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Two-dimensional (2D) superconductors are emerging platforms supporting both
strongly correlated physics and quantum information science'. Their reduced
dimensionality, atomically flatinterfaces and high crystallinity are particularly
attractive for realizing compact lumped-element devices in superconducting
circuits®>. However, large-scale synthesis of monolayer 2D superconductors remains
challenging as they are easily oxidized in air®. Here we report an ‘encapsulation epitaxy’
mechanism that enables the growth of large-area (more than1inch), air-stable,
monolayer niobium diselenide (NbSe,) films (1L-NbSe,) and explore their potential for
superconducting quantum circuits. This work represents a distinct growth phenomenon
inwhicha2D encapsulation layer, such as graphene or hexagonal boron nitride,
pre-deposited ona3D substrate (for example, SiO, or Si;N,) simultaneously servesasa
template for the epitaxial growth of 1L-NbSe, underneathit at the encapsulation-substrate
interface and as a protective capping layer against ambient degradation. The as-grown

1L-graphene/NbSe, heterostructures exhibit robust superconductivity (superconducting
transition temperature 7. = 1K) and enhanced charge density waves (CDWs; CDW
transition temperature T, = 177 K). We further demonstrate the integration of
1L-NbSe, into superconducting circuits by developing oxidation-free transfer and
superconducting edge-contact techniques. The 1L-NbSe, in these circuits feature a
measured kinetic inductance L, = 0.7 nH ], making it suitable for quantum circuits
requiring elements with high kinetic inductance. This encapsulation-epitaxy
methodology enables the production of air-stable 2D superconductors and van der
Waals heterostructures, holding promise for wafer-scale, monolithic fabrication of
superconducting quantum circuitry.

Two-dimensional (2D) superconducting transition metal dichalco-
genides (SC-TMDs) are a materials system where strongly correlated
physics and quantum information science converge!? At reduced
dimensionality, quantum confinement significantly modifies the
behaviour of electronic phases in SC-TMDs, such as charge density
waves (CDWs), quantum spin liquids® and superconductivity®, leading
todistinct phenomena compared with their bulk counterparts, making
2D SC-TMDs an ideal platform for studying correlated physics. The
atomically flatinterfaces and layered structure of SC-TMD heterostruc-
tures make them promising candidates for realizing quantum devices
with significantly reduced footprint and crosstalk®>. For instance,

superconducting transmon qubits incorporating niobium diselenide
(NbSe,)/hexagonal boron nitride (hBN)/NbSe, parallel-plate capacitors
have achieved coherence times comparable to those of conventional
aluminium (Al)-based qubits, while occupying over 250 times less area®.
However, monolayer SC-TMDs are highly air sensitive, and their super-
conductivity is easily disrupted by external perturbations and local
defects. The growth of high-quality monolayer SC-TMDs has been a
critical challenge®, hindering their application towards next-generation
quantum devices.

Unlike semiconducting TMDs (such as MoS, and WSe,), which have
seen rapid progress in synthesis techniques'®™?, the difficulties in the
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growth of monolayer SC-TMDs come from the high melting points
and low surface diffusivity of the precursors, which hinder the forma-
tion of continuous and uniform monolayers®. For instance, attempts
to synthesize monolayer SC-TMDs using molecular-beam epitaxy™**
or molten-salt assisted chemical vapour deposition (CVD)***¢ have
yielded only micrometre-sized flakes with non-uniform layer thick-
ness. Although electrochemical exfoliation produces monolayer flakes
withlarger lateral sizes, the thickness and uniformity of these films are
poorly controlled in general”. In another two-step CVD approach, a
metal filmis first deposited on the target substrate and subsequently
convertedinto SC-TMDs, which has enabled the synthesis of wafer-scale
SC-TMDs'®”, However, the average grain sizes of these films are in
the nanometre regime (approximately 8.2 nm for monolayer NbSe,
(ref.19) and approximately 50-100 nm for multilayer SC-TMDs’®),
whichmay compromise the material quality (for example, more scatter-
ingatgrainboundaries). At present, the reliable synthesis of homogene-
ous, highly crystalline, wafer-scale monolayer SC-TMD films remains
asignificant challenge.

To tackle the air-sensitivity, non-uniformity and crystallinity chal-
lenges of NbSe,, itisinstructive to consider growth strategies demon-
strated in other material systems. Previous studies have shown that
graphene can enable the growth of materials beneath it?**, These
studies highlight the ability of using a 2D template layer to act as a
mechanically robust yet permeable cover layer that enables confined
growth and stabilizes otherwise difficult-to-grow phases.

In addition to superconductivity, SC-TMDs usually exhibit CDW
order®. ACDW s the periodic modulation of the conduction electron
density and its associated lattice distortion. At atomically thin thick-
ness, the electron-phonon interaction is strengthened and leads to
more prominent CDW phenomena. For instance, monolayer NbSe,
(1L-NbSe,) has been reported to exhibit strongly enhanced CDWs with
transition temperatures (Tcpy) as high as 145 K (ref. 7). However, the
observation of CDW phase transition has been limited primarily to
exfoliated and molecular-beam-epitaxy-grown samples”*%, and the
observation of CDW order in CVD-grown NbSe, has yet to be reported.

Inthis work, we report an ‘encapsulation epitaxy’ strategy that ena-
bles the growth of large-scale, air-stable superconducting 1L.-NbSe,
films at the interface of a ‘2D-3D hybrid substrate’, and is extendable
to growing other TMD materials with high-melting-point precursors.
The 2D-3D hybrid substrate comprises a 2D layer (graphene or hBN)
pre-deposited onathree-dimensional (3D) amorphous substrate (sili-
condioxide (Si0,) or silicon nitride (Si;N,)), where the 2D layer serves
both as an epitaxial growth template and as an encapsulation layer
againstambient degradation of NbSe,. Density functional theory (DFT)
calculations show that the 2D-3D substrate combines the advantages
of alow diffusion barrier present at 2D material surfaces and a high
adsorptionenergy presentat 3D SiO, surfaces, which together ensures
monolayer growthinthe van der Waals gap with ultra-cleaninterfaces.
We observed robust CDW formation comparable to exfoliated samples
inboth CVD graphene/NbSe,and hBN/NbSe,. We further demonstrate
areliable process for integrating our CVD-grown 1L-NbSe, into super-
conducting circuits, enabled by oxidation-free, wafer-scale transfer
of SC-TMD thin films and by a superconducting, one-dimensional
edge-contact technique that shows negligible contact resistance at
low temperatures. Finally, we extract the kineticinductance of the CVD
monolayer NbSe, via microwave characterization, highlighting the
potential of CVD-grown SC-TMDs as amaterial platform for developing
extensive quantum computing architectures based on 2D materials.

Encapsulation epitaxy

Theencapsulation-epitaxy growth processisillustrated in Fig.1a. First,
alayer of 2D material (such as graphene or hBN) is transferred to a3D
amorphous SiO, substrate. Then this 2D-3D hybrid substrateis placed
inside a CVD furnace for the synthesis of the 1L-SC. Under the growth
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conditions we have designed for this work (see Methods for details),
no growth happens onthe exposed 2D surface. Instead, the precursors
enter the van der Waals gap at the 2D-3D interface, nucleate and form
epitaxial 1L-SC flakes, and eventually merge into a continuous 1L-SC film
attheinterface. Nomultilayer growthis observed during this process
(Fig. 1b). Such growth behaviour is not observed on the exposed 3D
or 2D surfaces under the same growth conditions. For example, on
the exposed 3D surface, only isolated thick flakes with non-uniform
thickness, typically >100 nm, are detected (Extended Data Fig. 1; it is
noted that this growth was performed under a metal-precursor-rich
condition; see ‘Selective-area growth’ in Methods for further discus-
sion). Onthe exposed 2D surface, no growth of the 1L-SC is observed,
as evidenced by Raman characterization (Extended Data Fig. 2).

These growth behaviours are elucidated by DFT calculations in
combination with thermodynamic and kinetic modelling?¥. In CVD
thin-film growth, the surface diffusion coefficient D, determines how
quickly adatoms can travel on the surface and follows an Arrhenius
form?:

_ Eqife

D,=Dyxe kT @

where D, is the pre-exponential factor, E . is the surface diffusion
energy barrier, kyis the Boltzmann constant and Tis the growth temper-
ature. Meanwhile, the residence time rdetermines how long adatoms
canstay onthe surface before desorbing (thus thelikelihood of adatom
incorporation) and is defined as?”:

Ead,
r=v1xewr )

where vis the surface vibration frequency and £, is the adsorption
energy between the adatom and the substrate. These equations con-
nect the surface energies (Ey;, E,qs) With the kinetic parameters (D, 7).

Onthe exposed SiO, surface, DFT calculations reveal a high diffu-
sion barrier for NbSe, adatoms (£, = 1.0 eV), which greatly exceeds
the available thermal energy at the relevant growth temperature
(950 °C). According to equation (1), the diffusion coefficient is rela-
tively low (D, = 7.6 x10~8 cm?s™). It severely limits the lateral adatom
migration that is critical for layer-by-layer growth. Meanwhile, NbSe,
binds strongly to SiO, (E,4 = 2.6 €V), resulting in a relatively long resi-
dencetime (r= 5.2 ms) that promotes nucleation. These factors make
vertical growth more favourable than lateral growth, leading to the
formation of thick flakes on bare SiO,. In contrast, the graphene sur-
face presents a lower diffusion barrier (E = 0.3 eV), enabling fast
surface diffusion with a diffusion coefficient over three-orders-of-
magnitude higher than on SiO, (D, = 5.8 x107° cm?s™). However,
graphene’s weaker adsorption energy (E,4 = 1.9 eV) results in an
approximately three-orders-of-magnitude shorter residence time
(r=6.8 x107 ms). Thisincreases the desorption rate and significantly
suppresses nucleation, resulting in minimal growth on graphene. In
short, SiO, favours nucleation but hinders lateral growth; graphene
supports adatom mobility but fails to sustain nucleation. Encapsula-
tion epitaxy overcomes these limitations viaa2D-3D hybrid substrate
design, which combines the high adsorption energy of the 3D substrate
surface to promote asufficient residence time and nucleation, and alow
diffusion barrier of 2D layer surface for efficient lateral migration. This
synergistic effect enables uniform monolayer formation at the 2D-3D
interface (additional DFT calculations and substrate-dependent growth
results shown in Extended Data Figs. 3 and 4; additional discussion is
provided in Methods).

Tofurther elucidate the precursor diffusion and nucleationinitiation
locations, we have conducted extensive growth studies and characteri-
zations on exfoliated hBN and CVD graphene under various growth
times and conditions, as shownin Supplementary Figs.1-4. The nuclea-
tion of NbSe, under hBN mainly initiates at edges, cracks and wrinkles,
although we cannot exclude the possibility of nucleation initiating
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from defects. The monolayer CVD-grown graphene template shows
a higher density of wrinkles and defects than exfoliated hBN, which
further enhances the nucleation probability and lateral growth rate
(see Supplementary Fig. 5 for statistical Raman characterizations of
graphene defects before and after growth). However, this defect genera-
tionislimited and the graphene lattice remains largely intact, providing
effective encapsulation against ambient exposure (see Methods for
further discussion about the possible trade-off between growth uni-
formity and environmental stability). The combined edge-, wrinkle- and
defect-assisted pathways enable continuous monolayer-film formation
atthe2D-3Dinterface.

Figure 1d shows a photograph of inch-scale CVD-grown 1L-NbSe, at
the graphene/SiO, interface. The growth is enabled by innovations in
bothsubstrate engineering and precursor delivery. The substrate uses
the special 2D-3D hybrid approach, as discussed in the previous sec-
tion. The precursor delivery isbased on amodified face-to-face strategy
and utilizes vapour-phase salt as growth promoters (Supplementary
Fig. 6 and Methods), enabling highly scalable and uniform growth.
The as-synthesized NbSe, films exhibit excellent growth uniformity
(Fig. 1h-j and Extended Data Fig. 5c,d) and monolayer thickness, as
determined by cross-sectional high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) imaging (Fig. 1e
and Supplementary Fig. 7), atomic force microscopy (AFM) measure-
ments (Fig. 1g), and the absence of aninterlayer shear mode between
20 cm™and 30 cm™ in the Raman spectra (Fig. 2¢). The material also
shows awell-defined chemical structure, supported by Ramanand X-ray
photoelectron spectroscopy (XPS) analyses (Extended Data Fig. 5).
Thefactthatgrowth occursatthe 2D-3D interface, rather thanonthe
exposed top surface of the 2D template, is confirmed by a combina-
tion of cross-sectional STEM imaging (Fig. 1e), and the corresponding
energy-dispersive X-ray spectroscopy mapping (Fig. 1f), cryogenic
dry pick-up test (Extended Data Fig. 2) and air-stability characteriza-
tion (Extended Data Fig. 6). Notably, the encapsulation layer signifi-
cantly enhances the air stability of NbSe, throughout the growth and
post-growth characterization and fabrication processing, including
robust Raman characterization acquired in ambient after 2 weeks of
air exposure (Extended Data Fig. 6). When we peeled offthe encapsula-
tion layer, which can be done for NbSe, grown at the hBN-SiO, inter-
face (Extended Data Fig. 2), only the hBN was picked up while NbSe,
stayed on the SiO,. After hBN removal, the exposed 1L-NbSe, started
to degrade immediately owing to exposure to air. Ambient Raman
characterization was no longer feasible, because even low-power and
short-time laser excitations (approximately 140 pW um™ for 3 s) will
createaholein the un-encapsulated NbSe, (Extended DataFig. 2); this
isone example that clearlyillustrates the ambient stability enabled by
encapsulation epitaxy.

InFig.2a,the HAADF-STEM image shows the top-view, atomic-scale
lattice structure of as-synthesized 1L-NbSe,, with a well-defined hexago-
nal lattice for IL-NbSe, with 1H crystal structure (see Supplementary
Fig. 8 for extensive STEM characterizations). The extracted lattice
constant is 0.34 nm, in good agreement with previous literature®.
The encapsulation graphene is not visible in the HAADF-STEM image
owing to the much smaller atomic number of carbon as compared
withniobium and selenium. Figure 2b shows the selected areaelectron
diffraction (SAED) pattern of NbSe,, which clearly shows the diffrac-
tion pattern of both the NbSe, and the encapsulation graphene layers.
Additional SAED images are provided in Extended Data Fig. 7. These dif-
fraction patterns are taken acrossa200 x 200 pm?area, and the aligned
patterns of NbSe, and graphene indicate that the NbSe, is epitaxially
aligned with the graphene lattice. This is consistent with the recent
‘hypotaxy’ growth of single-crystalline MoS, underneath graphene™.
However, unlike the previous approach where metal precursors were
pre-deposited on the substrate before graphene encapsulation, in
our approach, the precursors are delivered in gas phase directly into
the pre-formed graphene/SiO, or hBN/SiO, interface. In addition, the
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top graphene (or hBN) layer remains after growth is finished, serving
as an effective encapsulation layer afterwards. This approach further
supportstheselective-area growth of NbSe, using patterned graphene
onaSiO,substrate (Extended DataFig. 8; see also Methods for details
of controlling the gas-phase metal-precursor concentration in the
low-mass-flux regime), which indicates the possibility of obtaining pat-
terned structures directly from growth to facilitate specific fabrication
needs in the future. Moreover, this approach can also be extended to
the growth of other TMD materials with high-melting-point precur-
sors, such as VSe,, VS,, NbS, and WTe, (see Extended Data Fig. 9 for
preliminary results).

CDWinCVD1L-NbSe, film

The CVD-grown 1L-NbSe, shows robust electronic ordering, as mani-
fested by the robust CDW signatures comparable to, or even surpassing,
those of exfoliated 1L-NbSe,. Figure 2c,d shows CDW measurements of
1L-graphene/NbSe, on SiO,/Si substrate via temperature-dependent
Raman characterization from 30 K to 250 K (additional characteri-
zation shown in Supplementary Fig. 9). The monolayer thickness of
NbSe, is validated by the absence of aninterlayer shear mode’ between
20 cm™and 30 cm™. As the temperature decreases, we observe the
clear emergence of aCDW amplitude mode and aweak, high-frequency
feature (marked in the figure), two characteristics of CDWs in NbSe,.
The extracted transition temperature (7¢,y) for graphene/NbSe, is
approximately 177.0 K (Fig. 2e). Similar results are observed on 1L-NbSe,
grown atthe hBN/SiO, interface (Extended Data Fig.10; Ty, = 185.1K).
These CDW features arein good agreement with a previous study that
measured exfoliated 1L-NbSe, (ref. 7). The pronounced CDW features
observed here indicate robust electronic ordering in the CVD-grown
monolayer NbSe, films*, and, together with the structural and spec-
troscopic characterizations presented in Fig. 1, support their overall
high quality. Both the Gand 2D bands of the graphene on top of NbSe,
show pronounced blueshifts compared with graphene on SiO, (Fig. 2f
and Supplementary Figs. 10 and 11), indicating the introduction of
both strain and doping on the graphene template after growth®>*, and
arerespectively attributed to the heating and cooling process of CVD
growth and the interlayer charge transfer effect between graphene
and NbSe,.

Superconductivity in CVD 1L-NbSe, film

We nextinvestigated the low-temperature electrical transport proper-
ties of air-stable, low-defect 1L-NbSe, films. For this purpose, we first
developed a specialized set of fabrication methodologies tailored
for air-sensitive 2D materials, asillustrated in Fig. 3a—c. Following the
synthesis by encapsulation epitaxy, we performed an oxidation-free
transfer based on the electrical double layer (EDL) force transfer pro-
cess*, which enables the assembly of heterostructures with additional
vander Waals materials and the larger-scale integration with other sub-
strates and circuits (Supplementary Fig.12). An example van der Waals
heterostructure made of hBN, NbSe,, graphene and MoS, is shown in
Supplementary Fig.13, which simultaneously shows the Raman peaks
of each functioning layer.

The four-probe measurements confirm that the 1L-NbSe, films are
superconducting at low temperatures after transfer and device fabrica-
tion processes. The device was fabricated inan edge-contact configura-
tion, inwhich graphene/NbSe, heterostructures were transferred onto
anew SiO,/Sisubstrate by the EDL transfer method and contacted at the
heterostructure edges with Al electrodes (see Supplementary Figs.12-
15 and Methods for fabrication and measurement details). As shown
inFig.3d,e, the measured resistancein the four-probe set-up exhibits
metallic behaviour (dR/dT > 0) at high temperatures and a supercon-
ducting transition with critical temperature 7, = 1K, which agrees with
previous literature'®, We measure the differential resistance (dV/d/)
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f, Differential resistance (dV/d/) as afunction of direct-current bias current
measured at 10 mK using an alternating-current excitation of 5nA. The data

and current-voltage (/-V) characteristics of the edge-contacted device
by sweeping the direct-current bias current (/) from -1 pAto1pA,
as shown in Fig. 3f, and the critical current density (/.) for 1L-NbSe, is
inferred to be 3.7 x 108 A m™. Low hysteresis is observed, indicating
minimal Joule heating and efficient thermal dissipation within the
device®.

Pseudo-four-terminal measurements® further confirm that super-
conducting edge contacts with zero contact resistance are achieved
in edge-contacted graphene/NbSe, devices at low temperature, as
shownin Fig. 3g-i (see Methods for more discussion). Superconduct-
ing contacts are essential for integrating 1L-SCs into quantum circuits
through ohmicinterfaces, thereby preserving high internal quality fac-
tors Q,and minimizing dissipation. Our results demonstrate that encap-
sulation epitaxy enables the direct growth of heterostructures with
clean, bubble-free interfaces, making them suitable for a wide range
of applications. In this system, the graphene layer not only protects
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were acquired for bothincreasing (red) and decreasing (blue) current sweeps.
Inset: current-voltage (/-V) curves measured in both sweeping directions
show no discernible hysteresis within the resolution of this measurement.

g, Schematic of the pseudo-four-probe configuration used to characterize the
superconducting edge contactto Al electrodes. h, Differential resistance (dV/
d/) measured inapseudo-four-probe configuration as a function of temperature
from150 mKto1.2 K. ThedV/d/approaches zerointhe dark blueregion,
indicating zero series resistance at the Aland NbSe, edge-contacted interfaces.
i, Temperature dependence of the differential resistance at zero direct-current
bias (/,c =0 pAlinecutinh).

NbSe, from ambient air but also may assist in forming high-quality
superconducting contacts.

Integration with superconducting circuit

We demonstrate that encapsulation-epitaxially grown 1L-NbSe, can
be integrated with conventional Al superconducting circuits. Fig-
ure 4a,b shows the superconducting circuit used to characterize 2D
superconductors in the microwave regime®*. The measured NbSe,
heterostructure comprises MoS,/graphene/NbSe,/hBN layers. All
the components are continuous monolayer films grown by CVD (gra-
phene, NbSe,) or metal-organic CVD (MoS,), except for hBN, which
is exfoliated multilayer flakes (Supplementary Figs. 12 and 13). The
chip is cooled to 10 mKin a dilution refrigerator (see Supplementary
Fig.16 for the wiring schematic), and the microwave transmission coef-
ficient S,, ismeasured as a function of probe frequency using a vector
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Fig.4|Integrating 1L-NbSe, into asuperconducting circuit. a, Optical image
ofthe superconducting circuit used to characterize the kineticinductance of
1L-NbSe, films. Two A/4 Al coplanar waveguide resonators are capacitively
coupled toacommon feedline connected to avector network analyser (VNA).
Port1sendsthe microwaveinput, and port 2 measures the transmitted output
for the S,; measurement. Theinductor-capacitor (LC) filters are connected
tothe DC-biaslines. The LC filters and associated DC-bias lines wereincluded
inthe chip designbut were not used for the measurements reported here.

b, Opticalimage of 1L-NbSe, fully encapsulated by hBN (bottom) and graphene
and MoS, (top) integrated onto the Si chip. The MoS,, graphene and NbSe, are
allmonolayer continuous films synthesized via wafer-scale CVD techniques.
The hBNis obtained by mechanical exfoliation. ‘MW in’ represents the the input
microwave signal; GND denotes the electrical ground of the chip. ¢, An equivalent
circuit model foraA/4 resonator terminated to ground viaaninductor (IL-NbSe,)
and coupled capacitively to afeedline via coupling capacitor C.. Vi represents
the voltage of the microwave input labelled ‘MW in’inb. d, Resonator

network analyser. Figure 4d-f shows the magnitude, phase and com-
plex /-Q data of the 1L-NbSe,-terminated A/4 resonator. A Lorentzian
fit* determines the resonant frequency of the 1L-NbSe,-terminated Al
resonator f, = 4.118 GHz and the internal quality factor Q; = 3.15 x 10*
ataradio-frequency power of —110 dBm at the device. The Q, for the
single-photon limitis 2.29 x 10* (at -125 dBm; Supplementary Fig.17).

To extract the kinetic inductance of 1L-NbSe, heterostructure, we
compare the microwave response of the NbSe,-terminated resonator

spectroscopy (transmission coefficient |S,,|°) of aA/4 Al coplanar waveguide
terminated ground with 1L-NbSe, film, with an applied radio-frequency power
of -110 dBm at the sample. e, Complex /-Q plot of the transmission coefficient
(S,1), with blue dots showing the measured response and thered trace the
Lorentzian fit. Aresonant frequencyf, = 4.118 GHz and internal quality factor
Q;=3.15x10*are extracted from the circle fit (applied radio-frequency power
of -110 dBm). f, Phase of S,, as afunction of frequency. g, Microwave power
dependence of the NbSe,-terminated A/4 resonator. h, The resonant frequency
shift, defined as Af, = f,(P) - f,(P=-130 dBm), plotted as a function of the
applied microwave power P. The observed downwards shift at higher powers
indicates the onset of anonlinearinductancein the superconducting film.

i, Comparison of high-kinetic-inductance films synthesized by extensible
production techniques, focusing on film thickness, crystallinity (grain size)
andkineticinductance (L,). ALD, atomic layer deposition; PVD, physical vapour
deposition.Scalebars, 0.2 mm (a), 10 pm (b).

with that of an all-Al A/4 resonator with identical geometry. From an
analytical model®®, we extract the sheet kinetic inductance of the
CVD1L-NbSe, to be 0.71 nH [J™. It is noted that this value probably
represents the lower bound for the kinetic inductance of CVD-grown
1L-NbSe, in isolation owing to the presence of the graphene layer. In
addition, we sweep the microwave power from -130 dBmto-60 dBm
at the device (Fig. 4g) and observe a resonant frequency shift of
400 kHz (Fig.4h), which can be attributed to the Kerr nonlinearity of the
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film. Finally, we benchmark our CVD-grown 1L-NbSe, film against other
high-kinetic-inductance materials reported in the literature that are
synthesized using wafer-scale-compatible approaches*®*, as shownin
Fig.4i.Currentstate-of-the-artinductors primarily rely on amorphous
or polycrystalline films with nanometre-scale grain sizes (disordered
superconductors). The grain size of 1L-NbSe, is >1 pm, showing much
better crystallinity than other materials such as NbN, NbTiN, TiN and
granular aluminium (gr-Al). We note that the measured flake size in a
partially grown 1L-NbSe, is about 1 um; however, as the growth is epi-
taxial, grainsize canbe muchlarger than1 pumassuming that the grain
stitching is seamless. Therefore, the continuous, air-stable 1L-NbSe,
film synthesized in this work is a highly crystalline monolayer super-
conductor with high kinetic inductance. This opens opportunities to
construct quantum circuits based on wafer-scale superconducting 2D
heterostructures using monolithic fabrication processes, making it well
suited for superconducting quantum circuits in applications such as
metrology*®, sensing* and quantum computing®

In conclusion, the encapsulation-epitaxy method developedin this
work enables wafer-scale growth of monolayer superconducting films
attheinterface of a2D vdW material (for example, graphene or hBN) and
a3D substrate (for example, SiO, or Si;N,) with enhanced air stability,
demonstrating strong potential for use in fabricating superconducting
quantumdevices. The approachisapplicable to other 2D material sys-
tems (Extended Data Fig. 9) and provides aroute todirectly synthesize
van der Waals heterostructures, particularly benefiting air-sensitive
monolayers. We envision that this encapsulation-epitaxy method will
enable abroad class of monolayer materials for advancing technologies
beyond quantum computing.

We became aware of acomplementary but distinctive work?* during
the peer review of this paper.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-026-10865-1.

1. Saito, Y., Nojima, T. & Iwasa, Y. Highly crystalline 2D superconductors. Nat. Rev. Mater. 2,
16094 (2017).

2. Liu, X. & Hersam, M. C. 2D materials for quantum information science. Nat. Rev. Mater. 4,
669-684 (2019).

3. Wang, J. 1. J. et al. Hexagonal boron nitride as a low-loss dielectric for superconducting
quantum circuits and qubits. Nat. Mater. 21, 398-403 (2022).

4. Antony, A. et al. Miniaturizing transmon qubits using van der Waals materials. Nano Lett.
21,10122-10126 (2021).

5. Balgley, J. et al. Crystalline superconductor-semiconductor Josephson junctions for
compact superconducting qubits. Phys. Rev. Appl. 24, 034016 (2025).

6. Cao, Y. etal. Quality heterostructures from two-dimensional crystals unstable in air by
their assembly in inert atmosphere. Nano Lett. 15, 4914-4921(2015).

7. Xi, X. et al. Strongly enhanced charge-density-wave order in monolayer NbSe,.
Nat. Nanotechnol. 10, 765-769 (2015).

8.  Peri, V., Ilani, S., Lee, P. A. & Refael, G. Probing quantum spin liquids with a quantum
twisting microscope. Phys. Rev. B109, 035127 (2024).

9. Xi, X. etal. Ising pairing in superconducting NbSe, atomic layers. Nat. Phys. 12, 139-143
(2016).

10. Li, T. et al. Epitaxial growth of wafer-scale molybdenum disulfide semiconductor single
crystals on sapphire. Nat. Nanotechnol. 16, 1201-1207 (2021).

1. Zhu, J. et al. Low-thermal-budget synthesis of monolayer molybdenum disulfide for silicon
back-end-of-line integration on a 200 mm platform. Nat. Nanotechnol. 18, 456-463 (2023).

12.  Xia, Y. et al. 12-inch growth of uniform MoS, monolayer for integrated circuit manufacture.
Nat. Mater. 22,1324-1331(2023).

13.  Zhou, J. et al. A library of atomically thin metal chalcogenides. Nature 556, 355-359 (2018).

14. Ugeda, M. M. et al. Characterization of collective ground states in single-layer NbSe,.
Nat. Phys. 12, 92-97 (2016).

15.  Naritsuka, M. et al. Superconductivity controlled by twist angle in monolayer NbSe, on
graphene. Nat. Phys. 21, 746-753 (2025).

356 | Nature | Vol 656 | 13 August 2026

16.  Wang, H. et al. High-quality monolayer superconductor NbSe, grown by chemical vapour
deposition. Nat. Commun. 8, 394 (2017).

17.  Li, J. et al. Printable two-dimensional superconducting monolayers. Nat. Mater. 20,
181-187 (2021).

18.  Zhou, Z.J. et al. Stack growth of wafer-scale van der Waals superconductor heterostructures.
Nature 621, 499-505 (2023).

19. Fu, Z. etal. Van der Waals growth of monolayer transition metal dichalcogenide
superconductors on ultra-flat graphene. 2D Mater. 12, 015021 (2024).

20. AlBalushi, Z. et al. Two-dimensional gallium nitride realized via graphene encapsulation.
Nat. Mater. 15, 1166-1171 (2016).

21.  Pécz, B. etal. Indium nitride at the 2D limit. Adv. Mater. 33, 2006660 (2021).

22.  Liu, X. & Hersam, M. C. Borophene-graphene heterostructures. Sci. Adv. 5, eaax6444
(2019).

23. Xie, C. et al. Space-confined growth of monolayer ReSe, under a graphene layer on Au foils.
Nano Res. 12, 149-157 (2019).

24. Bian, C. et al. Atomically precise synthesis and simultaneous heterostructure integration
of 2D transition metal dichalcogenides through nano-confinement. Nat. Mater. https://
doi.org/10.1038/s41563-026-02495-9 (2026).

25. Chen, C.W., Choe, J. & Morosan, E. Charge density waves in strongly correlated electron
systems. Rep. Prog. Phys. 79, 084505 (2016).

26. Venables, J. A., Spiller, G. D. T. & Hanbucken, M. Nucleation and growth of thin films. Rep.
Prog. Phys. 47, 399-459 (1984).

27. Venables, J. A. Atomic processes in crystal growth. Surf. Sci. 200-300, 798-817 (1994).

28. Seebauer, E. G. &Allen, C. E. Estimating surface diffusion coefficients. Prog. Surf. Sci. 49,
265-330 (1995).

29. Wickramaratne, D., Khmelevskyi, S., Agterberg, D. F. & Mazin, I. Ising superconductivity
and magnetism in NbSe,. Phys. Rev. X 10, 041003 (2020).

30. Moon, D. et al. Hypotaxy of wafer-scale single-crystal transition metal dichalcogenides.
Nature 638, 957-964 (2025).

31.  Cho, K. et al. Using controlled disorder to probe the interplay between charge order and
superconductivity in NbSe,. Nat. Commun. 9, 2796 (2018).

32. Lee, J. etal. Optical separation of mechanical strain from charge doping in graphene.
Nat. Commun. 3,1024 (2012).

33. Wang, Y. et al. Modulation doping via a two-dimensional atomic crystalline acceptor.
Nano Lett. 20, 8446-8452 (2020).

34. Zheng, X. et al. Electrostatic-repulsion-based transfer of van der Waals materials. Nature
645, 906-914 (2025).

35. Tinkham, M. et al. Hysteretic I-V curves of superconducting nanowires. Phys. Rev. B 68,
134515 (2003).

36. Sinko, M. R. et al. Superconducting contact and quantum interference between
two-dimensional van der Waals and three-dimensional conventional superconductors.
Phys. Rev. Mater. 5, 014001 (2021).

37. Tanaka, M. et al. Superfluid stiffness of magic-angle twisted bilayer graphene. Nature
638, 99-105 (2025).

38. Zaman, S. et al. Kinetic inductance of few-layer NbSe, in the two-dimensional limit.

Nat. Commun. https://doi.org/10.1038/s41467-026-75672-8 (2026).

39. Probst, S., Song, F. B., Busheyv, P. A., Ustinov, A. V. & Weides, M. Efficient and robust
analysis of complex scattering data under noise in microwave resonators. Rev. Sci.
Instrum. 86, 024706 (2015).

40. Frasca, S. et al. NbN films with high kinetic inductance for high-quality compact
superconducting resonators. Phys. Rev. Appl. 20, 044021 (2023).

41.  Bretz-Sullivan, T. M. et al. High kinetic inductance NbTiN superconducting
transmission line resonators in the very thin film limit. Appl. Phys. Lett. 121, 052602
(2022).

42. Amin, K. R. et al. Loss mechanisms in TiN high impedance superconducting microwave
circuits. Appl. Phys. Lett. 120, 164001 (2022).

43. Winkel, P. et al. Implementation of a transmon qubit using superconducting granular
aluminum. Phys. Rev. X 10, 031032 (2020).

44. Niepce, D., Burnett, J. & Bylander, J. High kinetic inductance NbN nanowire superinductors.
Phys. Rev. Appl. 11, 044014 (2019).

45. Shearrow, A. et al. Atomic layer deposition of titanium nitride for quantum circuits.
Appl. Phys. Lett. 113, 212601 (2018).

46. Samkharadze, N. et al. High-kinetic-inductance superconducting nanowire resonators for
circuit QED in a magnetic field. Phys. Rev. Appl. 5, 44004 (2016).

47. Coumou, P. C. J. J. et al. Microwave properties of superconducting atomic-layer deposited
TiN films. IEEE Trans. Appl. Supercond. 23, 7500404-7500404 (2013).

48. Shaikhaidarov, R. S. et al. Quantized current steps due to the a.c. coherent quantum
phase-slip effect. Nature 608, 45-49 (2022).

49. Szypryt, P. et al. Kinetic inductance current sensor for visible to near-infrared wavelength
transition-edge sensor readout. Commun. Eng. 3,160 (2024).

50. Rieger, D. et al. Granular aluminium nanojunction fluxonium qubit. Nat. Mater. 22, 194-199
(2023).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 2026


https://doi.org/10.1038/s41586-026-10865-1
https://doi.org/10.1038/s41563-026-02495-9
https://doi.org/10.1038/s41563-026-02495-9
https://doi.org/10.1038/s41467-026-75672-8

Methods

Encapsulation epitaxy for growing monolayer NbSe,
The encapsulation epitaxy was conducted using a hot-wall CVD system
atambient pressure with a fused quartz tube. We used niobium oxide
films (obtained by first depositing 10 nm Nb on SiO,/Si substrates by
magnetron sputtering, and then oxidizing theminairat 500 °Cfor 5 h)
and Se powder as the growth precursors. Before growth, the 2D-3D
hybrid substrate (for example, graphene/SiO,) was prepared by trans-
ferring or exfoliating a 2D layer onto SiO,/Si (285 nm SiO,) substrate.
The 2D layers used in this work were either alayer of CVD-grown mon-
olayer graphene film transferred from copper substrate or directly
exfoliated hBN flakes. Supplementary Fig. 6 shows the set-up of the
CVDreactionchamber. The 2D-3D hybrid substrate and niobium oxide
filmwere placed face-to-face at the centre of the hot-wall furnace, with
adistance of 1-3 mm between them. The face-to-face design ensures
uniform precursor delivery to the growth substrate®, enabling uniform
film growth. Sodium chloride (NaCl, 1.8 g) was placed at the upstream
inthe middle between the furnace centre and the Se boat. The Se pow-
der (2.5 g;99.5%, Sigma-Aldrich) was placed at the upstream edge. The
carrier gaswas 60 cubic centimetres per minute (sccm) argon (Ar) and
6 sccm hydrogen (H,). The furnace was heated to 950 °Cin15 minand
maintained at that temperature for 9 min for the growth of NbSe, at
the 2D-3D interface. It is noted this is just one of the optimal growth
conditions for obtaining large-scale continuous monolayer NbSe, at
the interface of monolayer graphene and SiO,. The growth time, tem-
perature and precursor amount can also be adjusted depending onthe
target TMD materials and growth substrate. Then the top cover of the
furnace was opened to allow fast cooling of the sample.
Itisemphasized that the implementation of ‘face-to-face’ precursor
delivery was made possible by a key innovationin NaClvapour delivery.
At the growth temperature of 950 °C, niobium oxide alone cannot
evaporate; the presence of NaCl is essential, as it lowers the melting
point of niobiumoxide and facilitatesits evaporation. However, when
NaClsolids are physically mixed with the metal oxide precursor, NaCl
tends to evaporate significantly faster than the metal precursor and
becomes depleted before the growthis completed, whichresultsinan
unstable vapour environment and hinders the ability to achieve con-
tinuous monolayer growth. To overcome this problem, we developed a
vapour-phase-NaCl-based salt delivery method. Asillustratedin Supple-
mentary Fig. 6a, NaClis placed upstreaminalower-temperature zone,
physically separated from niobium oxide. Upon heating, NaCl melts
and evaporates at a nearly constant rate, which is determined by the
local temperature (about 750-850 °C), throughout the growth. When
NaClvapour is carried by the Ar/H, carrier gas to the growth region, it
interacts with niobium oxide that is placed face to face with the sub-
strate, effectively loweringits melting point and enabling continuous
and controlled evaporation of the niobium oxide precursor. All the
precursors are therefore volatilized and transported to the substrate
in the gaseous phase, and the nucleation process is thus consistent
with vapour-phase CVD systems, although transient liquid-like inter-
mediates at the buried interface cannot be entirely excluded. This
vapour-phase salt delivery approach ensures a steady Nb precursor
flux, whichis critical for the uniform and reproducible growth of con-
tinuous 1L-NbSe, films.

Selective-areagrowth

The selective-area growth of NbSe, shown in Extended Data Fig. 8 is
achieved using patterned graphene onaSiO, substrate. Akey require-
ment for such selective-area growth is the suppression of unwanted
nucleation onthe exposed SiO, regions. We found that this suppression
isstrongly dependent on the local mass flux of metal precursors. Under
high precursor concentrations, thick NbSe, flakes tend to form even
on SiO,, probably owing to elevated supersaturation that facilitates
nucleation. However, when the Nb precursor concentrationis reduced,

such parasitic growth on SiO, is effectively suppressed. Importantly,
growth atthe 2D-3D interface still persists, as the graphene edges act
as favourable nucleation sites. In practice, this reduction in precur-
sor concentration is achieved by increasing the distance between the
niobium oxide source and the substrate from 1 mm to 2-3 mm, while
keeping other growth parameters unchanged. The graphene patterns
aredefined using standard lithography and etching processes, allowing
full customization of the pattern and shape.

DFT calculations

The first-principles calculations based on DFT are performed using the
Vienna Abinitio Simulation Package (VASP)*2. The exchange-correlation
interactions areincorporated by the generalized gradient approxima-
tion in the form of Perdew-Burke-Ernzerhof. Core and valence elec-
tronsaretreated by projector augmented wave method and plane-wave
basis functions, respectively. The nudged elastic band* methodis used
to determine the diffusion barriers.

Calculation of diffusion coefficient and surface residence time
The diffusion coefficient follows an Arrhenius form D= D, x e dit/ksT,
where D, is the diffusion prefactor, E,is the surface diffusion barrier
extracted from DFT calculations, k; is the Boltzmann constantand T
is the growth temperature?. The prefactor D, was taken to be
1x107%cm?s™, atypical value for surface diffusion of adatoms on solid
surfaces®. The surface residence time 1 was estimated using:
T=v1x efaes/*8T \where E, . is the adsorption energy and vis a charac-
teristic surface vibration frequency, takento be approximately 10 THz,
whichis frequently used for thermally activated surface processes?*?**,
The adsorption energy E, is approximated as the magnitude of the
DFT-calculated binding energy Ey;nging, Which is defined as Eyiging =
Etota] - Emolecule - Esurface' Where Etotall Emolecule and Esurfaceare the energies Or
the adsorbed system, isolated molecule andisolated substrate, respec-
tively. The growth temperature is 7= 950 °C. For NbSe, on SiO,, with
Esr=1.0eVand E,4, = 2.6 €V, we obtained D, = 7.6 x 108 cm?s™ and
7=5.2ms. For NbSe, on graphene, where ;= 0.3eVand £,,,=1.9 eV,
weobtained D, ~5.8 x10° cm?s'and 7= 6.8 x 10 ms. These contrast-
ingvaluesillustrate the interplay between residence time and surface
mobility, and help rationalize the substrate-dependent growth behav-
iours observed in our experiments.

Substrate-dependent growth test for understanding the growth
mechanism

Inadditionto SiO,, we further evaluated the applicability of encapsula-
tion epitaxy using a 2D template on other amorphous 3D substrates,
including Si;N,, HfO, and Al,O,. This assessment combined both DFT
calculations and experimental growth tests, as presented in Extended
DataFigs.3and4.Itturned out that encapsulation epitaxy canbe suc-
cessfully performed using Si;N,, with the as-grown NbSe, showing high
uniformity (Supplementary Fig. 18). However, it was not suitable for
HfO, and Al,O,, on which only thick flakes and black dense film were
observed. DFT calculations (Extended Data Fig. 3) indicate that Si;N,
exhibits E, 4., and Egc Values comparable to those of SiO,, supporting
boththe nucleationand lateral growth conditions required by encap-
sulation epitaxy. In contrast, HfO,and Al,O; show a significantly higher
magnitude of £, which hinders the ability of the 2D template to medi-
ate the surface diffusion barrier. These findings are consistent with
both our theoretical understanding and experimental observations.

Shape of the partially grown NbSe, flakes

Itisnoted that the apparent shape of the partially grown NbSe, shown
in Fig. 1b does not reflect the true morphology of individual NbSe,
crystals. As revealed in Supplementary Fig. 1, each optical-domain
NbSe, region is actually composed of many small crystalline flakes
with grain size of about 1 um (as the growth is epitaxial, the real grain
size can be much larger than 1 um assuming that the grain stitching is
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seamless). The larger shapes observed in the optical image are defined
by graphene wrinkles. This suggests that NbSe, growth can beinitiated
at the wrinkle sites, which is reasonable considering the fact that the
wrinkle location has a larger gap size and thus serves as the entrance
for the precursorsto enter the van der Waals gap. Another entry point
for precursors is the edge of the graphene layers.

Verification of growth at 2D-3D interface by cryogenic dry
pick-up test

The unusual growth behaviour at the 2D-3D interface in encapsula-
tion epitaxy isevidenced by the cryogenic dry pick-up testand Raman
characterization shownin Extended DataFig. 2. In this test, a cryogenic
dry pick-up technique based on cold polydimethylsiloxane (PDMS)
(lessthan—90 °C) was utilized to pick up the as-grown hBN/NbSe, from
the growth substrate (SiO,). The pick-up processis detailed in a previ-
ousstudy®. It turned out that only the hBN was picked up while NbSe,
stays ontheoriginal substrate, which means that hBNis ontop of NbSe,.
This, combined with the STEM cross-section image and superior air
stability, confirms that the 1L-NbSe, is grown at the 2D-3D interface,
instead of on top of the 2D surface.

Oxidation-free wafer-scale transfer of NbSe, by EDL force
Asshowninthe cryogenic pick-up test, we found it challenging for dry
transfer methods to detach the CVD-grown 1L-NbSe,, a difficulty that
also applies to many other CVD-grown 2D materials. To enable device
fabrication and circuit integration, we developed an oxidation-free,
wafer-scale wet transfer method based on EDL forces utilizingammonia
solutions. A detailed discussion of the EDL transfer method is provided
inour recent study®*. The key modification in the presentstudy is that
both the detachment fromthe growth substrate and attachment to the
target substrate are conducted inaninertenvironment, as the detach-
ment temporarily exposes the bottom surface of NbSe, to ambient,
making it vulnerable to oxidation.

The transfer process began by spin-coating the graphene/NbSe,
stack (also applicable to hBN/NbSe,) with poly(methyl methacrylate)
(PMMA) A4 (molecular weight 950,000) at 3,000 rpm for 60 s. The
sample was then baked at 70 °C for 5 min. Both the spin-coat and bake
steps were performed in air, as the top graphene layer provides suf-
ficient protection for the NbSe,. The PMMA/graphene/NbSe, filmwas
subsequently moved into a nitrogen box (oxygen free but not water
free, owing to the presence of ammonia) for delamination from the
growth substrate and transfer to the target substrate. Inside the nitro-
gen box, the PMMA/graphene/NbSe,/SiO,/Si was slowly put into the
ammonia solution surface, which enabled immediate detachment of
NbSe, from SiO, by EDL force. The detached PMMA/graphene/NbSe,
was rinsed with water, transferred from the water surface onto the
target substrate and subsequently dried naturally in air for approxi-
mately 1 hour. The sample was then taken out of the glovebox for PMMA
removal. The as-transferred NbSe, showed minimal damage, as con-
firmed by optical microscopy, Raman spectroscopy and preservation of
superconductivity.

Characterization of graphene defects and theimpacton
long-term air stability

When monolayer graphene is used as a growth template, additional
defects can be potentially generated in the graphene layer owing to
the high growth temperature. However, our growth timeis very short
(only 9 min to grow a continuous monolayer NbSe,), and the defect
generation is limited. To quantify the defect density of the graphene
template layer, we conducted statistical Raman spectroscopy of gra-
phene before and after NbSe, growth. As shown in Supplementary
Fig. 5, the post-growth spectrashow only aslightincreaseinthe D-to-G
peak intensity ratio (/,//;) and a decrease in the 2D-to-G peak inten-
sity ratio (/,p/I;). This indicates that defect generation is limited and
the lattice structure remains largely intact, and the graphene can still

provide sufficient protection against air degradation for its practical
applications.

The graphene encapsulation is highly effective for general storage
and NbSe, can survive most device fabrication steps. According to
our long-termair stability measurements, we did not observe any dis-
cernible changes in NbSe, within the timescale of our experiments
(Extended DataFig. 6). Furthermore, after undergoing typical fabrica-
tion steps such as spin-coating, electron-beam lithography, reactive
ion etching, and development, and even baking the graphene-NbSe,
heterostructure at180 °Cin air for 3 min, no degradation was observed
(Supplementary Fig.14). These resultsindicate that graphene provides
effective encapsulation against ambient exposure.

However, when the samples undergo the full set of standard clean-
room fabrication processes, we find that NbSe, devices can still be
damaged during the e-beam evaporationstep (Supplementary Fig. 14).
This limitation may be attributed to defects that act as vulnerable sites
andreduce the robustness of the material under energetic deposition
conditions. Toaddress thisissue, for microwave device fabrication, we
introduce anadditional protective layer (such asgraphene or MoS,) on
top of the structure to further enhanceits robustness during process-
ing. This post-deposition protection can be readily added in ambient
conditions without concern for NbSe, degradation, as the material is
already well protected by the initial graphene encapsulation.

Importantly, the encapsulation-epitaxy growth mechanism, together
with pre-growth protective layers such as graphene or hBN, is key to
enabling the integration of as-grown monolayer NbSe, into supercon-
ducting qubit circuits, which had not been feasible previously.

Additional characterization of the graphene template surface

After the growth, we find that the graphene surface is clean with mini-
mal polymer contaminations. The high growth temperature is likely
to have annealed away any potential polymer residues during the
ramp process. Indeed, according to some studies, polymers may heal
some graphene defects at elevated temperatures®®. Supplementary
Fig.19 show extensive AFM characterizations of graphene/NbSe,. The
graphene surface looks smooth and clean after the CVD growth. The
height of NbSe, is about 0.63 nm, close to the measurement results
on hBN-NbSe, shown in Fig. 1g. We note there are some particles on
the edge of graphene flakes and wrinkles on the graphene film, which
are probably unreacted precursors introduced during the cooling
process. These images also show that the nucleation and growth of
NbSe, initiates from the edges and wrinkles of the template graphene.

Discussion of grain boundaries

Grain boundaries may still be present in our CVD-grown NbSe, films.
However, the grain boundary density here is expected to be much
lower than that reported in previous studies'®”. The grainsize of NbSe,
in this work exceeds 1 um, whereas previously reported large-scale
NbSe, films have grain sizes in the nanometre regime, representing a
reduction in grain boundary density of several orders of magnitude.
Furthermore, as NbSe, is epitaxially grown in this work, NbSe, under
asinglegraphene (or hBN) domainis constrained to only two possible
orientations: either 0° or 60°. Grains of the same orientation merge
without forming grain boundaries whereas 60°-rotated grains form
mirror twin boundaries, meaning only a subset of grain coalescence
events giverise toboundaries. Thisisinstark contrast to non-epitaxial
films, where grains adopt random orientations and nearly every grain
coalescenceresultsinagrain boundary.

When polycrystalline CVD graphene is used as the growth tem-
plate, an additional source of grain boundaries arises when NbSe,
grains grown beneath adjacent graphene domains of different ori-
entations meet. However, as the CVD graphene domain size (tens
to hundreds of micrometres) greatly exceeds the NbSe, grain size
(about -1 pm), such graphene-domain-induced NbSe, grain bounda-
riesare expected to be sparse. These boundaries are distinct fromthe



inversion-symmetry-broken induced mirror twin boundaries, which
arise when two NbSe, domains of opposite orientation meet during
epitaxial growth.

Investigation of mirror twin boundaries

Owing to the breaking of in-plane inversion symmetry in monolayer
NbSe,, domains with opposite orientations may potentially form dur-
ing growth. To examine the possible presence of such domains, we
performed extensive HAADF-STEM imaging over multiple regions
of the sample (Supplementary Fig. 8). Within the areas we examined,
we did not observe domains with opposite orientations. However, we
cannot completely rule out their presence outside the regions acces-
sible to our measurements, which is the reason why we describe the
film as epitaxially grown rather than framing it to be strictly single
crystalline. Another possibility is that such domain boundaries may
have beenreduced or eliminated during growth through self-alignment
mechanisms. Such mechanisms have recently beenreportedinthe CVD
growth of 2D TMDs, where initially misoriented domains can merge
into asingle orientation during growth*’~

Thermodynamic analysis of the NbSe, formation compared with
other TMDs

To understand the difficulty of NbSe, formation and clarify the role of
the 2D-3D hybrid substrate, we conducted thermodynamic analysis.
Supplementary Fig.20 presents DFT-calculated formation energies for
various TMDs from the Materials Project database®®. For sulfur-based
TMDs, NbS, (-1.349 eV per atom) has amore negative formation energy
than MoS, (-1.308 eV per atom). However, for NbSe, (-0.839 eV per
atom), where sulfur is replaced by selenium, the formation energy is
significantly less negative than that for MoS,, indicating that NbSe,
formationisthermodynamically less favourable. WTe, (-0.106 eV per
atom) has the least negative formation energy among all TMDs studied,
making it the hardest to form. These trends are physically meaningful,
reflecting the monotonically decreasing electronegativity of the chal-
cogen atoms from S to Se to Te, which weakens the metal-chalcogen
bond accordingly.

In this work, we have demonstrated growth on a range of TMDs
including NbSe,, NbS,, VS,, VSe, and WTe,. These materials differ sub-
stantially in their thermodynamic properties, as they span sulfur-based,
selenium-based and tellurium-based systems and cover awide range of
formation energies (Supplementary Fig. 20). As encapsulation epitaxy
succeeds across all of them on the hybrid substrate, whereas monolayer
growth fails on either graphene or SiO, alone, this strongly supports
the conclusion that the hybrid substrate, not the TMD material-specific
properties, is the dominant factor for the growth.

Further discussion about superconducting edge contact

Figure 3g shows the measurement configuration where we measure the
resistance of the electrodes and the device without incorporating line
resistance. The differential resistance (dV/d/) of the two terminals goes
to zero (withininstrument noise) below the critical current transition,
whichindicates that the contact resistance (or any residual resistance
at the interface of AI-NbSe,) is very low when the film is supercon-
ducting. The line cut from Fig. 3h at zero bias current shows that the
resistance becomes zero (Fig. 3i) when 1L-NbSe, is superconducting,
which confirms superconducting transparent contact between the Al
electrodes and 1L-NbSe,.

Comparison between CVD 1L-NbSe, with conventional
high-kinetic-inductance materials

We emphasize that the primary advance of this work is not to out-
perform existing materials solely in terms of L, or Q,, but rather to
demonstrate a platform for studying high-impedance crystalline super-
conductors, in contrast to the amorphous materials more frequently
used in superconducting circuits.

Conventional high-L, superconductors, including gr-Al, NbNand TiN,
relylargely ondisorder engineering to obtain large kineticinductance.
Disorder increases the normal-state sheet resistance and suppresses
the superfluid stiffness, thereby enhancing L,. Although these materi-
als have shown promising performance in superconducting quantum
circuits, their disorder-assisted enhancement of L, canimpose a funda-
mental limit on the internal quality factor Q, (ref. 59). Supplementary
Fig. 21 summarizes this trend for high-impedance superconductors,
including gr-Al, NbN, Nb,Si,_.and TiN (refs. 45,60), showing that higher
kineticinductance is often accompanied by reduced Q.

Ourwork explores crystalline, atomically thin NbSe, as an alternative
high-L, platform, where large kinetic inductance arises from reduced
dimensionality and low superfluid density rather than strong struc-
tural disorder. As shown in Fig. 4i, the CVD NbSe, offer the thinnest
body thickness (about1nm) and largest grain size (>1 pm) among
high-L, superconducting materials, while having kinetic inductance
comparable to gr-Al or NbN thin films (Supplementary Fig. 21) in the
low-thickness (<10 nm) regime. The measured Q, = 3.15 x 10* is lower
than the best optimized conventional films, but it already falls within
the range of several reported high-L, superconducting materials.
Importantly, we note that the reported Q; in this work corresponds to
the entire NbSe,-terminated Al resonator, which should not be deemed
astheintrinsic quality factor of NbSe, itself. A dedicated device geom-
etry isolating the intrinsic NbSe, response via an all-NbSe, resonator
represents a natural next step, which is beyond the scope of this work
and will be pursued in the future.

The CVD NbSe, in this work represents a 2D superconductor-based
platform that simultaneously offers: (1) atomically thin thickness,
(2) high crystallinity with large grain size, (3) high kinetic inductance
and (4) an atomically flat surface. This combination of properties is
inaccessible to conventional amorphous thin films, and positions CVD
NbSe, as a complementary and potentially extensible pathway for
superconducting quantum circuits, rather than a direct replacement
of existing high-impedance materials.

Material characterization

Raman spectra were measured using WITec alpha300 apyron Confo-
cal Raman with an excitation wavelength of 532 nm and a grating of
either 300 or 1,800 grooves per mm. AFM images were taken using
Asylum Cypher VRS in tapping mode. SEM images were obtained using
a high-resolution SEM (ZEISS Merlin; 3 kV) with anin-lens detector.

XPS spectrawere acquired using a PHI VersaProbe Il system equipped
with amonochromatic Al Ka source (1,486.6 eV) and a 200-pum spot
size. The measurements were performed at a gun power of 50 W and
an operation voltage of 15 kV. To neutralize surface charging during
data acquisition, the sample was flooded using electron and argon
ionguns. All spectrawere calibrated against the C 1s peak at 284.8 eV.

TEM samples used for cross-sectional STEM images were prepared by
Helios 460F1Dual Beam milling. The lamella was thinned to 50-100 nm
thickness atanaccelerating voltage of 30 kV witha current decreasing
from 0.78 nA to 40 pA, followed by a fine polish at lower voltage with
acurrent of 21 pAto clean the sample surface.

The cross-sectional HAADF-STEM images were captured with a
Thermo Fisher Scientific Titan Themis 80-300 aberration-corrected
S/TEM at300 kV. The HAADF-STEM images were post-processed using
DigitalMicrograph software (Gatan). Tofilter theimage noise, the lattice
contrastof HAADF-STEM images was enhanced by Gaussian smooth and
band-passfilter. Energy-dispersive X-ray spectroscopy mappings were
acquired with aSuper-X detector (4 silicon drift detectors) at 300 kV.
Nb and Sesignals are selected fromthe L line to increase the intensity.

The atomic lattice imaging in Fig. 2a was conducted using a
high-resolution STEM (Titan Themis Z G3 Cs-corrected S/TEM; 60 kV).
The SAED images were obtained using multipurpose transmission
electron microscope (FEI Tecnai G2 Spirit TWIN; 120 kV). The gra-
phene/NbSe, free-standing samples were prepared by transferring



Article

as-grown graphene/NbSe, from SiO,/Si substrate onto a TEM grid,
whichis enabled by electrostatic repulsion force inammoniasolution
(EDL transfer).

CDW characterization

The optical detection of CDW in NbSe, was conducted using
temperature-dependent Raman spectroscopy measurements, which
were performed on a Horiba Labram HR Evolution spectrometer
equipped with a liquid-nitrogen-cooled charge-coupled device and
600 I mm™and 1,800 | mm™ spectrometer gratings for medium- and
high-resolution spectra, respectively. All measurements were per-
formed using an excitation wavelength of A =532 nm with anincident
power of approximately 100 pW on the sample. Bragg grate notch
filters were used to filter the elastic line, permitting measurements
down to 5 cm™energy transfer. The incident excitation laser was lin-
early polarized and passed through an achromatic half-wave plate
(Thorlabs) placed before a x50 objective (Olympus) to vary the angle
of incident polarization on the sample, with al/e’focus spot diameter
of approximately 4 pm. The scattered light polarization was resolved
into linear parallel (X”) and perpendicular (¥’) components using a
linear polarizer placed before the entrance slit of the spectrometer.
Variable temperature measurements were performed usingaMontana
Instruments S50 closed-cycle optical cryostat.

The CDW transition temperature, Ty, was determined from the
intensity of the amplitude mode /,, which is reported in the litera-
ture’. Raman spectra S;(w) collected at temperature T were first nor-
malized by areference spectrum S,(w) measured at a temperature
T, > Tepw- Subsequently, 1 was subtracted from this ratio to eliminate
temperature-independent contributions unrelated to the CDW transi-
tion. Theintegrated intensity of the amplitude mode was then extracted
asafunction oftemperature (Fig.2e). The transition temperature Tepy
was identified as the point where /, crosses zero. The solid curves in
Fig.2e and Extended DataFig.10c are fits based on mean-field theory,
used as guides to the eye (the equation used here is provided in the
Supplementary Information of ref. 7).

Device fabrication and characterization

After the 1L.-NbSe,-based heterostructure had been transferred to the
target substrate, it went through standard device fabrication process
inambient conditions. It was first patterned and etched into a designed
shapeusingelectron-beamlithography and reactive ion etching. After
removingtheresist, another electron-beam lithography step was con-
ductedto define metal contact patterns. After developing the pattern,
the1L-NbSe,-based heterostructure went through another etching to
expose the edges, followed by 160 nm Al deposition. In situion milling
was not requiredin this process as the graphene serves as anideal layer
for constructing the edge contact, which overcomes the challenge of
oxidation of exposed NbSe, edges. After completing the metal deposi-
tionand lift-off processes, the sample was mounted and cooled to abase
temperature of 10 mK using a dilution refrigerator (Bluefors LD400).

During most of the device fabrication process, the NbSe, can be
handled, transported and stored in ambient conditions without a
post-growth encapsulation layer—a unique advantage provided by
encapsulation epitaxy. For devices that involve the step of metal deposi-
tion, anadditional post-growth protection layer was applied to ensure
that NbSe, is not damaged by the high-energy metal atoms (we use
monolayer MoS, asitisreadily accessible to us). Supplementary Fig. 14
shows acomprehensive comparison of graphene/NbSe, with and with-
out an extra capping layer during the fabrication steps.

For the pseudo-four-terminal measurement in Fig. 3g-i, the meas-
ured resistance represents the total series resistance of 1L-NbSe,, the
NbSe,-Al interface and Al leads between the interface and voltage
probe.ltdropstozero atlow temperature, confirming that the super-
conducting edge contact is achieved with zero resistance between
1L-NbSe, and a conventional 3D superconductor (Al).

Transport measurement set-up

Each direct-current line inside the dilution refrigerator is equipped
with cryogenicfilters at 4 K stage (RC ri-filter with a cut-off frequency
of 53 kHz) and alow-pass filter (RC-RF filter from QDevil) at the mixing
chamber plate to get rid of high-frequency noise. Supplementary Fig. 15
shows the wiring diagram for direct-current transport measurement
fromroom temperature to the device. For measuring the resistance of
ourdevicesasafunctiontemperature, analternating-current signal was
provided by an SRS 860 lock-in amplifier and was applied through the
BNC cables. An SRS 560 low-noise voltage amplifier (x1,000) was used
to amplify the signal, which was then read by the lock-in amplifier. For
differential measurements, both alternating-current and direct-current
signals were applied with the current bias scheme using the lock-in for
smallalternating-current currentand a QDAC, whichis a multi-channel,
ultralow-noise voltage source/digital-to-analogue converter (from
Qdevil), asadirect-current voltage source. Two resistors withresistance
muchlarger compared withthe device’s resistance were used to create
acurrentbias fromthe voltage sources: R, =10 MQand R, =100 kQ.
The amplified voltages were measured by thelock-ininput channeland
Keithley 2100 digital multimeter (DMM). All instruments mentioned
here and the fridge share acommon electrical ground.

Microwave measurement set-up

The microwave measurement set-up is shownin Supplementary Fig. 16,
where the device is mounted at the mixing chamber stage with via coax
cables. Theinputlinewas attenuated by 20 dB at the 4 K stage, 10 dB at
thesstill stage (1K), and 40 dB at the mixing chamber stage to minimize
thermal noise from higher-temperature stages. The output line was
filtered with 3-GHz high-pass and 12-GHz low-pass filters at the mixing
chamber stage. We had aJosephson travelling wave parametric ampli-
fier at the mixing chamber stage, and low-noise high-electron-mobility
transistor amplifiers at the 4 K stage and room-temperature stages to
amplify the output signal. A vector network analyser from Keysight
(N5232A) was used to send and receive microwave signals.

Discussion of residual resistance

The residual resistance observed in Fig. 3d is 150 Q and if we convert
it to sheet resistance (our device has width 5 pm and length 3 pm),
it becomes approximately 250 Q [7, which is comparable to values
typically reported for exfoliated NbSe, fully encapsulated by hBN
(approximately 240 Q[1™")* and graphene (top) and a hBN (bottom)
encapsulated device (450 Q[]7)°. Given that our sheet resistance
closely matches that of high-quality exfoliated NbSe,, we think that
the excessive defect scattering is not dominant in the transportin
our devices. Although some residual resistance is expected from
finite disorder, and domain boundaries, its magnitude suggests that
defect-induced scattering is not unusually strong. Regarding device
performance, any remaining defect scattering would primarily affect
mobility and normal-state dissipation. However, as our measured
resistance values remain within the range of high-quality NbSe,
devices, we expect theimpact onoverall device operation to be limited.

Data availability
All data needed to evaluate the conclusions herein are present in the
paper.
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Extended DataFig.1|Comparisonbetween conventional surface growth
versus encapsulation epitaxy. a-b, Schematic showing the difference
between (a) conventional surface growth on 3D surface and (b) encapsulation
epitaxy at2D-3Dinterface. c-e, Opticalimage showing the growth of NbSe, on
(c) SiO, substrate surface, (d) sapphire substrate surface, and (e) exfoliated hBN
flakes onSiO,.Scalebars, 10 um. f, Additional example showing the difference
between SiO, surface and hBN-SiO, interface. This growth utilizes a high Nb
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precursor concentration, enabling the simultaneous observation of island
growth on SiO, surface (conventional surface growth) and 1L-NbSe, growth at
hBN-SiO, interface (encapsulation epitaxy). Scale bar,10 um. g, AFMimage
measuring the thickness of the thick NbSe, flake on SiO, surface. Inset, optical
image showing the measured location. Scale bar,1um. h, Corresponding
height profile of the AFM image shown in panel g (dashed white line).
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Extended DataFig.2|Cryogenicdry pick-up test demonstrating that NbSe,
growth occurred exclusively at 2D-3D interface, with no growth observed
ontheexposed 2D surface. a, Opticalimage showing the 1L-NbSe, grown by
encapsulationepitaxy at the hBN/SiO, interface. b, Ramanspectraofas-grown
hBN/NbSe, from panela. ¢, Opticalimage of the same sample shownin panela
after cryogenic dry pick-up (see Methods). The NbSe, remains on the growth
substrate while the hBN flakes were lifted off, confirming that NbSe, was grown
beneath hBN at the 2D-3D interface. After removal of the hBN layer, further
laser exposure will cause damage to the unprotected NbSe, surface. The inset
shows the opticalimage of laser-induced holes on exposed NbSe, surface,
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underscoring theimportance of 2D encapsulation.d, Raman spectra of the
exposed NbSe, after removal of the top hBN layers. The NbSe, peaks are
markedly weakened due to the absence of hBN encapsulation during laser
exposure. The threespectracorrespond to measurements taken atthe
positionsindicated by the three crossesin panel c. e, Opticalimage of the hBN
flake being picked up inaand transferred onto another new substrate. f, Raman
spectrameasuring the cross-marked locationin panel e. No NbSe, signal was
detected, together with the uniform color contrast under the optical
microscopeimage, indicating no growth happened on top of the hBN surface.
Scalebars, 20 pm.
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Extended DataFig.3|More comprehensive DFT calculations. a-e, DF T-calculated energy along the diffusion path of NbSe, on (a) graphene, (b) SiO,, (c) Al,O;,
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Extended DataFig.4|NbSe,growth test ondifferentsubstrates.
a-c,Opticalimages, SEM images and Raman spectrashowing the NbSe, growth
resulton (a) Graphene-Si;N, substrate (b) Graphene-HfO, substrate and (c)
Graphene-Al,O5 substrate. The continuous 1L-NbSe, is successfully grown at
graphene-Si;N,interface. Butin the case of HfO, and Al,O,, only thick NbSe,

Raman shift (cm'1)

Raman shift (cm'1)

flakes andirregular black features (no NbSe, Raman signal) were formed. The
Si;N, was grown by PECVD, and HfO, and Al,O, were grownby ALD. The
graphene films were then transferred on top of them. Scale bars for optical
images, 20 um. Scale bars for SEM images, 2 um.
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Extended DataFig.5|Raman and XPS characterization of as-grownNbSe,.
a,Raman spectrum of as-grown hBN/NbSe,. b, Raman spectrum of as-grown
graphene/NbSe,. ¢, Opticalimage showing the area of the graphene/NbSe,
sample used for Raman mappinginFig.li-j. Scalebar:10 pm.d, Raman spectra
collected from the mapped areashownin c. e, XPS spectrum of as-grown
graphene/NbSe,showing Nb 3 d peaks. Two peaks at203.4 eVand 206.3 eV
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correspond to Nb**3ds, and 3d,, binding energies, consistent with literature
values. f, XPS spectrum of as-grown graphene/NbSe, showing Se 3d peaks.
Peaksat53.2eVand54.2 eV correspond to Se 3ds,, and 3d/, binding energies,
alsoingood agreement withliterature'®.g, XPS Survey spectrum of the
graphene/NbSe, sample.
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Extended DataFig. 6 | Air-stability characterization of 1L-NbSe, grown by
encapsulation epitaxy. a, Ramanspectracomparing pristine NbSe, with
intentionally oxidized NbSe,. The disappearance of NbSe, vibrational modes
uponoxidation highlights Raman spectroscopy as an effective tool for rapid
air-stability assessment. b-c, X-ray photoelectron spectroscopy (XPS) of the
same pristine and oxidized NbSe, samples shownina. Upon oxidation, the Nb
valence changesfrom4'to 5", and the Se signal disappears, revealing that the
oxidized NbSe, is composed of Nb,O;. Noted this Nb,O; might be amorphous

Binding energy (eV)

Raman shift (cm™)

considering no Raman characteristic peakis detected.d, Ramanspectraofa
1L-graphene/NbSe, sample grown by encapsulation epitaxy during continuous
exposure to ambient air. Minimal oxidationis observed, highlighting the high
air-stability of NbSe, in this work. This also providesindirect evidence that
NbSe,is grownbeneath the 2D encapsulation layer, as the unencapsulated
monolayer NbSe, is expected to rapidly oxidize in air and exhibit significantly
weakened or diminished Raman signals (See Extended DataFig. 2).
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Extended DataFig.7|More SAED characterizations of graphene/NbSe,. NbSe, are partially grown flakes. The holes are free-standing areas. Scale bar,
a, Planar-view SEMimage of graphene/NbSe, on TEM grid, showing one of the Sum. b, SAED measurements of graphene/NbSe, taken at random locations
regions that SAED was taken. Grapheneis a continuous monolayer while the acrossa200 %200 pm?*area.Scalebar,5nm™.
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Extended DataFig. 8|Selective-areagrowth of NbSe, utilizing patterned
peak. The Raman mapping was taken on the opticalimage showninb.Scale

graphene. a, Opticalimage of patterned graphene on SiO, substrate. b, Optical
image of NbSe, grown underneath the patterned graphene shownina.c-d, bars,10 pm.
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Extended DataFig.9|Growth of other high-melting-point TMDs by
encapsulation epitaxy. a, Ramanspectraofas-grown graphene/NbS,,
graphene/VS,, and graphene/VSe,, with the spectrum of bare graphene
included asareference. Raman peakslocated around 1590 and 2680 cm™
correspond to Gand 2D vibration modes of graphene. Raman peaks at 300 and
520 cm™arise from the silicon substrate. b, Zoomed-in view of panelain the
range 130-450 cm™ (the region within red dotted rectangle). The Raman peaks
of graphene/NbS,are observed at 324 and 375 cm™, corresponding tothe E,,
and A,, modes of H-phase NbS,*>. The Raman peaks of graphene/VS, appear at
384and404 cm™, corresponding to the E;and A,modes of H-phase VS,*. The
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Raman peak of graphene/VSe, appearsat193 cm™, corresponding to the E,,
vibrational mode of H-phase VSe,®*. c-e, Optical images of as-grown graphene/
NbS,, graphene/VS,and graphene/VSe,, respectively. The markers on the
opticalimagesindicate the measurement positions for the Ramanspectrain
panela.Scalebars,10 pm. f, Opticalimage of as-grown hBN/WTe,. The marker
indicates the Raman measurement location. Scale bar, 10 um. g, Raman spectra
ofas-grown hBN/WTe,, with bare SiO,/Si substrate included asareference.

h, Zoomed-inview of panel gin the range 90-450 cm™ (the region withinred
dotted rectangle). The Raman peaks of hBN/WTe, are observed at127,157, and
218 cm™, corresponding to the A%, A’ and A%, modes of Td-WTe,®.
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Supplementary Figures 1-21
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Supplementary Fig. 1 | Morphology of partially grown NbSe; under graphene. a, Optical image of
the partially covered NbSe, grown at graphene/SiO; interface. Scale bar, 2 um. b, SEM image of the
partially covered NbSe, grown at graphene/SiO; interface. Scale bar, 400 nm. c-e, SEM images of
freestanding graphene/NbSe, on TEM grid. For some samples, we observed unidirectional triangular
flakes. For other samples, the flake shapes are irregular, which indicate fast growth rates in different

crystal orientations. Scale bars, (¢) 1000 nm, (d) 500 nm, (e) 500 nm.



0% 6.2
& 100 Nucleation on SiO: surface No nucleation on graphene surface
s
£ ®
= ° ® g
@ 107L Adsorb .“o r
g \' 4 Desorb :s . Desorb
] Adsorb
. &
= -
- 1.2E3
[ HSiO. Mgraphene NbSe:
Graphene SiO2
c d e f
Edge initiated nulceation Crack initiated nulceation Wrinkle initiated nulceation Defect initiated nulceation
@ o0

o0

o O ¢ T o® 38

- - s R | )
°

®
‘.v

Edge initiated Edge + crack initiated Edge + wrinkle initiated

joms

Edge + cfaekinitiated Edge + crack initiated Edge + wrinkle initiated Edg%rack initiated

2B d

ok inttiated Edge initiated Edge initiated

w4

Edge initiated Edge + wrinkle initiated Edge + wrinkle initiated

Supplementary Fig. 2 | Nucleation mechanism. a, Residence time of precursors on exposed graphene
and SiO; surface calculated by DFT. b, Schematic comparing the nucleation behavior of precursors on
exposed SiO, versus exposed graphene substrates. c-f, Schematic illustrating the nucleation starting
locations of. g, Optical microscope images of NbSe, grown at hBN-SiO, interfaces with varying growth
time and precursor concentrations. NbSe, regions and the likely nucleation mechanism are indicated in
the graph. Scale bars, 20 pm. h-k, Optical microscope images of NbSe, grown at graphene—SiO»
interfaces under varying growth times and precursor concentrations. h, Graphene patterned into square
shapes. Scale bar, 10 um. i, Graphene flakes used as the growth template. Scale bar, 20 pm. j, Continuous
graphene used, with NbSe;, partially grown along the interface. Scale bar, 10 um. k, Continuous

graphene used, showing continuous monolayer NbSe, growth at the interface. Scale bar, 20 pm.
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Supplementary Fig. 3 | Nucleation mechanism characterization by AFM. a, AFM image measuring
the edge of graphene-NbSe,, revealing an edge-initiated nucleation mechanism. b, AFM images

measuring continuous graphene-NbSe; film, revealing a wrinkle-initiated nucleation mechanism. Scale

bars, 1 um.
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Supplementary Fig. 4 | Precursor diffusion. a, Diffusion coefficient of graphene and SiO, calculated
by DFT. b, Schematic comparing the growth mode when using hybrid graphene-SiO; as substrate versus
using bare SiO; as substrate. ¢, Optical microscope image of NbSe, grown at graphene-SiO; interface.

d, Optical microscope image of NbSe, grown on bare SiO, surface. Scale bars, 20 um.
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Supplementary Fig. 5 | Raman characterization of graphene and hBN before and after NbSe;
growth. a, Representative Raman spectra of the graphene template before and after NbSe, growth, with
the graphene—NbSe; spectrum baseline-subtracted. b, Statistical Raman spectra of bare graphene and
graphene-NbSe, over 100 points. ¢, Statistical distributions of the Raman peak intensity ratios for

graphene measured before and after growth, including (b) Ip/Ig and (c) Lp/Ig. d, Comparison of hBN



template before and after growth of NbSe», with the hBN-NbSe; spectrum baseline-subtracted. e, High-
resolution cross-sectional STEM image of hBN after growth of NbSe». Scale bar, 2 nm.
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Supplementary Fig. 6 | Growth setup. a, Schematic showing the growth setup in the CVD system. b,
Cross-sectional schematic illustrating the positioning of the substrate and precursor in a. ¢, Photo
showing the as deposited Nb film (10 nm thick) by sputtering. d, Optical microscope image showing
the as-deposited Nb film and the niobium oxide film obtained by oxidation in air. Scale bars, 20 um. e,
Raman spectra of the Nb film and niobium oxide film that show no discernable vibration modes from

Nb or niobium oxide, which indicate an amorphous-like character.
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Supplementary Fig. 7 | Additional cross-sectional STEM characterization of monolayer NbSe,
grown by encapsulation epitaxy at the interface of hybrid 2D-3D substrate. a, Cross-sectional
STEM image of 1L-NbSe; grown at the interface between an hBN encapsulation layer and a SiO;
substrate. The region on the top of the 1L-NbSe; in the image is fully occupied by hBN, but the contrast
is low as it is adjusted for optimal visualization of NbSe,. Scale bar, 2 nm. Inset, a zoomed-in image of
the 1L-NbSe; cross section grown underneath hBN. b, EDS mappings for the sample in panel 1a. Scale
bar, 2 nm. ¢, Extensive STEM images of NbSe; at hBN-SiO, interface.
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Supplementary Fig. 8 | Extensive HAADF-STEM characterizations. a, HAADF-STEM images of
monolayer NbSe, grown by encapsulation epitaxy at the interface of a hybrid 2D-3D substrate, acquired
across multiple regions of a millimeter-scale sample. Scale bars, 2 nm. Note there are small number of
point defects in the images, which were caused by e-beam exposure (200 kV was used) during our
HAADF-STEM imaging process. The varying NbSe, orientations across different HAADF-STEM
imaged regions arise from the polycrystalline nature of the CVD-grown monolayer graphene we used,
whose individual domains are not mutually aligned. Nevertheless, NbSe, grows epitaxially beneath the
graphene within each domain, as confirmed by the selected area electron diffraction (SAED)
characterization in Fig. 2b and Extended Data Fig. 7, which simultaneously capture the orientations of
both NbSe; and overlying graphene. b, Schematic illustration of NbSe, grains (dark blue) growing under
different CVD graphene domains (light blue). NbSe; grains within the same graphene domain share the
same orientation, while grains from different domains adopt different orientations following the local
graphene template. ¢, Fast Fourier Transformation (FFT) patterns extracted from the 9 HAADF-STEM
images in panel a (arranged in the same order), revealing four distinct NbSe; orientations: images 1—4
share one orientation, images 5 and 8 share a second, images 6 and 9 share a third, and image 7 shows
a fourth, consistent with imaging across approximately four CVD graphene domains of different
orientations. The angle written in the top left of each figure corresponds to the angle between the dotted

line and the horizontal.
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Supplementary Fig. 9 | Additional temperature dependent Raman measurement of 1L
Graphene/NbSe; sample. a, Temperature dependent Raman measurement (from 30 K to 250 K with
step size of 20 K). XY denotes that the incident excitation laser is linearly polarized, and the scattered
light is resolved into linear perpendicular polarization before the spectrometer entrance slit. b,
Corresponding Color map plot of a. ¢, Temperature dependent Raman measurement (from 30 K to 250
K with step size of 10 K). XX denotes that the incident excitation laser is linearly polarized, and the

scattered light is resolved into linear parallel polarization before the spectrometer entrance slit. d,

Corresponding Color map plot of c.

13



a
G band at 300K 2D band at 300 K
Graphene/ s
: : : Graphene/
i . \ NbSe;
' '
' ' '
' '
= : : Bara i : Bare
S ) g graphene ! !
© ' = ' 4 graphene
>
=
2 G band at 25K 2D band at 25 K
o] . Graphene/| .\
< 1 \NbSe. ' 1\ Graphene/
- ‘ ' /1 \Nbse:
? i .
' ' ' '
' ' '
' T '
‘ | Bare ! ! Bare
; | graphene i ; graphene

1580 1600

1620

Raman shift (cm™)

Supplementary Fig. 10 | Strain and doping analysis of graphene. a, Raman spectra of graphene

2660 2700

2740

Raman shift (cm™)

_| © Graphene-NbSe: g
0 Bare graphene |~

2640
1570

s ;/7 s
LAY il 4 i L Za=" = T
1575 1580 1585 1590 1595 1600 1605 1610 1615
wg (em™)

before and after growth. b, Scatter plot of graphene G and 2D peaks.

14



[V
T

G Band Gr/NbSe, 2D Band Gr/NbSe,

300 300

200 200

Temperature (K)

100 100

Temperature (K)

1580

1600 1620 1640 2600 2650 2700 2750
Raman shift (cm™") Raman shift (cm™")

2800

G Band Gr 2D Band Gr

Temperature (K)
Temperature (K)

1580 1600 1620 1640 2600 2650 2700 2750 2800
Raman shift (cm-™) Raman shift (cm™")

Supplementary Fig. 11 | Comparison between Graphene/NbSe,/SiO; and pristine graphene/SiO;
in terms of the evolution of Raman vibrational modes with temperature. Both G and 2D band of

graphene on NbSe; (a-b) are clearly blue shifted as compared to bare graphene (c-d).
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Supplementary Fig. 12 | Schematic illustration of assembling NbSe;-based van der Waals
heterostructures and integration to quantum circuits. Large-scale growth and transfer techniques
are employed. In this work, the MoS,, graphene and NbSe; are all monolayer continuous films
synthesized via CVD techniques. The hBN is currently exfoliated, it can be replaced with CVD-grown
hBN for scalable device integration. The MoS. layer serve as a protective barrier during metal
evaporation (see Supplementary Fig. 6 for metal induced damage) and can be substituted with arbitrary

2D or thin films.
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Supplementary Fig. 13 | Optical microscope images and Raman spectrum of the as-constructed
van der Waals heterostructures. a, Stitched optical microscope images showing the Van der Waals
heterostructure of MoS,/graphene/NbSe>/hBN on SiO,/Si substrates. The many small flakes on the
images come from the contrast of exfoliated hBN flakes. The blue rectangular areas are the regions
covered by continuous MoS,, graphene and NbSe; films, are all grown by scalable CVD methods and
then stacked together. The outer purple color corresponds to bare SiO-/Si substrate. Scale bar, | mm. b,
Zoomed-in images of the heterostructure. The schematics show the places with and without hBN. Scale
bar, 20 pm. ¢, Raman spectra measuring the heterostructure. The vibrational modes for NbSe: (soft mode,
Aig, Ezg), M0S: (Ezq, Aig), silicon, hBN and graphene (G band and 2D band) are all simultaneously
observed, confirming the successful assembly of the heterostructure. The structure also exhibits proper

electrical functionality (see Fig. 4 in the main manuscript).
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Supplementary Fig. 14 | Comparison of Graphene/NbSe; with and without extra capping layer. a,
Raman spectra measuring the as-grown NbSe, sample under graphene by encapsulation epitaxy after
each fabrication step. With the graphene encapsulation layer, the monolayer NbSe, remain unoxidized
throughout the fabrication steps in air except the second metal deposition step. An extra capping layer
is needed to protect the NbSe; and ensure fully successful fabrication. b, Raman spectra measuring 1L
graphene/NbSe, sample that is protected by an extra cap layer (in this case, 1L-graphene). Raman

remains intact throughout all fabrication steps.
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Supplementary Fig. 15 | Wiring diagram for the transport measurement. The room-temperature

measurement setup is shown along with the DC wiring scheme inside the dilution refrigerator.
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Supplementary Fig. 16 | Wiring diagram for the microwave characterization. Wiring diagram of

the microwave measurements with all electronic components used in this experiment.
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Supplementary Fig. 17 | Measurement at single-photon limit (-125 dBm). a, Resonator spectroscopy

(transmission coefficient |[S21|*) of a A/4 aluminum CPW terminated ground with 1L-NbSe; film, with an applied

RF power of —125 dBm at the sample. b, Complex I-Q plot of the transmission coefficient (S»1), with blue dots

showing the measured response, and the red trace the Lorentzian fit. ¢, Phase of S»; as a function of frequency.
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Supplementary Fig. 18 | Additional Characterization of NbSe; on SiN,. a, Optical microscope image
of NbSe, grown at graphene-SiNy interface. Scale bar, 20 um. b-¢, Raman mapping of 20x20 um? area
indicating the uniformity of the NbSe,. d, Overlay of all Raman spectra collected from the mapped area

shown in panels b—c.
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Supplementary Fig. 19 | Extensive AFM images of graphene-NbSe: on SiO: grown by
encapsulation epitaxy. a-c, Schematic (panel a), AFM image (panel b) and height line profile (panel
¢) of a partially grown NbSe, under graphene. d-l, Additional AFM images and corresponding
illustrations of NbSe, grown under graphene. Panels d-f show partially grown NbSe,, panels g-i show
continuous monolayer NbSe,, and panels j-1 show measurements taken at the graphene edge. Scale bars,

I pm.
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Supplementary Fig. 20 | DFT formation energies (eV/atom) for various TMD materials, obtained
from the Materials Project database. Sulfide-based TMDs (NbS,, MoS,, VS;) show significantly
more negative formation energies than selenide- and telluride-based systems (NbSe>, VSes, WTe»),

reflecting the decreasing electronegativity of the chalcogen from S to Se to Te.
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Supplementary Fig. 21 | Benchmark kinetic inductance Ly with internal quality factor Q; for
superconducting thin films. The top right corner represents the ideal regime where high kinetic
inductance and high internal quality factor are simultaneously achieved. “grAl” denotes granular

aluminum.
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