance (Ri) has been introduced, considering
diffusive Josephson junctions with opaque S/N interfaces. In this case,
the critical current can be obtained by12,67,68
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where the sum over Matsubara frequencies ωn = (2n + 1)πkBT is
carried out numerically. Here, kB is the Boltzmann constant,

k D2 /( )nn
ω= ℏω , RbP = RN − 2Ri is the resistance of the junction

excluding the interfaces, rk L1 ( )2
n

α = + ω , rk L2
n

β = ω , and r = Ri/
RbP. Using eq 1 it is possible to calculate the temperature dependence
of the critical current (Figure 3(b)). The best fit to the experimental
data was obtained with L = 650 nm and T = 110 mK. The same
model has been used to simulate the evolution of the critical current
as a function of the gate voltage (Figure 2(b)). The gate affects the
resistance of the junction and as a consequence the diffusion constant
D. The variation of r with back gate voltage was approximated by a
linear function:

r V3.86 10 V 4.83 103 1
bg

1= × · + ×− − −
(2)

which was the best fit to r(Vbg) data extracted from a series of V−I
curves measured in a wide bias range at different back gate voltages.
This allows calculating Rs from RN in measurements for which the bias
range was not wide enough to determine Rs directly. Finally, this
allows the calculation of the diffusion constant D from RN.
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