Crystalline superconductor-semiconductor Josephson junctions for compact superconducting qubits
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The narrow bandgap of semiconductors allows for thick, uniform Josephson junction barriers, potentially
enabling reproducible, stable, and compact superconducting qubits. We study vertically stacked van der Waals
Josephson junctions with semiconducting weak links, whose crystalline structures and clean interfaces offer
a promising platform for quantum devices. We observe robust Josephson coupling across 2—12 nm (3-18
atomic layers) of semiconducting WSe;, and, notably, a crossover from proximity- to tunneling-type behavior
with increasing weak link thickness. Building on these results, we fabricate a prototype all-crystalline merged-
element transmon qubit with transmon frequency and anharmonicity closely matching design parameters. We
demonstrate dispersive coupling between this transmon and a microwave resonator, highlighting the potential of
crystalline superconductor-semiconductor structures for compact, tailored superconducting quantum devices.

I. INTRODUCTION

State-of-the-art transmon qubits rely on Josephson junc-
tions (JJs) with amorphous insulating weak links. However,
their large bandgaps necessitate extremely thin barriers, com-
promising uniformity, reproducibility, and precise control of
junction critical current which controls qubit frequency and
charge sensitivity. Pinholes and grain boundaries in these ma-
terials further constrain JJ sizes, and transmons based on such
JJs typically require large footprint shunt capacitors for ideal
transmon capacitances [1].

In contrast, semiconducting weak links offer precise control
of junction properties over a wide range [2], and their reduced
bandgaps allow for thicker barriers, which are less prone to
pinhole formation compared to typical insulating barriers [3].
This enables larger-area JJs with built-in capacitance, forming
a smaller-footprint “merged-element” transmon (MET) [4].
Recent advances in vertical JJs with semiconducting weak
links have achieved fine control of junction critical current
over a wide range [5] but relied on amorphous barriers that
host high densities of microwave-active two-level systems, a
primary factor limiting superconducting qubits lifetimes [6].

Crystalline materials, characterized by their lack of grain
boundaries, atomically pristine interfaces, and reduced two-
level fluctuator densities [7], offer a promising alternative
platform for high-quality quantum devices. Beyond epitaxial

* These authors contributed equally to this work.
 Present address: k.fong@northeastern.edu, Northeastern University

crystalline materials [8—10], layered van der Waals (vdW) ma-
terials, which can be peeled apart into atomically thin layers,
present distinctive features to create low-loss and novel devices
[11, 12]. For example, they may be readily encapsulated as
protection against oxidation, and can be “stacked” together in
complex heterostructures of different vdW materials [13] with
highly ordered internal interfaces [14]. Their layered struc-
ture facilitates unprecedented uniformity and reproducibility
compared to deposited thin films. To date, however, studies
of vdW JJs have primarily focused either on vertical junctions
incorporating weak links < 6 vdW layers thick [15-20], or on
lateral junctions with monolayer vdW weak links [21-25].

In this work, we systematically investigate DC electronic
transport in vertical vdW JJs with semiconducting weak links
in the 2—12 nm thickness range, aimed at advancing a materials
platform for transmon qubits. As we vary the thickness of the
semiconductor, we observe a crossover from proximity-type to
tunneling-type behavior around 7 atomic layers. These find-
ings inform the optimal semiconductor weak link thicknesses
for compact METs. As a proof of concept, we fabricate a
prototype all-vdW MET and demonstrate its operation as a
two-level system via dispersive readout.

II. EXPERIMENTAL RESULTS

We study vertical crystalline JJs consisting of NbSe;, an
anisotropic s-wave vdW superconductor (critical tempera-
ture 7.2 K, superconducting gap 1.3 meV [26]), sandwich-
ing WSe;, a vdW semiconductor with a 1.2 eV indirect bulk
bandgap [27]. This is ~ 6 times smaller than the bandgap of



FIG. 1. Josephson junction characterization. (a) Optical image of an
NbSe,/WSe,/NbSe; JJ encapsulated in hBN flakes. (b) I-V curve of
a JJ with a 9-layer-thick WSe; weak link, with dashed lines marking
how I, I, and R, are obtained. Blue (red) trace indicates increasing
(decreasing) bias current. (Note, the discrepancy between the retrap-
ping current seen here and in Fig. 2(c) is due to varying sweep rates
[29].) Inset, schematic of a vdW JJ. (c) Switching current density at
T =20 mK, jyo, and (d) normal-state-resistance—area product, R, A,
as functions of WSe, weak link thickness. The black dashed line
in (c) is an exponential fit to the data to guide the eye. The solid
black line in (d) results from the resistivity simulations within the
Thomas-Fermi model.

aluminum oxide and ~ 5 times smaller than that of the vdW
insulator hexagonal boron nitride (hBN), which acts as a tun-
nel barrier even in the single-layer limit [28]. The lower tunnel
barrier height in WSe; allows for a thicker, more uniform weak
link. Consequently, the junction critical current can be con-
trolled in small increments by changing the number of vdW
layers in the WSe, weak link. We exfoliate flakes of WSe;
and NbSe; from bulk crystals and build stacks with them after
identifying flakes with suitable geometries (see Appendix A).
We encapsulate the JJs in flakes of hBN to protect them from
surface contamination and oxidation (Fig. 1(a)).

In total, we study DC electronic transport in twenty JJs with
WSe; thicknesses ranging from 3 to 18 layers. An example
I-V curve of a JJ with a 9-layer-thick WSe;, weak link taken
at temperature 7 = 20 mK is shown in Fig. 1(b). Sweeps of
increasing (blue trace) and decreasing (red trace) bias current
allow us to extract key JJ parameters: the switching current
I0, the retrapping current /.9, and the normal state resistance
R,,. The subscript “0” indicates values at 7 = 20 mK. In
Fig. 1(c) & (d) we plot the switching current density jso =
I50/A and the product of the normal state resistance and JJ
area, R, A, respectively. A is defined by the overlapping area
of the two NbSe, flakes sandwiching the WSe; weak link. Both
Jjso and R, A obey exponential dependencies over roughly six

orders of magnitude as a function of the WSe; thickness. The
trends in these quantities are robust despite some scatter in the
data, which we attribute to uncertainty in the JJ geometry (see
Appendix A). As we will show, the trend of jso versus WSe;
thickness enables accurate prediction of the 0 — 1 transition
energy of a transmon qubit.

To illustrate the impact of the semiconductor weak link
thickness on the electronic properties of vertical JJs, in
Fig. 2(a) & (b) we plot example DC [-V transport charac-
teristics of current-biased junctions with 7-layer-thick (7L)
and 13-layer-thick (13L) WSe, weak links, respectively. Blue
(red) traces indicate increasing (decreasing) bias current, all
taken at 7 = 20 mK. In the 13L device, the retrapping cur-
rent (1,0 = 0.2 pA) is two orders of magnitude smaller than
the switching current (I5o = 24 pA) red (see Appendix A),
whereas those of 7L (574 pA and 830 pA, respectively) are
within a factor of two of each other [30]. The ratio I3/l
provides a measure of the JJ /-V hysteresis, which we plot
for all devices in Fig. 2(c). In the range of 3-7 layers,
I0/1o is saturated around 1. Above 7 layers, the hystere-
sis increases exponentially with WSe; thickness. I50/l¢ = 1
corresponds to minimal hysteresis typical of proximity-type
JJs [31]. Though proximity JJs possesses a conductive weak
link between the superconducting electrodes, which in princi-
ple should yield a nonhysteretic /-V, finite circuit capacitances
and Joule heating in the normal state can contribute to finite
hysteresis [31]. On the other hand, pronounced hysteresis is
characteristic of tunneling-type JJs with insulating weak links
[32, 33]. These two different hysteretic behaviors suggest that
there is a crossover from proximity- to tunneling-type JJ as the
WSe, thickness increases.

Further evidence of such a crossover is provided by the tem-
perature dependence of the switching and retrapping currents,
measured in fourteen devices with WSe, thicknesses ranging
from 3 to 13 layers. In Fig. 3(a), we plot the temperature-
dependent switching current Iy (which we use as a proxy
for the critical current I.), multiplied by R,. The solid
black line represents the Ambegaokar-Baratoff (A-B) limit of
an ideal tunnel junction: I R, = (m/2)Atanh[A/2kpT]/e
[34]. Here, A is the superconducting gap at temperature
T, for which we use the BCS interpolation formula A =
Ao tanh [(wk T, /Ao)NT. /T — 1] [35]. Ao = 1.764kpT, =~
1 meV is the zero-temperature gap value proportional to the
junction critical temperature 7, = 6.8 K. Systematically, we
find that the I3R,, products of all junctions with weak link
thicknesses < 7 layers (light to dark blue circles) exceed the
A-B limit, whereas those with weak links > 7-layers thick (yel-
low to red circles) undershoot the predicted value. The I.R,
product of a JJ exceeds the A-B limit when the transparency
of the weak link is finite, i.e., in a proximity-type junction
[36-38]. On the other hand, I.R,, in a JJ with an ideal tunnel
barrier should correspond precisely to the A-B limit. However,
superconducting proximity effects or a finite boundary resis-
tance at the superconductor-weak link interface can lead to a
reduction in /. R, to a value below the A-B limit [39-41]. The
grouping of I R,, above and below the A-B limit around 7 lay-
ers of WSe,; again suggests either proximity- or tunneling-type
behavior occurs, depending on the WSe; thickness.



FIG. 2. Hysteresis in a vertical superconductor-semiconductor Josephson junction. (a), (b) DC I-V curves for current-biased JJs with 7-layer-
thick and 13-layer-thick WSe; weak links, respectively. Blue (red) traces indicate sweeps from negative to positive (positive to negative) current

bias. (¢) Iyo/I,( as a function of WSe, weak link thickness.

We corroborate the crossover between two Josephson junc-
tion regimes by investigating the temperature-dependent re-
trapping current, plotted in Fig. 3(b) normalized by the base-
temperature switching current as I,./I59. In JJs with WSe;
weak links thinner than 8 layers (light to dark blue circles)
I,/ Iy monotonically decreases with increasing temperature.
For > 8-layer-thick WSe; (yellow to red circles) I,/ I is non-
monotonic, wherein the retrapping current, constant at low
temperatures, first rises as the temperature increases before
eventually decreasing for temperatures above 5 K.

We may understand the nonmonotonic temperature depen-
dence of the retrapping current in tunneling-type JJs by re-
calling that the current-voltage relation of a JJ is related to
the evolution of the difference in the phases of the order pa-
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FIG. 3. Temperature dependence of Josephson junction properties.
(a), Temperature dependence of IsR,,. (b), Temperature dependence
of retrapping current /, normalized by /.

rameter between the two superconductors. In the resistively
and capacitively shunted junction (RCSJ) model [32, 33], the
current-biased junction is modeled as a parallel combination of
an ideal Josephson element, a capacitor, and a resistor, and the
phase difference across the junction behaves as a particle sub-
jectto atilted washboard potential. The damping of the motion
of this “phase particle” is inversely proportional to the junction
resistance [32, 33]. In a tunneling-type JJ with low damping
(high junction resistance), the particle can escape from the
potential well when the current bias is increased, leading to
a transition from the zero-voltage state to the resistive state.
However, due to its inertia, the particle may not retrap back
into the zero-voltage state unless the current is reduced signif-
icantly, creating hysteresis. At low temperatures, the damp-
ing is constant and the tunnel junction exhibits pronounced
hysteresis. According to the quasiparticle tunneling model
of Chen, Fisher, & Leggett [42], as the temperature increases,
thermal excitation facilitates quasiparticle tunneling across the
junction, increasing the effective damping. This increases the
retrapping current and reduces the hysteresis. Close to the
critical temperature, the superconducting gap diminishes sub-
stantially, reducing both the critical and retrapping currents.
This process explains the qualitative behavior of I, /I in JJs
with WSe, thickness > 8 layers. In contrast, in proximity-type
JJs where the weak link can readily conduct quasiparticles be-
tween the superconducting electrodes, the change in damping
due to thermal activation of quasiparticles is negligible. Thus,
the retrapping current in proximity-type JJs has a monotonic
trend as a function of temperature, as seen for WSe, weak links
thinner than 8 layers.

In NbSe,/WSe,/NbSe; JJs, a crossover from proximity-type
to tunneling-type behavior with weak link thickness is plausi-
ble if we consider the relative band alignment between the two
materials. Ab initio calculations estimate a difference between
the NbSe, work function and the ionization potential of WSe;
of 1.07 eV, with the Fermi energy of NbSe, intersecting the va-
lence band of WSe, [43,44]. Such aband alignment leads to an
interfacial charge transfer between the two materials [45, 46],
which can form an accumulation region of hole-doped WSe;.
When the WSe, weak link is thinner than the accumulation



FIG. 4. van der Waals merged-element transmon. (a) Calculated MET 0 — 1 transition frequency fo; for varying numbers of WSe, (green
circles) and hBN (pink crosses) weak links, and the measured fy; (blue star) for the MET shown in (c). (b) MET circuit schematic. (c) Optical
image of a vdW MET. Capacitive coupling wires, flux bias line, and rf drive line are false-colored orange, green, & red, respectively. (d)
Zoom-in of the vdW stack in (c) showing the SQUID flux loop shaded blue with two JJ areas outlined in white. (e) Single-tone spectroscopy
as a function of readout power (left) and flux bias current at low microwave power (right). The vertical white dashed line in the left panel
indicates the power at which readout was performed in the right panel. (f) Two-tone spectroscopy. Drive pulse power increases from purple to

violet to pink to gold traces, which are vertically offset for clarity.

regions formed by each NbSe, electrode, the entire weak link
will be doped and conductive, forming a proximity-type JJ.
When the WSe is thicker than the accumulation regions, the
central layers will remain undoped, providing a tunnel barrier
for the JJ. In the superconducting state, we infer from the data
that ~ 3 layers (2 nm) of WSe, are doped by each NbSe, elec-
trode, leading to proximity-type behavior in JJs with WSe;
weak links thinner than 7 layers, and tunneling-type behav-
ior when the WSe; is thicker than 7 layers. While this charge
transfer can give way to a superconducting proximity effect be-
tween the NbSe, and the doped WSe, layers, and subsequently
the reduction in /. R,, demonstrated in Fig. 2(c), the tunneling
gap alone does not dictate the amount of band bending and
proximitization. Instead, the band alignment between the two
materials determines whether the Fermi energy of the super-
conductor will intersect the semiconductor bands or create a
potential which induces band bending, as seems to be the case
between NbSe, and WSe,.

The relative band alignment between the two materials also
dictates the strength of the exponential dependence of j;o and
R, A on weak link thickness. We employ the Thomas-Fermi
model to calculate the normal state resistance for this material
system, the result of which is shown in Fig. 1(d) (see Appendix
B). The slope of the resistance in the semi-logarithmic plot of
Fig. 1(d) is determined by the Fermi level position inside the
tunnel junction, which we determine to be 28.4 meV above the

valence band of WSe, based on the fit to the data. Consider-
ing the individual material properties and relative band align-
ments, we find quantitative agreement between the measured
and calculated tunneling resistance in NbSe,/WSe,/NbSe; JJs.

Having characterized the effects of semiconducting weak
link thickness on the properties of a vdW JJ, we predict the
properties of an NbSe,/WSe,/NbSe;-based MET to determine
what weak link thicknesses will result in a qubit 0 — 1 tran-
sition frequency fp; in the range of 1-15 GHz with sufficient
anharmonicity between subsequent qubit energy levels. Us-
ing the exponential fit of jio from Fig. 1(c) and the expected
geometric junction parallel-plate capacitance, we calculate the
expected MET frequencies of JJs with 1-20 layers of WSe;
weak link (Fig. 4(a)). Here, we use fo; = (V8E Ec — Ec) /h,
where & is Planck’s constant, E; = ®yl./2x is the Josephson
energy with @y = h/2e the superconducting flux quantum,
e the elementary charge, and Ec = e?/2C the charging en-
ergy [1]. For comparison, we plot the calculated fy; for JJs
with hBN weak links using previously measured tunneling re-
sistance values [28] and the Ambegaokar-Baratoff relation to
estimate the critical current. Compared to WSe,, hBN shows
much coarser variation in fy; with layer number due to its
large bandgap, increasing by roughly an order of magnitude
with each added vdW layer and requiring extremely thin weak
links which are difficult to isolate and construct JJs with. In
contrast, we find that JJs with 15-20-layer-thick WSe, weak



links can produce METs with frequencies between 1-15 GHz.

To test these predictions, we fabricate a prototype all-
vdW-material MET, comprising an NbSe,/17-layer-thick
WSe,/NbSe, JJ. The MET readout circuit, depicted schemati-
cally in Fig. 4(b), consists of a hanger-type microwave readout
resonator capacitively coupled on one end to a microwave
feedline with characteristic impedance Zy = 50 Q. The JJ
is fashioned into a SQUID loop using reactive ion etching
in a lithographically defined window and is capacitively cou-
pled to the readout resonator at one end, and to ground at
the other, by lithographically defined leads. We include ad-
ditional flux bias and microwave drive lines for tuning and
control. Fig. 4(c) shows an optical image of the vdW MET,
magnified in Fig. 4(d).

In this device, we confirm dispersive interaction between the
readout resonator and the MET by measuring the transmission
coefficient S»; of the feedline near the readout resonator fre-
quency as a function of power and flux bias current (Fig. 4(e)).
We observe a distinct shift in resonator frequency below a criti-
cal power level, indicating the onset of dispersive coupling to a
two-level system. At a readout power of —27 dB — below this
critical threshold — the resonator frequency shows a periodic
response to magnetic flux threaded through the SQUID loop,
affirming that it is interacting with the frequency-tunable vdW
SQUID. In Fig. 4(f), we plot two-tone spectroscopy of the de-
vice taken at the flux-bias “sweet spot” where the change in the
readout resonator frequency versus flux is minimized. Here,
we input to the feedline a continuous weak probe tone near
the readout resonator center frequency, as well as a microwave
pulse at frequency farive, intended to create excitations in the
two-level system. We record the change in |S,;| at the probe
frequency that results as we vary the fyive and the drive am-
plitude. At low amplitudes (purple data), we observe a sharp
peak in the response at fyrive & 5.30 GHz, which we identify
as fo1. As we increase the drive amplitude (purple to violet
to pink to gold) the peak at fp; broadens while a second peak
at ~ 5.18 GHz emerges. We designate this to be fy/2, half
the 0 — 2 transition frequency, emerging as the result of a
two-photon excitation process. From this, we obtain the trans-
mon anharmonicity @ = f>1 — fo1 = —242 MHz. We calculate
Ej/Ec = 66 for this qubit, placing it well within the transmon
regime [1]. The measured fy; is within 10% of the expected
value, validating that the DC transport characterization of vdW
JJs with semiconducting weak links can be used to accurately
design transmon qubits.

III. CONCLUSION

In summary, we have studied DC electronic transport in
crystalline vertical Josephson junctions made of supercon-
ducting NbSe; and semiconducting WSe, weak links with
thicknesses varying from 3-18 vdW layers. Trends in the
junction switching current, retrapping current, and hystere-
sis as functions of WSe, thickness and temperature reveal a
crossover from proximity-type to tunneling-type junction be-
havior around 7 layers of WSe,. We attribute this crossover to
the relative band alignment between the superconductor and

semiconductor. However, the Thomas-Fermi model does not
predict such a crossover, raising fundamental questions about
the nature of the proximitization between van der Waals su-
perconductors and semiconductors. The observation of this
crossover underscores the importance of the choice of materi-
als used in superconductor-semiconductor quantum devices.

Following from this, we comment on how the switching and
retrapping current can provide information about the internal
loss of the JJ. In tunnel JJs, the magnitude of hysteresis is
understood to be related to the junction quality factor, Q, as
Q" = (4/m)l./1, = Q = wpRC, a measure of the loss of the
JJ at the junction plasma frequency w), (equivalent to the MET
transition frequency here) [32]. For NbSe,/WSe,/NbSe, JJs,
we find Q" exponentially increases with WSe, thickness up
to ~ 10* for an 18-layer-thick weak link. While this quantity
should only be taken as a lower bound for the junction quality
factor, as Joule heating during the DC measurement may lead
to a reduced hysteresis in tunnel JJs, it can serve as a proxy
for comparing the quality of different materials. In Appendix
C, we show that by substituting WSe, for MoS,, a vdW semi-
conducting weak link with a similar tunnel barrier height but
different band alignment, we observe less damping and higher
Q" for the same thicknesses of weak link.

Using the exponential dependence of the JJ critical current
density on weak link thickness, we calculated the frequencies
of merged-element transmon qubits based on these crystalline
JJs and validated the accuracy of these predictions by fab-
ricating a prototype all-crystalline-material-based MET. Im-
portantly, these qubits offer a remarkably small footprint with
qubit transition frequencies that can range from a few GHz
to millimeter-wave frequencies [? ]. Our results support that
crystalline superconductor-semiconductor JJs are a promising
platform for compact superconducting qubits with distinctive
design flexibility and tunability.
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APPENDIX A: METHODS

WSe, crystals are synthesized using the two-step flux syn-
thesis method [48]. Synthesis of MoS, was performed by
reacting Mo (99.997%) and S (99.999%) (1:2+150 mg excess
S) in a eutectic flux of CsCl and NaCl, as described in Ref. [51]
under vacuum (~107 Torr) in a quartz ampoule. The ampoule
was heated to 1000 °C over 24 h. At peak temperature, a tem-
perature gradient was applied with the hot end of the ampoule
(1000 °C) at the Mo and S precursor. This resulted in the crys-
tals primarily being deposited at the cold end (900 °C). The
ampoules were then naturally cooled to room temperature by
shutting the furnace off. Crystals were extracted by washing
in DI water to remove the salt flux. The as-extracted crystals
were then reloaded into a new quartz ampoule with excess S
in a Mo:S ratio of 1:100 and heated to 900 °C for two days
and then naturally cooled. Crystals were once more extracted
and excess S was removed by following the chalcogen filtering
method as described in Ref. [48].

We mechanically exfoliate hBN, WSe,, and MoS, flakes
from bulk crystals in air and use atomic force microscopy
(AFM) to scan flakes for cleanliness and determine their thick-
ness. While AFM is a sensitive and commonly used probe of
vdW materials, the presence of physisorbed organic molecules
or water on or under exfoliated flakes, air gaps, or instrumen-
tal offset can impede the accurate determination of vdW flake
thickness using atomic force microscopy. This leads to a typi-
cal uncertainty of around + 1 atomic layer [49] for our WSe;
and MoS, flakes. Other techniques to determine thickness like
second harmonic generation may be used in future works to
more accurately determine the layer number [50].

NbSe, flake exfoliation and vdW device stacking are per-
formed in a glovebox under a Nj-rich atmosphere (< 0.5 ppm
0, & H,0O) to minimize oxidation during fabrication. During
stacking, bubbles which commonly form in vdW heterostruc-
tures can lead to further uncertainty in the Josephson junction
geometry, as the effective junction area defined by the overlap
of the two NbSe; electrodes may be reduced by the presence
of bubbles. We use an MMA/PMMA bilayer resist for e-beam
lithography. CF4 reactive ion etching is performed to modify
the device area, and CHF; etching is used to etch regions of
the encapsulating hBN and expose NbSe, for electrical con-
tact. Before metal deposition, oxidized surface NbSe, layers
are removed in situ using argon ion-milling. Then, we deposit
3-nm-thick titanium sticking layer and 40-60 nm aluminum
leads by e-beam evaporation in the same chamber [11].

We can control the device area within the precision of elec-
tron beam lithography in order to achieve desired critical cur-
rents or fabricate SQUID loops from a single junction. For
example, for the MET device shown in Fig. 4, we stacked a 23
nm? JJ. We patterned a 0.5 pm slit in the middle of the junc-
tion to split it into two equal-area junctions. A reactive ion
etch comprising a combination of CF4 and Ar gases was used
to etch through the entire stack. Since the etch is anisotropic
(predominantly vertical), the timing of the etch is not very im-
portant as long as it etches all the way through at least the top
NbSe; flake. This process is reproducible and was also used
to reduce the junction area of thinner WSe, weak link devices

(3-7 layers), whose enormous critical current densities require
very small junction areas (< 1 pm?) ensure the critical current
of the junction is smaller than that of the NbSe, flakes them-
selves. This is possible thanks to the sub-100-nm resolution
of the electron beam lithography system.

We characterize our Josephson junctions (JJs) using 4-
terminal DC transport measurements in a dilution refrigera-
tor (Bluefors BF-LD400) with a base temperature below 20
mK. The bias current is swept through the junctions while the
voltage difference across them is measured. This bias current
is applied through a load resistor, whose resistance is much
greater than the junction resistance, in series with a voltage
source. The voltage across the junction is amplified and then
read by a digital multimeter. To prevent high-frequency noise
from exciting the junctions, a two-stage low-pass filter with a
cutoff frequency of approximately 20 kHz is installed on all
DC lines at the 4 K stage.

Temperature control of the junctions mounted on the cold
finger is achieved using a PID feedback loop implemented
through an AC resistance bridge (Lakeshore Model 372) and
a 50 Q heater mounted on the mixing chamber plate. To raise
the temperature above 1.2 K, the cooling power is intentionally
reduced by collecting most of *He-*He mixture and lowering
pumping speed by turning off the turbo pump. All measure-
ments are performed after the temperature has been stabilized
for at least 20 minutes.

MET devices are mounted on the cold finger of the same
dilution refrigerator with a base temperature below 20 mK.
To reduce decoherence from external magnetic fields, the cold
finger is enclosed in Cryoperm magnetic shielding. On the
input side, the total line attenuation ranges from 70 dB to
84 dB, depending on the resonance frequency, with a 40 dB
attenuator placed on the mixing chamber to further protect the
qubit from thermal radiation. On the output side, a circulator
is installed to block noise from external sources and prevent
the input signal from reflecting back into the qubit. The output
signal is amplified by low-temperature and room-temperature
amplifiers. The qubit transition of the MET device, as shown in
Fig. 4(f), is characterized using a two-tone pulse measurement.
A fixed DC current of 55 pA is applied to generate magnetic
flux, positioning the transmon at its least susceptible point to
flux noise. Both the cavity readout and qubit control pulses
are fed through the input port of the transmission line.

APPENDIX B: ADDITIONAL /-V CURVES, DESCRIPTION
OF CRITICAL AND RETRAPPING CURRENT
EXTRACTION, AND DISCUSSION OF [-V
CHARACTERISTICS

We provide additional JJ I-V curves to illustrate how the
critical and retrapping currents are extracted in junctions with
low damping and large hysteresis. In Fig. 5(a) we plot the same
I-V curve for a Josephson junction (JJ) with a 13-layer-thick
WSe;, weak link shown in Fig. 2. In Fig. 5(b) we zoom in
on the low-current-bias regime to show the small measured
retrapping current.

In Fig. 5(c) we show an /-V curve for a JJ with 17-layer-thick



FIG. 5. Additional /-V curves. (a) I-V curve of a JJ with a 13-layer-
thick WSe, weak link (same as shown in Fig. 2. Blue (red) trace
indicates increasing (decreasing) bias current sweep. (b) Zoom-in of
(a) showing small retrapping current. (c) /-V curve of a JJ witha 17-
layer-thick WSe, weak link. The vertical black dashed line indicates
the value of / at which d//dV is maximized (i.e. the superconducting
gap edge), which we use as a proxy for the critical current. (d) Zoom-
in of (c).

WSe,. In this particular device, both the switching current and
retrapping current are very small, and the former fluctuates
greatly between successive measurements, making estimation
of the critical current using the switching current difficult. We
attribute these fluctuations to noise in our measurement system
which excites the junction to the normal state at current biases
well below the critical current, which junctions with smaller
critical currents are naturally more susceptible to. Specifically,
the noise in the system would need to rise above the poten-
tial barrier of the washboard potential, AU = 2E;, where
Ej = @yl /2n is the Josephson energy. Using the measured
150 of ~ 2 nA in place of I, this barrier would correspond to a
value of ~ 0.1 K at zero bias. However, by taking the point of
the -V curve with minimal slope (i.e., the d//dV maximum),
we can estimate the superconducting gap edge, as in a super-
conducting tunnel junction. Since junctions that do not suffer
from premature switching due to fluctuations typically switch
at the gap edge, we use the current bias at which d//dV is max-
imized as a proxy for the expected switching current /5o and,
ultimately, the critical current in junctions that exhibit pre-
mature switching. Explicitly, these are our 14—18-layer-thick
WSe; JJs, whose low critical current densities and relatively
small junction areas yield low critical currents. In the case of
the 17L junction, the estimated /5y would then become 36 nA,
corresponding to a zero-bias AU of 1.7 K. The switching rate,
T, is given by I' oc exp(AU/kpTesc), where Ty is the noise

temperature of the system. We can model our device as being
in the thermally activated regime with an extracted C; = 53 {fF
and measured R,, = 2700 Q. We find that, at a bias of 2 nA
(corresponding to the measured Iy), a Tese = 64 mK is suffi-
cient to switch the device ataI” ~ 0.1 Hz, which is comparable
to the integration time of our DC measurement. These details
highlight the difficulty of measuring DC transport in JJs with
small critical currents.

To measure the wide-range /-V shown in Fig. 5(c) we apply a
voltage across a 10 MQ load resistor to supply the bias current.
However, for the narrower range in Fig. 5(d) to observe the sub-
nA retrapping current, we use a 1:1000 voltage divider to bias
a 1 MQ load resistor, giving us finer resolution in bias current.
The use of a battery-powered instrumentation amplifier in the
biasing circuit prevents ground loops among the instruments
and reduces noise to help supply such small biases to our
devices.

We also comment on the curvature observed in the subgap
region of these /-V curves, distinct from the commonly ob-
served sharp transitions of Al/AIO4/Al JJs. While a gradual
retrapping such as those shown in Fig. 5 can suggest finite sub-
gap conduction, we point out that there are other factors which
can influence the curvature of the subgap regime. For one,
measurement of the subgap resistance of a Josephson junction
can elucidate the density of states (DOS) of the superconduc-
tor near the gap edge and even in-gap states. However, we
do not observe signatures of Andreev reflection or Andreev
bound states, even in JJs with the thinnest WSe, weak links,
implying there are minimal to no in-gap states. Additionally,
proximitization at the superconductor-weak link interface can
also influence the DOS near the gap edge and lead to some
curvature of the /-V in the subgap region. However, it must be
remembered that Joule heating is induced in the normal state,
which persists into the subgap region, not only influencing the
retrapping behavior but also increasing the effective junction
temperature and broadening the DOS near the gap edge. Since
the superconducting gap of NbSe;, (~ 1 meV) is approximately
five times greater than that of Al (~ 200 peV), the Joule heat-
ing near the gap edge can be significantly greater in JJs with
NbSe; electrodes, leading to curvature of the /-V in this region
due to thermal broadening of the DOS. For this reason, it may
be unreliable to extract subgap resistances for these junctions
since they can be reduced due to Joule heating.

APPENDIX C: COMPARISON OF DIFFERENT
CRYSTALLINE SEMICONDUCTOR WEAK LINKS

To emphasize the impact of the band alignment of the con-
stituent materials on the tunneling properties and damping
in a crystalline Josephson junction, we measure DC trans-
port in vdW JJs with NbSe, electrodes and semiconducting
MoS, weak links. As depicted schematically in Fig. 6(d), the
valence band maximum of MoS, is lower than that of WSe,
[44], and so the band bending effect at the interface with NbSe,
should be weaker when used as a JJ weak link than when us-
ing WSe,. Meanwhile, the bandgaps and effective masses of
the two materials are similar and so, according to the Thomas-



FIG. 6. Comparison of different semiconducting crystalline weak
links. (a), (b), (¢) Is0/Ir0. js0. and Ry A, respectively, versus weak
link thickness for Josephson junctions with NbSe; electrodes and
WSe, (green symbols) or MoS; (orange symbols) weak links. Dashed
lines in (a) are fits to the data to guide the eye. Solid lines in (b) are
the result of resistivity simulations within the Thomas-Fermi model.
(d) Schematic band alignment of bulk WSe, (green-shaded bars) and
MoS, (orange-shaded bars) relative to the NbSe, work function (blue
dashed line), along with their monolayer values (red outlines) [43, 44].
(e), (f) Temperature dependencies of IgR,, and I/, respectively,
for JJs with MoS, weak links. Solid black line in (e) is the A-B limit.

Fermi model, their tunneling barrier heights should be roughly
the same. Our DC transport results affirm this prediction, with
Jjso and R, A having nearly the same exponential dependence
on weak link thickness for both WSe, and MoS, (Fig. 6(a) &
(b)). However, fewer layers of MoS; are required to achieve
the same tunneling properties than with WSe,, suggesting that
tunneling-type behavior is onset at a smaller thickness. We
compare /19 for WSe; and MoS; weak links in Fig. 6(c)
and find that the junctions with MoS; have lower loss for thin-
ner weak links as indicated by a higher Q*. In Fig. 6(e) we plot
IR, for JJs with 3-, 5-, and 9-layer-thick MoS, weak links, and
we find that the crossover from above to below the A-B limit
(black line) occurs between 3 and 5 layers, once again suggest-
ing a crossover from proximity- to tunneling-type behavior.
Meanwhile, the temperature dependence of 1./, plotted in
Fig. 6(f) is less indicative of a crossover but nonmonotonicity
appears to enhance with increasing layer number. Regardless,
the data suggest that by changing the band alignments of the

constituent JJ materials, we may change the tunneling strength
sufficiently to yield different amounts of Josephson coupling
and damping for the same weak link thicknesses and tunnel
barrier heights.

APPENDIX D: THOMAS-FERMI MODEL FOR
SELF-CONSISTENT POTENTIAL IN THE TUNNELING
REGION

We employ the Thomas-Fermi model to simulate charge car-
rier density in layers of WSe; or MoS; between NbSe, elec-
trodes by solving the Poisson equation for the self-consistent
potential V(x),

d*v
=, ()

where € is the dielectric constant in the perpendicular to the
semiconductor plane direction, one of two fitting parameters.
The best fit of € = 5.5 for both WSe, and MoS, is consistent
with values reported in literature [52—54]. The charge carrier
density p(x) is found from the 2D carrier density on each
WSe; layer n; separated by distance d = 6.5 A,

N
p() = ) mexp(~(x=d -0/ ) /(o). @)

i=1

where we employ Gaussian broadening with o = 3 A to mimic
the finite width of the electron cloud between the crystalline
semiconductor layers. The 2D charge carrier density n; de-
pends on the electrostatic potential V; = V(d - i) in the middle
of the monolayers, which is found self-consistently via

2my, 1+ e(—eV,-+AW)/kBT

Vi) =ksl- o I\ T E et |+ )

where mj; = 0.53 m, [55] (0.64 m, [56]) is the hole ef-
fective mass in WSe, (MoS5) in units of electron mass m,,
AW = 1.07 eV (0.34 eV) [43, 44] is the workfunction mis-
match between NbSe, and WSe; (MoS,), and E, is the
bandgap of the semiconductor. We choose the Fermi energy
in the metal as zero of energy and the boundary condition of
Vix=0)=V(x=L) =0V, where L =d- (N + 1), imply
hole doping of the semiconductor near the contacts.

Once the self-consistent potential V' (x) is obtained for junc-
tions with different numbers of layer N, we use WKB approx-
imation to calculate tunneling conductance according to:

6= [ [-LEEED) 4

B L 2my(E - eV(x) — AW)
2/0 \/ dx) 4)

T(E) =exp 7

where Gp; = 1.6 S-pm~2 (0.026 S-pm~2) is a fit parameter
which has the meaning of a product of ballistic conductance of
NbSe; and an additional scattering barrier at the NbSe,/WSe;
(NbSe,/MoS;) interface due to the wavefunction mismatch
in two materials. The resulting resistance 1/G simulated at
T — 0 K limit is plotted in Fig. 1(d) and Fig. 6(b).



[1] J. Koch, T. M. Yu, J. Gambetta, A. A. Houck, D. I. Schuster,
J. Majer, A. Blais, M. H. Devoret, S. M. Girvin, and R. J.
Schoelkopf, Charge-insensitive qubit design derived from the
Cooper pair box, Phys. Rev. A 76, 042319 (2007).

[2] Y.-P. Shim and C. Tahan, Bottom-up superconducting and

Josephson junction devices inside a group-IV semiconductor,

Nat. Comm. §, 4225 (2014).

D. Willsch, D. Rieger, P. Winkel, M. Willsch, C. Dickel,

J. Krause, Y. Ando, R. Lescanne, Z. Leghtas, N. T. Bronn,

et al., Observation of Josephson harmonics in tunnel junctions,

Nat. Phys. 20, 815 (2024).

R. Zhao, S. Park, T. Zhao, M. Bal, C. McRae, J. Long, and

D. Pappas, Merged-element transmon qubit, Phys. Rev. Appl.

14, 064006 (2020).

D.I. Olaya, J. Biesecker, M. A. Castellanos-Beltran, A. J. Sirois,

P. F. Hopkins, P. D. Dresselhaus, and S. P. Benz, Nb/a-Si/Nb

Josephson junctions for high-density superconducting circuits,

Appl. Phys. Lett. 122, 182601 (2023).

[6] N. P. de Leon, K. M. Itoh, D. Kim, K. K. Mehta, T. E. Northup,
H. Paik, B. S. Palmer, N. Samarth, S. Sangtawesin, and D. W.
Steuerman, Materials challenges and opportunities for quantum
computing hardware, Science 372, 253 (2021).

[7] S. Oh, K. Cicak, J. S. Kline, M. A. Sillanpédd, K. D. Osborn,

J. D. Whittaker, R. W. Simmonds, and D. P. Pappas, Elimination

of two level fluctuators in superconducting quantum bits by an

epitaxial tunnel barrier, Phys. Rev. B 74, 100502 (2006).

J. Shabani, M. Kjaergaard, H. J. Suominen, Y. Kim, F. Nichele,

K. Pakrouski, T. Stankevic, R. M. Lutchyn, P. Krogstrup, R. Fei-

denhans’l, er al., Two-dimensional epitaxial superconductor-

semiconductor heterostructures: A platform for topological su-

perconducting networks, Phys. Rev. B 93, 155402 (2016).

[9] C.J. K. Richardson, A. Alexander, C. G. Weddle, B. Arey, and
M. Olszta, Low-loss superconducting titanium nitride grown
using plasma-assisted molecular beam epitaxy, J. Appl. Phys.
127, 235302 (2020).

[10] A. Goswami, A. P. McFadden, T. Zhao, H. Inbar, J. T. Dong,
R.Zhao, C.R. H. McRae, R. W. Simmonds, C. J. Palmstrgm, and
D. P. Pappas, Towards merged-element transmons using silicon
fins: The FinMET, Appl. Phys. Lett. 121, 064001 (2022).

[11] A. Antony, M. V. Gustafsson, A. Rajendran, A. Benyamini,
G. Ribeill, T. A. Ohki, J. Hone, and K. C. Fong, Making high-
quality quantum microwave devices with van der Waals super-
conductors, J. Phys. Condens. Matter 34, 103001 (2022).

[12] J. I. Wang, M. A. Yamoah, Q. Li, A. H. Karamlou, T. Dinh,
B. Kannan, J. Braumiiller, D. Kim, A. J. Melville, S. E.
Muschinske, ef al., Hexagonal boron nitride as a low-loss di-
electric for superconducting quantum circuits and qubits, Nat.
Mater. 21, 398 (2022).

[13] L. Wang, I. Meric, P. Y. Huang, Q. Gao, Y. Gao, H. Tran,
T. Taniguchi, K. Watanabe, L. M. Campos, D. A. Muller, et al.,
One-dimensional electrical contact to a two-dimensional mate-
rial, Science 342, 614 (2013).

[14] C.R. Dean, L. Wang, P. Maher, C. Forsythe, F. Ghahari, Y. Gao,
J. Katoch, M. Ishigami, P. Moon, M. Koshino, ez al., Hofstadter’s
butterfly and the fractal quantum Hall effect in moiré superlat-
tices, Nature 497, 598 (2013).

[15] G. H. Lee, S. Kim, S. H. Jhi, and H. J. Lee, Ultimately short
ballistic vertical graphene Josephson junctions, Nat. Comm. 6,
6181 (2015).

[16] J. O. Island, G. A. Steele, H. S. J. van der Zant, and
A. Castellanos-Gomez, Thickness dependent interlayer trans-

3

—_—

[4

—_

(5

—

[8

—_—

portin vertical MoS, Josephson junctions, 2D Mater. 3, 031002
(2016).

[17] M. Kim, uiG.-H. Park, J. Lee, J. H. Lee, J. Park, H. Lee, G.-
H. Lee, and H.-J. Lee, Strong proximity Josephson coupling
in vertically stacked NbSe,—graphene—-NbSe, van der Waals
junctions, Nano Lett. 17, 6125 (2017).

[18] K. H. Lee, S. Chakram, S. E. Kim, F. Mujid, A. Ray, H. Gao,
C. Park, Y. Zhong, D. A. Muller, D. 1. Schuster, et al., Two-
dimensional material tunnel barrier for Josephson junctions and
superconducting qubits, Nano Lett. 19, 8287 (2019).

[19] C. Boix-Constant, S. Mafias-Valero, R. Cérdoba, and E. Coro-
nado, Van der waals heterostructures based on atomically-thin
superconductors, Adv. Electron. Mater. 7, 2000987 (2021).

[20] J. Tian, L. A. Jauregui, C. D. Wilen, A. F. Rigosi, D. B. Newell,
R. McDermott, and Y. P. Chen, A Josephson junction with h-BN
tunnel barrier: observation of low critical current noise, J. Phys.
Condens. Matter 33, 495301 (2021).

[21] X. Du, I. Skachko, and E. Y. Andrei, Josephson current and
multiple Andreev reflections in graphene SNS junctions, Phys.
Rev. B 77, 184507 (2008).

[22] F. Miao, W. Bao, H. Zhang, and C. N. Lau, Premature switching
in graphene Josephson transistors, Solid State Communications
149, 1046 (2009).

[23] G. H. Lee, D. Jeong, J. H. Choi, Y. J. Doh, and H. J. Lee, Elec-
trically tunable macroscopic quantum tunneling in a graphene-
based Josephson junction, Phys. Rev. Lett. 107, 146605 (2011).

[24] M. Ohtomo, R. S. Deacon, M. Hosoda, N. Fushimi, H. Hosoi,
M. D. Randle, M. Ohfuchi, K. Kawaguchi, K. Ishibashi, and
S. Sato, Josephson junctions of Weyl semimetal WTe, induced
by spontaneous nucleation of PdTe superconductor, Applied
Physics Express 15, 075003 (2022).

[25] M. Endres, A. Kononov, H. S. Arachchige, J. Yan, D. Man-
drus, K. Watanabe, T. Taniguchi, and C. Schénenberger, Cur-
rent—phase relation of a WTe, Josephson junction, Nano Lett.
23, 4654 (2023).

[26] 1. Guillamon, H. Suderow, F. Guinea, and S. Vieira, Intrinsic
atomic-scale modulations of the superconducting gap of 2H-
NbSe,, Phys. Rev. B 77, 134505 (2008).

[27] K. K. Kam and B. A. Parkinson, Detailed photocurrent spec-
troscopy of the semiconducting group VIB transition metal
dichalcogenides, J. Phys. Chem. 86, 463 (1982).

[28] L. Britnell, R. V. Gorbachev, R. Jalil, B. D. Belle, F. Schedin,
M. L. Katsnelson, L. Eaves, S. V. Morozov, A. S. Mayorov,
N. M. R. Peres, et al., Electron tunneling through ultrathin boron
nitride crystalline barriers, Nano Lett. 12, 1707 (2012).

[29] T. A.Fultonand L. N. Dunkleberger, Lifetime of the zero-voltage
state in Josephson tunnel junctions, Phys. Rev. B9, 4760 (1974).

[30] We acknowledge that the 7L device exhibits two switching
events: the first is the switching of the junction and the sec-
ond is likely due to one of the NbSe, flakes being driven out
of its superconducting state due to the application of a large
(~ 1 mA) bias current.

[31] H. Courtois, M. Meschke, J. T. Peltonen, and J. P. Pekola, Origin
of hysteresis in a proximity Josephson junction, Phys. Rev. Lett.
101, 067002 (2008).

[32] W. C. Stewart, Current-voltage characteristics of Josephson
junctions, Appl. Phys. Lett. 12, 277 (1968).

[33] D. E. McCumber, Effect of ac impedance on dc voltage-current
characteristics of superconductor weak-link junctions, J. Appl.
Phys. 39, 3113 (1968).

[34] V. Ambegaokar and A. Baratoff, Tunneling between supercon-



ductors, Phys. Rev. Lett. 11, 104 (1963).

[35] E. Gross, B. S. Chandrasekhar, D. Einzel, K. Andres, P. J.
Hirschfeld, H. R. Ott, J. Beuers, Z. Fisk, and J. L. Smith, Anoma-
lous temperature dependence of the magnetic field penetration
depth in superconducting UBe;3, Z. Phys. B 64, 175 (1986).

[36] I. Kulik and A. Omel’yanchuk, Contribution to the microscopic
theory of the Josephson effect in superconducting bridges, JETP
Letters 21, 96 (1975).

[37] W. Haberkorn, H. Knauer, and J. Richter, A theoretical study of
the current-phase relation in Josephson contacts, Phys. Status
Solidi A 47, K161 (1978).

[38] A. A. Golubov, M. Y. Kupriyanov, and E. II’ichev, The current-
phase relation in Josephson junctions, Rev. Mod. Phys. 76, 411
(2004).

[39] A. Golubov and M. Y. Kupriyanov, Josephson effect in SNINS
and SNIS tunnel junctions with finite transparency of the SN
boundaries, JETP 69, 805 (1989).

[40] A. A. Golubov, M. A. Gurvich, M. Y. Kupriyanov, and S. V.
Polonskii, Josephson effect in SS’IS’S tunnel structures, JETP
Letters 76, 915 (1993).

[41] A. A. Golubov, E. P. Houwman, J. G. Gijsbertsen, V. M. Kras-
nov, J. Flokstra, H. Rogalla, and M. Y. Kupriyanov, Proximity ef-
fect in superconductor-insulator-superconductor Josephson tun-
nel junctions: Theory and experiment, Phys. Rev. B 51, 1073
(1995).

[42] Y. C. Chen, M. P. A. Fisher, and A. J. Leggett, The return of
a hysteretic Josephson junction to the zero-voltage state: -V
characteristic and quantum retrapping, J. Appl. Phys. 64, 3119
(1988).

[43] T. Shimada, F. S. Ohuchi, and B. A. Parkinson, Work function
and photothreshold of layered metal dichalcogenides, Japanese
J. Appl. Phys. 33, 2696 (1994).

[44] Y. Guo and J. Robertson, Band engineering in transition metal
dichalcogenides: Stacked versus lateral heterostructures, Appl.
Phys. Lett. 108, 233104 (2016).

[45] J. Guan, H.-J. Chuang, Z. Zhou, and D. Tomdnek, Optimizing
charge injection across transition metal dichalcogenide hetero-
junctions: Theory and experiment, ACS Nano 11, 3904 (2017).

[46] Y. Sata, R. Moriya, S. Masubuchi, K. Watanabe, T. Taniguchi,
and T. Machida, N- and p-type carrier injections into WSe,
with van der Waals contacts of two-dimensional materials, Jpn.
J. Appl. Phys. 56, 04CKO09 (2017).

[47] A. Anferov, F. Wan, S. P. Harvey, J. Simon, and D. I. Schus-

(48]

[49]

(50]

[51]

[52]

(53]

[54]

[55]

[56]

10

ter, Millimeter-wave superconducting qubit, PRX Quantum 6,
020336 (2025).

S. Liu, Y. Liu, L. Holtzman, B. Li, M. Holbrook, J. Pack,
T. Taniguchi, K. Watanabe, C. R. Dean, A. N. Pasupathy,
K. Barmak, D. A. Rhodes, and J. Hone, Two-step flux syn-
thesis of ultrapure transition-metal dichalcogenides, ACS Nano
17, 16587-16596 (2023).

R. Kenaz, S. Ghosh, P. Ramachandran, K. Watanabe,
T. Taniguchi, H. Steinberg, and R. Rapaport, Thickness map-
ping and layer number identification of exfoliated van der Waals
materials by Fourier imaging micro-ellipsometry, ACS Nano
17, 9188-9196 (2023).

Y. Li, Y. Rao, K. F. Mak, Y. You, S. Wang, C. R. Dean, and
T. F. Heinz, Probing symmetry properties of few-layer MoS;
and h-BN by optical second-harmonic generation, Nano Lett.
13, 3329-3333 (2013).

F. A. Cevallos, S. Guo, H. Heo, G. Scuri, Y. Zhou, J. Sung,
T. Taniguchi, K. Watanabe, P. Kim, and H. Park, et al., Liquid
salt transport growth of single crystals of the layered dichalco-
genides MoS; and WS,, Cryst. Growth Des. 19, 5762-5767
(2019).

A. Laturia, M. L. Van de Put, and W. G. Vandenberghe, Dielec-
tric properties of hexagonal boron nitride and transition metal
dichalcogenides: from monolayer to bulk, npj 2D Mater. Appl.
2,6 (2018).

M. Belete, S. Kataria, U. Koch, M. Kruth, C. Engelhard,
J. Mayer, O. Engstrom, and M. C. Lemme, Dielectric prop-
erties and ion transport in layered MoS, grown by vapor-phase
sulfurization for potential applications in nanoelectronics, ACS
Appl. Nano Mater. 1, 6197-6204 (2018).

Y. Hou, G. Wang, C. Ma, Z. Feng, Y. Chen, and T. Filleter,
Quantification of the dielectric constant of MoS, and WSe,
Nanosheets by electrostatic force microscopy, Mater. Charact.
193, 112313 (2022).

W. Zhao, Y. Huang, C. Shen, C. Li, Y. Cai, Y. Xu, H. Rong,
Q. Gao, Y. Wang, and L. Zhao, et al., Electronic structure of
exfoliated millimeter-sized monolayer WSe, on silicon wafer,
Nano Res. 12, 3095-3100 (2019).

A. Kormanyos, G. Burkard, M. Gmitra, J. Fabian, V. Zélyomi,
N. D. Drummond, and V. Fal’ko, k-p theory for two-dimensional
transition metal dichalcogenide semiconductors, 2D Mater. 2,
022001 (2015).



