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Three-dimensional networks of superconducting NbSe2 flakes
with nearly isotropic large upper critical field
Togo Takahashi1,4, Chisato Ando2,4, Mitsufumi Saito3, Yasumitsu Miyata 2, Yusuke Nakanishi 2✉, Jiang Pu 1✉ and
Taishi Takenobu 1✉

Increasing the upper critical field Hc2 in superconductors is one of the most significant requirements for superconducting
applications. Two-dimensional (2D) noncentrosymmetric NbSe2 is a promising candidate because its pair breaking is protected by
the spin-momentum locking effect, resulting in a giant in-plane Hc2 (~50 T). However, the strong anisotropy of 2D NbSe2 suppresses
the robustness of out-of-plane Hc2 (<5 T). To overcome this issue, we propose a synthetic approach to produce superconducting
NbSe2 films with a nearly isotropic large Hc2. Scalable selenization methods are tailored to create 3D superconducting networks in
which 2D NbSe2 flakes are vertically aligned to the substrates. The angle-resolved magneto-transports reveal enhanced Hc2 values
that exceed 20 T for arbitrary directions under externally applied magnetic fields. The isotropic nature of Hc2 is attributed to the
averaging intrinsic anisotropy of NbSe2 through 3D structured films, which was determined by X-ray diffraction measurements. The
proposed synthetic approach will provide a new method for creating practical superconductors that are robust against magnetic
fields.
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INTRODUCTION
The upper critical field, Hc2, which is a magnetic field that
completely destroys superconductivity, is a key physical para-
meter when designing robust superconducting device applica-
tions1,2. Materials for which noncentrosymmetricity and spin–orbit
interactions coexist, such as 2D superconducting NbSe2, may offer
a higher-limit upper critical field strength and ameliorate the
design constraints3,4. The geometric confinement of monolayers
in 2D NbSe2 allows a Zeeman-type spin-momentum (spin-valley)
locking effect, and hence the resultant Ising pairing/super-
conductivity enables a giant in-plane Hc2 (H||

c2–50 T)
5–15. In

contrast, the Hc2 for out-of-plane directions typically shows a
much lower H⊥

c2 (~<5 T) than that of the in-plane directions,
resulting in a strong anisotropic superconductivity in 2D NbSe2

5–13.
Therefore, although NbSe2 offers a possible robust superconduc-
tor against external magnetic fields, its significant anisotropy
restricts its potential utility for future practical device designs.
The versatility of superconducting NbSe2 can be expanded by

realizing NbSe2 films with isotropic, large Hc2. Specifically, these
films would overcome the disparity issue between H||

c2 and H⊥
c2.

One possible approach is to fabricate properly tailored 3D
structures using nanoscale elements as building blocks16–18.
Recently, a variety of 3D architectures have been created through
the assembly of 2D materials19–24. For instance, the synthesis of
vertically aligned MoS2 films with high-density edges has enabled
their use/application as efficient catalysts for hydrogen evolu-
tion20. In addition, Ajayan and Tiwary et al. created tough,
ultralight 3D foam of graphene oxide with hexagonal boron
nitride22. These successful bottom-up syntheses have inspired
artificial 3D structures composed of 2D materials as an attractive
platform to engineer new functionalities unavailable to the native
2D form23,24. Based on these ideas, we can expect that creating 3D
networks of 2D superconducting NbSe2 is a feasible way to

average the anisotropy of NbSe2. In particular, we hypothesize
that the 3D structures with random orientations of 2D flakes
enable the mixed contributions of intrinsic H||

c2 and H⊥
c2 for

arbitrary magnetic field angles to generate isotropic large Hc2.
With this strategy, developing scalable and morphology-tunable

synthetic methods for NbSe2 films is necessary. Until now, relevant
research on NbSe2 has been mainly demonstrated by single-
crystalline flakes produced through mechanical exfoliations5–9,
chemical vapor deposition (CVD)10,11, and molecular beam epitaxy
(MBE)12–15. Direct selenization methods have recently been
established to synthesize wafer-scale superconducting NbSe2
films25. Nevertheless, the creation of large-area uniform 3D
structured films still remains a challenge. Here, we report the
direct growth of vertically aligned NbSe2 films with a nearly
isotropic large Hc2. The proposed methods can systematically
control the thickness of centimeter-scale films, the morphologies
of which vary according to the thickness of the initial Nb films.
X-ray diffraction measurements revealed 3D structured films with
vertically aligned 2D NbSe2 flakes. In these 3D network films, we
conducted angle-resolved magneto-transport measurements and
achieved an Hc2 of NbSe2 beyond 20 T for all directions of the
external magnetic fields. The results will provide a versatile
approach for producing highly robust NbSe2 superconducting
applications based on nanoscale synthetic structure control.

RESULTS
Fabrication of 3D structured NbSe2 films
Figure 1a shows the selenization process of Nb films used to grow
3D NbSe2 films (see details in Supplementary Fig. 1a). Gao et al.
recently reported a similar approach to preparing superconduct-
ing NbSe2 films with atomic-level thickness and smoothness25.
Although their thicknesses are tunable by the growth conditions,
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control over the morphologies of the films has yet to be
investigated25,26. The bottom of Fig. 1a shows optical images of
the as-deposited Nb films with tNb= 20 nm and the selenized
films on SiO2/Si substrates. The selenized films can be easily
distinguished from the precursor Nb films by color. This
selenization approach yielded wafer-scale uniform films (Supple-
mentary Fig. 1b). It should be mentioned that the absence of
unreacted Nb precursors and NbN films was confirmed through X-
ray photoelectron spectroscopy (Supplementary Fig. 2). Figure 1b
displays the Raman spectra of the selenide films generated from
precursor Nb films of varying thicknesses, i.e., tNb= 2, 5, 10, and
20 nm. All spectra exhibit two characteristic peaks within the
range of 220–250 cm–1, which are assigned to the out-of-plane
A1g and in-plane E12g phonon modes of NbSe2, respectively
(Fig. 1c)27,28. A series of Raman spectra demonstrated the formation
of NbSe2 films regardless of the thickness of the initial Nb films.
Further Raman analyses also provided clues to the film

morphologies. Except for the NbSe2 films resulting from Nb films
with tNb= 2 nm (hereafter, this sample is called NbSe2 (tNb=
2 nm)), the three Raman spectra for other NbSe2 samples (tNb ≥
5 nm) exhibit consistent features, namely, the relative intensities
between the two Raman modes (A1g > E12g). According to an
earlier study, the out-of-plane A1g mode of vertical 2H-MoS2 is
preferentially excited when the excitation laser is irradiated
perpendicular to the surface29. Indeed, the Raman spectra of
vertically grown MoS2 and MoSe2 films show that the intensities of
the A1g peaks are stronger than those of the E12g peak

20. Layered
NbSe2 possesses the same hexagonal structure as 2H-MoS2, and

thus the reversed Raman signals suggest the formation of
vertically aligned NbSe2 films.
The formation of vertical NbSe2 flakes in tNb≥ 5 nm films was first

confirmed by scanning electron microscopy (SEM). SEM images of
NbSe2 (tNb= 2 and 20 nm) are shown in Fig. 1d and e, respectively.
Figure 1d shows SEM images of polycrystalline NbSe2 (tNb= 2 nm)
with relatively flat surfaces, similar to previously reported results. In
contrast, on the surface of NbSe2 (tNb= 20 nm), triangular and
hexagonal crystals were vertically grown with a grain size of
300–400 nm (Fig. 1e). Interestingly, the vertical NbSe2 flakes were
slightly tilted with a random orientation (random angles of each
flake). Direct observation of the film surfaces indicates that the
morphologies of NbSe2 films are largely dependent on the thickness
of the precursor Nb films, which is consistent with the Raman
spectra in Fig. 1b (see also Supplementary Figs. 3–5 for further SEM
and atomic force microscopy (AFM) observations).

Structural characterization of 3D structured NbSe2 films
The thickness-dependent morphologies, evaluated based on
precursor Nb films of tNb= 2–20 nm, were further investigated
using X-ray diffraction (XRD) measurements. Figure 2a and b
shows representative 2D images of the XRD patterns of NbSe2
films for tNb= 2 nm (top) and tNb= 20 nm (bottom). Figure 2c and
d summarizes the peak profile recorded from the XRD patterns
against the in-plane (Fig. 2c) and out-of-plane (Fig. 2d) directions
on the substrates, respectively. The major peaks obtained at 2θ=
14° and 31° are assigned to the (002) interlayer of the c-axis and
intralayer (101) planes of NbSe2 crystals, respectively, (the insets of
Fig. 2c and d)30. For NbSe2 (tNb= 2 nm) shown in Fig. 2a and d, a

Fig. 1 Growth and characterizations of large-area NbSe2 films. a A schematic illustration of the conversion from the deposited Nb films with
the thickness, tNb, ranging from 2 to 20 nm, to the NbSe2 films through the direct selenization process. Bottom: optical microscopic images of
the Nb films on the SiO2 substrates before and after vapor reactions for tNb= 20 nm. b Raman spectra for the NbSe2 films measured from
precursor Nb films with different thicknesses. c Schematics of preferentially excited E12g (top) and A1g (bottom) Raman modes for the vertically
stacked and aligned NbSe2 films, respectively. d, e Low-magnified and high-resolution SEM images for NbSe2 films with precursor Nb films of
tNb= 2 nm (d) and 20 nm (e), respectively. The top schematics illustrate the film morphology based on its corresponding SEM image. It is
worth noting that the orientations (angles) of the vertically tilted NbSe2 films are randomly embedded.
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(002) reflection is strongly observed along the out-of-plane axis,
suggesting that the films for tNb= 2 nm consist of horizontally
stacked NbSe2 flakes (flat against the substrates). The d value for
the (002) peaks was calculated as 0.64 nm, which is equivalent to
half of the c-axis lattice constant of NbSe2

31. In contrast, the (002)
peaks appeared primarily along the in-plane directions for NbSe2
(tNb ≥ 5 nm), indicating vertically stacked NbSe2 flakes on the
substrates (Fig. 2b and c). Moreover, the (101) reflection for NbSe2
films (tNb= 20 nm in Fig. 2b) is broadly distributed along the
Debye-Scherrer ring, suggesting that many NbSe2 flakes are
embedded with random orientations within the vertical films.
As shown in the series of in-plane and out-of-plane XRD

patterns in Fig. 2c and d, the (002) peak is reduced with increasing
tNb in the out-of-plane direction, whereas the (101) peak is
enhanced, suggesting systematic control of film morphologies
through the thickness of the initially deposited Nb films (see the
detailed analysis for the XRD results in Supplementary Fig. 6).
Importantly, these XRD patterns are consistent with the results of
the Raman spectra and SEM images (Fig. 1b–e). Regarding the
morphologies of NbSe2 flakes, it should be noted that, whereas
the 2D XRD patterns reveal a sharp contrast in the stacking nature

of NbSe2 films between tNb= 2 nm (horizontally shown in Fig. 1d)
and tNb= 20 nm (vertically shown in Fig. 1e), the (002) peak in both
samples shows broad tail-like behaviors, meaning that many of the
flakes are not completely flat (tNb= 2 nm) or vertical (tNb= 20 nm)
against the substrates. This insight is also visible in the SEM images
of Fig. 1d and e, that is, some NbSe2 flakes are vertically aligned,
but the others are randomly tilted to form 3D structured films (see
Supplementary Fig. 5). Their vertical structures are significantly
different from those of laterally grown NbSe2 films25. The
difference is probably due to a highly rough surface of the
precursor Nb films, which were prepared through a faster
deposition rate of ~0.5 nm s−1 compared to the previous study
(0.02 nm s−1)25. The rough surface of the precursor Nb films should
be one of the key factors of the growth direction of NbSe2 flakes,
and the morphology should also be affected by the substrates.

Electrical transport in large-area NbSe2 films
To examine the electrical transport properties of NbSe2 films, we
conducted 4-terminal electrical resistance measurements (inset of
Fig. 3a). Figure 3a shows the temperature (T) dependence of the

Fig. 2 X-ray diffraction (XRD) characterization of NbSe2 films. a, b The 2D image of XRD patterns recorded for as-prepared NbSe2 films with
precursor Nb films of tNb= 2 nm (a) and 20 nm (b), respectively. c, d The peak profiles for XRD patterns of tNb= 2–20 nm, displayed for both in-
plane (c) and out-of-plane directions (d) of the substrates. The insets of c and d show the unit cell of NbSe2 crystals for interlayer (002) and
intralayer (101) planes, respectively.

Fig. 3 Superconductivity in large-area NbSe2 films with varying precursor thickness. a Temperature dependence of electrical resistance, R,
for NbSe2 films of differing precursor thickness, tNb= 2–20 nm, in which the R is normalized by the value of R at 300 K (R/R300K). The inset
shows an optical image of 4-terminal electrodes patterned on the surface of NbSe2 films. The scale bar is 500 μm. b Zoomed temperature
dependence of R at lower temperatures. The superconducting transition is observed in all samples. Note that R does not show zero resistance
in NbSe2 (tNb= 2 nm) because the measurement range was limited to 1.9 K. The solid lines indicate the fitting results using the Asmalazov-
Larkin formula to determine TC.
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electrical resistance, R, normalized by R at T= 300 K (R/R300K) as
measured for NbSe2 (tNb= 2–20 nm) under a zero magnetic field.
The thin NbSe2 film (tNb= 2 nm) shows metallic behavior at higher
temperatures, whereas at lower temperatures, R shows a slight
increase, probably because of defects, localization effects, and/or
scattering effects originating from grain boundaries10. In parti-
cular, the sharp drop in R at T < 3 K indicates that the super-
conducting transition occurs. Because the measurement range
was limited to 1.9 K, the sample did not reach zero resistance. For
all thicker NbSe2 films (tNb ≥ 5 nm), we obtained metallic behaviors
and a significant decrease to zero resistance. Figure 3b shows the
transport properties obtained at lower temperatures. Using the
following Aslamazov-Larkin equation32, we determined the TC for
each sample:

R Tð Þ ¼ Rres 1� e2Rres
16�h

T
T�TC

� �
(1)

where Rres is the residual resistance before the superconducting
transitions, e is the elementary charge, ћ is the reduced Planck
constant, and TC is the critical temperature for superconducting
transitions. The TC for the NbSe2 films with tNb= 2, 5, 10, and
20 nm were found to be 1.61, 2.92, 4.06, and 4.04 K, respectively.
As shown in Fig. 3b, the changes in TC from 1.6 to 4 K

depending on the initial tNb. In most reported cases, the TC of
superconducting NbSe2 strongly depends on the number of
atomic layers, from single to few layered NbSe2, while TC reaches
up to 7.2 K for bulk NbSe2

5–13. The thickness dependence of TC can
be attributed to layer-to-layer interactions, substrate effects such
as screening, and so on. Thus, we expect that variations in TC in
our samples may result from the cumulative effects of each
individual flake’s thickness within the synthesized films. To further
confirm the thickness dependence of TC in our samples, we used
the Scherrer formula33,

τ ¼ Kλ
βcosθ (2)

where τ is the mean size of the crystal domains, λ is the X-ray
wavelength, β is the full width at half maximum, and K is the
dimensionless shape factor used to estimate the thickness of the
NbSe2 flakes based on the XRD results (Fig. 2c and d). We focus on
the (002) peaks to utilize the Scherrer formula, which directly
provides the thickness of the individual flakes. The calculated τ
(with K= 0.9) was 5.8, 6.5, 6.6, and 7.5 for NbSe2 with tNb= 2, 5, 10,
and 20 nm, respectively. Note that a similar flake thickness can
also be observed from the detailed SEM image (see Supplemen-
tary Fig. 5). Because the c-axis lattice constant of NbSe2 is ~1.3 nm,
which can be also derived from the d of (002) peak, the number of
layers of the NbSe2 flakes is estimated to range from 8 to 1231.
Therefore, the measured differences in TC resulting from changing
the individual flake thickness agree qualitatively with the reported
results5–13. The differences in the absolute values of TC likely
reflect the substrate effects, particularly for the NbSe2 (tNb= 2 nm)
sample. Furthermore, the TC of NbSe2 (tNb= 20 nm) represented a
relatively low value because the thickness of 7.5 nm is close to the
bulk limit, and its TC should be higher than 4 K based on the
reported results5. One possible reason for this result could be
reflected in the smaller grain size of our films (200–300 nm)
compared to that of the exfoliated samples (see the detailed SEM
observations of Supplementary Fig. 5). These discrepancies may
also result from the influences of defects, crystal disorders, and the
grain orientation10. Indeed, the chemically grown polycrystalline
NbSe2 has a tendency to yield a lower TC

10,25. Although super-
conductivity was observed for all thicknesses and morpholigies,
further improvements and optimizations applied to synthesize
high-quality polycrystalline films, such as a reduction in the
moisture during growth, along with the effects of oxygen during
the selenization process, could feasibly increase the amount of TC.

Magneto transport in 3D networks of NbSe2 films
In addition to electrical transport measurements at zero magnetic
fields, magneto-transport measurements can reveal important and
relevant superconducting properties. In most superconductors,
the pair-breaking process is dominated by both the orbital effect
(limited by the cyclotron motion of electrons) and the para-
magnetic effect (a Pauli-paramagnetic limit owing to the
alignment of spin). Thus, extending the pair-breaking limit can
produce an enhanced superconducting state that remains robust
against external magnetic fields13,34,35. Because of the geometrical
confinements of 2D NbSe2, the orbital effect is suppressed along
the in-plane directions, resulting in anisotropic superconductivity.
Particularly in the monolayer limit, the superconductivity of NbSe2
is highly anisotropic owing to Ising pairing, which allows a drastic
enhancement of the Pauli limit and yields a large in-plane Hc2

(H||
c2) arising from the spin-valley locking effect3–13. Conversely,

the Hc2 for out-of-plane directions is primarily dominated by the
orbital effect, resulting in a lower H⊥

c2 than that of the Pauli limit.
Considering the 2D superconducting nature of NbSe2, we
proposed a strategy to enhance Hc2 in all directions by
synthesizing 3D structured films containing randomly oriented
NbSe2 flakes. These out-of-plane flakes collectively provide the
film with a mixed contribution of H||

c2 and H⊥
c2, generating an

averaged, large, and nearly isotropic Hc2. To prove this advanta-
geous property, we directly compared the angle-resolved
magneto-transport characteristics of NbSe2 films between tNb=
2 nm (horizontal) and 20 nm (vertical), linking their morphologies
with the magnetic stability.
Figure 4a and b shows the value of R for NbSe2 (tNb= 2 nm)

under field cooling by the out-of-plane magnetic fields H⊥ and in-
plane fields H||, respectively. It should be noted that H⊥ and H||

refer to the directions applied to the substrates (insets of Fig. 4a
and b). Under H⊥, the superconducting transition is mostly broken
at ~3–4 T, whereas under H||, the superconductivity survived up to
9 T. This magnetic response is equivalent to the reported results
for atomically thin single-crystalline NbSe2 films, and thus NbSe2
(tNb= 2 nm) is consistent with the horizontally aligned morphol-
ogy (flat flakes against substrates)5–13. By contrast, the magnetic
behavior of NbSe2 (tNb= 20 nm) shows an opposite response
compared to that of NbSe2 (tNb= 2 nm). As shown in Fig. 4c and d,
the superconductivity was more susceptible to H|| in NbSe2 films
(tNb= 20 nm), and was preserved even up to 9 T. Importantly, a
robust superconducting state was achieved for both H⊥ and H||,
which reflect an emerging property from the 3D film morphol-
ogies of out-of-plane NbSe2 flakes grown on a flat substrate. These
results agree well with the structural characterizations shown in
Figs. 1 and 2. Similar behaviors were observed for samples with
tNb= 5 and 10 nm (Supplementary Fig. 7).
Figure 4e and f summarizes the H–T phase diagrams for the

samples at between tNb= 2 and 20 nm (see supplementary Fig. 7
for the results of samples with tNb= 5 and 10 nm). In thin NbSe2
films (t= 2 nm in Fig. 4e), strong anisotropy was obtained, and
H||

c2 far exceeded the Pauli limit of HP ~ 1.84 TC. Because TC shows
a linear response with H⊥, it was fitted using the 2D Ginzburg-
Landau equation based on orbital effects5,13,

μ0H
?
C2 ¼

Φ 0

2πξ2
1� T=TCð Þ (3)

where ϕ0 is the magnetic flux quantum, and ξ is the coherence
length at zero temperature. In contrast, the TC–H|| relationship
showed a square root behavior; these results can be well
explained using μ0H

jj
C2 /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� T=TC

p
, which incorporates the

spin-momentum locking effect based on previous reports5. We
should note that because the flake thickness of our samples
(5–8 nm based on XRD results) was close to the bulk limit, the
conventional 2D orbital effect would be also incorporated to
obtain anisotropic behaviors. However, if we assume a pure orbital
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effect, H||
c2 should be far larger than the observed values.

Therefore, we considered that both the conventional 2D effect
and the spin-momentum locking effect coexisted to govern these
anisotropic results, which qualitatively agrees with the reports on
multilayer single-crystalline 2D flakes5. Therefore, we concluded
that the superconducting properties were identical for each grain
lying flat on the substrate, as indicated by Raman spectra, SEM
images, and XRD patterns. Based on these analyses, the H||

c2

reaches up to 45 T at zero temperature, which is slightly smaller
than that of single-crystalline 2D flakes (~50 T)5–13. Moreover, the
H⊥

c2 of NbSe2 (tNb= 2 nm) is slightly larger than the Pauli limit
(Fig. 4e). These tendencies may stem from the incomplete
horizontal alignment of the NbSe2 flakes. As shown in Fig. 2a,
the XRD patterns show broad behaviors of (002) peaks, indicating
that the individual flakes are not totally flat and probably make a
this slightly larger H⊥

c2 even in 2D NbSe2 films.
In stark contrast to the strong anisotropic behavior in Hc2 of the

2D form, the 3D NbSe2 (tNb= 20 nm) shown in Fig. 4f indicates
distinct characteristics. If the 2D flakes simply stand vertically
straight with the same orientations on the substrates, the H–T
relations should be inverted between 2D and 3D structures
because the thicknesses of the individual flakes are mostly
consistent based on the τ values derived from the XRD.
Interestingly, for both H||

c2 and H⊥
c2, the maximum Hc2 values

are beyond the Pauli limit, and linear H–T relations are observed,
in contrast to the results of 2D NbSe2 (tNb= 2 nm and the reported
value). Thus, when we assume a linear behavior for H–T relations,
H||

c2 can reach 18 T, and H⊥
c2 reaches 38 T at zero temperature.

Moreover, these values are approximately one order of magnitude
greater than those of H⊥

c2 in the relevant single-crystalline
atomically thin NbSe2 (<5 T). Because the NbSe2 flakes are stacked
vertically on the substrates, the larger H⊥

c2 than H||
c2 in 3D

structured films is reasonable. However, the excess Pauli limit and
linear H–T relations for both H||

c2 and H⊥
c2 cannot be explained

only by the vertical characteristics of the 2D flakes, which suggests
additional effects are required to yield a larger H⊥

c2 and H||
c2.

Consequently, although we can realize a nearly isotropic large Hc2

of >18 T (>20 T in Supplementary Fig. 7 for tNb= 5 and 10 nm),
indicating the enhanced magnetic stability of the 3D networks of
NbSe2 flakes, the origin of the improvement is not comprehend-
ible by the simple standing of the 2D flakes. It is worth noting that
a large Hc2 was also maintained when changing the angles of the
magnetic fields, supporting the isotropic performances of our
samples (see Supplementary Fig. 8 for detailed H–T relations at
various magnetic field angles).

DISCUSSION
Finally, we discuss the possible origin of the nearly isotropic
enhancement of Hc2 in synthetic 3D structured films. Comparing
Fig. 4e and f, it is apparent that the H–T relations (for both H⊥ and
H||) in 3D structured films fall between the H and T relations in the
2D form. Consequently, owing to their randomly oriented
constituents, the 3D structures may be considered an averaged
phenomenon of the intrinsic H||

c2 and H⊥
c2 within individual 2D

flakes. To evaluate this isotropic property, as shown in Fig. 5a, we
compared the results measured from the 3D structured films to a
recently reported angle-dependent Hc2 in 2D single-crystalline
NbSe2 fabricated using MBE13. In the comparison study, the angle
of the magnetic field was defined according to the orientation of
the individual NbSe2 flakes. Thus, for the sake of clarity, we will
now refer to the H⊥

c2 (H
||
c2) substrate-specific directions described

previously as H||
c2 (H⊥

c2) flake-aligned directions, as in our 3D
structured films. In a previous study of single-crystalline NbSe2

Fig. 4 Angle-resolved magneto transport in 3D structured NbSe2 films. a, b The R of NbSe2 films (tNb= 2 nm) with field cooling displayed
for the out-of-plane magnetic fields H⊥ (a) and in-plane H|| (b). The inset illustrates the definitions of the applied magnetic fields. c, d The R of
NbSe2 films (tNb= 20 nm) with field cooling exhibited for the H⊥ (c) and H|| (d). e, f Comparison of H–T phase diagrams for samples with tNb=
2 nm (e) and 20 nm (f), representing both H⊥ and H||. The inset shows a schematic of the film morphologies. The black dotted line guides the
Pauli limit of HP ~ 1.84 TC. Moreover, the colored solid and dotted lines indicate the square root and linear fitting for the experimental results,
respectively.
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flakes, strong anisotropy was clearly observed (Fig. 5a), and thus
the reported H⊥

c2 values are below the Pauli limit (owing to the
orbital effect) and H||

c2 values were greatly enhanced by the Ising
pairing mechanism13. The crossover between the orbital limit and
Pauli limit determines the total Hc2 for different angles. In our 2D
NbSe2 (tNb= 2 nm), the measured H||

c2 and H⊥
c2 exhibit similar

behaviors as relevant single-crystalline flakes, that is, H⊥
c2 is

limited by the orbital limit, and H||
c2 is enhanced with Hc2/HP of ~5

(Fig. 4e). However, in our 3D structured films, we observed larger
Hc2 values than the Pauli limit for all angles. We conclude that our
nearly isotropic large Hc2, which improves the robustness of the
overall superconductivity, originates purely from the new film
morphologies.
The superconducting current within our 3D structured films can

be understood as a collection of individual flakes that retain their
superconductivity under an externally applied magnetic field and
percolate throughout the larger 3D network to form a cohesive
current path. If we were to apply an in-plane magnetic field higher
than the H⊥

c2 for each flake, the standing flakes that were exactly
perpendicular to the applied field would lose their super-
conductivity. However, because the standing flakes or “grains”
are randomly oriented, such a field would not be perpendicular to
the majority of the total grain surface. This allows the formation of
flake-based current paths to preserve the superconductivity within
the 3D structured films, suggesting that 3D morphologies
suppress the relative angle dependence of the individual flakes
and enable an enhanced isotropic Hc2 for all angles. In fact, as
shown in the XRD results of Fig. 2b, the intralayer (101) peaks
appeared across the sequence of all angles, which directly
suggests the existence of randomly oriented standing NbSe2
flakes. Moreover, we found that the interlayer-related (002) peaks
had slight tail behaviors at ~15° for the in-plane directions of the
substrates. This feature implies that NbSe2 flakes do not stand
completely vertically, but also tilt at specific angles (15°).

To further emphasize the unique transport properties in our 3D
networks of superconducting films, we focus on the difference
between H||

c2 and H⊥
c2 in our samples and reported results, which

presents that the decrease from maximum Hc2 to that of minimum
one13. In Fig. 5a, the slightly lower H⊥

c2 in our 3D structured film
compared to that of the reported single-crystalline NbSe2 would
be reflected in the tiled morphologies, meaning that it is difficult
for our 3D NbSe2 to form a superconductive path using only
grains perfectly perpendicular to the substrate. Considering the
variations in the angle-dependent maximum and minimum Hc2,
our samples could correspond to the range of 75°–85 ° measured
in single-crystalline NbSe2 (gray dotted line in Fig. 5a). Figure 5b
shows a schematic of the carrier transport models in our 3D NbSe2
films for magnetic angles of θ= 90°. When an out-of-plane
magnetic field is applied to the substrate, the field is effectively
charged parallel to the standing flakes, and thus the super-
conducting current path is largely protected (Fig. 5b). The slight
lowering of the maximum Hc2 compared to that of single-
crystalline samples might be due to the incomplete protection
because the standing flakes are tilted by ~15° from vertical
magnetic fields (the inset of Fig. 5b). Indeed, the Hc2 within the
angle range of 90° ± 15° showed small deviations against the
magnetic fields owing to the tilted nature (see Supplementary Fig. 8).
Alternatively, when an in-plane magnetic field was applied to

the substrate, the randomly oriented flakes generated the most
robust superconducting path possible, which was percolated by
the flakes standing parallel to the external magnetic field and
yielded a large Hc2 (Fig. 5c). Because the standing flakes were
randomly oriented, the percolated flakes inevitably collected some
portions of the weak superconducting path, that is, the percolated
flakes were involved with specific angles against applied magnetic
fields, resulting in an imperfect protection of the superconductiv-
ity (the inset of Fig. 5c). Under arbitrary magnetic field directions,
the suitable percolating current paths act naturally to protect the
superconductivity, thus achieving a nearly isotropic large Hc2 for

Fig. 5 Nearly isotropic superconducting 3D networks of NbSe2 films. a Comparison between our results of 3D structured films and reported
angle-resolved Hc2 in 2D (bilayer) NbSe2 flakes fabricated using MBE13. To ensure a fair comparison, the value of Hc2 derived from Tc/Tc0= 0.24
was normalized using HP (Hc2/HP= 1 displayed by the gray line). The maximum and minimum Hc2 are denoted by the blue and red dotted
lines, respectively. b, c Schematic showing distinct transport mechanism for yielding nearly isotropic large Hc2. When a magnetic field is
applied to the out-of-plane directions of the substrates, the superconducting path is protected by vertically standing flakes (b). The inset of
b shows a schematic and SEM image of 3D networks of the NbSe2 films. The standing and tilted flakes create a robust superconducting path
against a magnetic field of θ= 90°. By applying arbitrary angles of magnetic fields, the most robust superconducting path is automatically
percolated to determine the total Hc2. When a magnetic field is applied to the in-plane directions of the substrates, the conduction path is
created selectively by flakes parallel to the external magnetic field that protect the superconductivity, resulting in a large Hc2 in all angles (c).
The inset of c shows a schematic and an SEM image, in which the percolation of randomly oriented NbSe2 flakes is generated parallel to the
magnetic fields.
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all magnetic angles. We also compared the calculated and
experimental results for angle-dependent Hc2 based on the
Ginzburg-Landau theory, and found that the experimental
behaviors agreed well with the combination of H||

c2 and H⊥
c2

arising from the 3D film morphologies (Supplementary Fig. 9). This
mechanism is consistent with the SEM images shown in Fig. 1d
and e (and Supplementary Fig. 5), and thus supports our synthetic
strategy for the design of robust superconducting NbSe2 films
through 3D tailoring.
In summary, we established scalable selenization methods to

synthesize 3D networks of NbSe2 for robust superconducting
films. The morphologies of large-area NbSe2 films can be easily
tuned through a two-step vapor-phase reaction of the initial
thickness of the evaporated Nb films. Raman, SEM, and XRD
characterization revealed 3D structured films consisting of out-of-
plane flakes with random orientations. Angle-resolved magneto-
transport measurements demonstrated an enhanced Hc2 of
20–38 T for all directions of externally applied magnetic fields.
The nearly isotropic nature of this large Hc2 is attributed to the
averaging of the intrinsic anisotropy of 2D NbSe2 flakes and to the
automatic selection of a robust current path owing to the 3D
network of superconducting films. This proposed synthetic
approach provides a powerful method for utilizing atomically
thin superconducting materials for creating practical supercon-
ductors that can operate under high magnetic fields.

METHODS
Fabrication of 3D structured NbSe2 films
Nb (99% purity, Nilaco Co.) was first deposited on SiO2/Si substrates using a
vacuum deposition system (ULVAC, EX-200). The deposition was typically
conducted under 10−4 Pa with an evaporation rate of ~0.5 nm/s.
Subsequently, the selenization process was carried out in a two-zone
furnace under ambient pressure, where a mixture of H2/N2 (3% H2,
300 sccm) was used as the carrier gas. The as-deposited Nb films were first
positioned in a quartz tube (φ30) at the center of an electric furnace (ARF-
30KC, Asahi-rika Co., Ltd.), and an alumina boat containing an excess
amount of Se powder (2 g, 99% purity, Sigma–Aldrich) was then placed
upstream at the center of the furnace. After purging with H2/N2 for 10min,
the Se powder was heated at 360 °C and the Nb films were heated to
800 °C for 20min and held for another 1 h. The furnace was then turned off
and cooled to room temperature.

Material characterization
Raman scattering measurements were conducted using confocal Raman
systems equipped with a microscope (Renishaw, inVia) at a 533-nm
excitation. A ×100 microscope objective (numerical aperture, NA= 0.9)
was used to focus the laser beam and collect scattered light. SEM imaging
was conducted using a desktop SEM (Phenom ProX, Thermo Fisher
Scientific, Inc.) and high-resolution SEM (JSM-7100F, JEOL and S-4800,
Hitachi High-Tech Co.). AFM topographic images were acquired in tapping
mode over the scanning area using a scanning probe microscope (SPM-
9600, Shimadzu Co.).

XRD experiments
Grazing-incidence X-ray diffraction measurements were conducted using a
Rigaku FR-E Microfocus High Intensity X-ray generator system with a CuKα
X-ray source (wavelength of 0.15418 nm), conducted at the High Intensity
X-ray Diffraction Laboratory at Nagoya University. The XRD patterns were
detected using an imaging plate for both the in-plane and out-of-plane
diffractions. The XRD measurements were conducted at room temperature
and collected for all samples with different Nb film thicknesses. The same
samples were used for both electrical and magneto-transport
measurements.

Electrical and magneto-transport measurements
The 4-terminal electrical and magneto-transport measurements were
conducted using a physical property measurement system (PPMS,
Quantum Design, Inc.). The 4-terminal Au/Ni (80 nm/2 nm) electrodes

were directly deposited on the surfaces of large-area NbSe2 films (on Si/
SiO2 substrates). The channel width was 500 μm, and the channel length
was 1000 μm, as shown in the inset of Fig. 3a. After wiring all contacts, the
devices were placed inside the sample chamber under a He atmosphere.
Following this, the temperature-dependent electrical resistance was
measured using a current excitation of 100 nA. For angle-resolved
magneto-transport measurements, a rotator was introduced to precisely
control the angle of the substrate against an external magnetic field
ranging from −9 to 9 T and a temperature of 300–1.9 K.

DATA AVAILABILITY
All data that support the findings of this study are available from the corresponding
authors upon request.
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