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Abstract: The controlled tunability of superconductivity in low-dimensional materials may enable 

new quantum devices. Particularly in triplet or topological superconductors, tunneling devices 

such as Josephson junctions etc. can demonstrate exotic functionalities.1 The tunnel barrier, an 

insulating or normal material layer separating two superconductors, is a key component for the 

junctions. Thin layers of NbSe2 have been shown as a superconductor with strong spin orbit 

coupling,2-4 which can give rise to topological superconductivity if driven by a large magnetic 

exchange field.5-9 Here we demonstrate the superconductor-insulator transitions in epitaxially 

grown few-layer NbSe2 with wafer-scale uniformity on insulating substrates. We provide the 

electrical transport, Raman spectroscopy, cross-sectional transmission electron microscopy, and 

X-ray diffraction characterizations of the insulating phase. We show that the superconductor-

insulator transition is driven by strain, which also causes characteristic energy shifts of the Raman 

modes. Our observation paves the way for high quality heterojunction tunnel barriers to be 

seamlessly built into epitaxial NbSe2 itself, thereby enabling highly scalable tunneling devices for 

superconductor-based quantum electronics.

Keywords: two-dimensional material, tunable superconductor, heterostructure material, strain 

effect at interface, superconducting devices
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I. Introduction:

Imposing structural perturbations to thin layers of NbSe2 can be used as a potential knob 

to control superconductivity. NbSe2 is often found in its prismatic 2H phase, i.e. the 

superconducting phase, in devices fabricated from exfoliated thin crystals.2,4,10 Insulating NbSe2 

is rare,11 although it has been recently demonstrated in the 1T phase of NbSe2.12 However, a 

controlled tuning in between the superconducting and insulating states of NbSe2 has not yet been 

achieved. NbSe2 thin layers are often either exfoliated or grown on another two-dimensional (2D) 

material such as graphene.3,13 Due to Van der Waals interaction, the coupling between the layer 

and the substrate is week, and the substrate often does not play a major role in determining the 

electrical properties of NbSe2.

II. Experimental Methods and Results:

We demonstrate the electrical properties of few-layer NbSe2 grown using MBE on a non 

2D material substrate, i.e. on sapphire. Because the growth is epitaxial, the sapphire substrate 

couples to the NbSe2 layer. One evidence of such coupling is seen from the locked [210] crystalline 

directions between the substrate and the NbSe2 layer as observed in situ by reflection high energy 

electron diffraction (RHEED) during the growth (Fig 1c). Ideally, NbSe2 has a much smaller lattice 

constant (a ~ 3.44 Å) 14 compared to that of the c-cut sapphire (a ~ 4.76 Å), and one would not 

expect the growth to be epitaxial. However, by considering the 3×3 unit cells of NbSe2 and the 

2×2 unit cells of the c-cut sapphires surface, the two crystals do match with each other and the 

mismatch is only ~ 7.8%. Such superlattice cell matching has been previously reported in the 

epitaxial growth of high quality transition-metal dichalcogenides (TMD) thin layers, for example 

WSe2, on sapphire substrate.15 Notably, when considering the superlattice matching, the c-cut 

sapphire substrate imposes a planar compressive strain to NbSe2. Similar heterogeneous growth, 
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i.e. growing a material epitaxially on top of another one with drastically different properties, has 

demonstrated many emerging physics phenomena. One example is the epitaxial growth of Fe on 

GaAs(001) giving rise to the Fe/GaAs(001) heterostructures, in which tunneling anisotropic 

magnetoresistance and spin-orbit proximity effects have been shown.16,17

By controlling the growth temperatures, we obtain the NbSe2 layers with two distinctive 

phases: one being a superconductor and the other one being an insulator (or semiconductor). 

Because our substrate is sapphire, we are able to carry out the electrical transport characterizations 

of both phases. We confirm that the insulating (or semiconducting) NbSe2 has a gapped Fermi 

surface and also demonstrates a shift of the Raman peaks with respect to the standard 2H-NbSe2 

Raman modes. It is known that the Raman peak shift often indicates a hardening or softening of 

the lattice vibration modes, which may result from lattice strain effect. Using selective area 

diffraction (SAD) based on cross-sectional transmission electron microscopy (TEM) and X-ray 

diffraction (XRD), we show a lateral compression and a vertical expansion of the NbSe2 lattice - 

agreeing well with the Raman results. Our findings provide insight to the transition between the 

insulating and superconducting electronic properties of the two phases. 

The quality of our epitaxially grown NbSe2, including crystal symmetry and epitaxial 

orientation, is confirmed by in situ RHEED experiment (Fig. 1a-1c). A 0.5 monolayer (ML) NbSe2 

seed, which does not completely cover the sapphire substrate, is used to facilitate the growth (see 

SI). The six-fold rotational symmetry of the grown layer is confirmed by a planar rotation of the 

RHEED electron beam from [210] to [110] directions (Fig. 1c). It is also clear that the crystalline 

orientations of NbSe2 and sapphire are locked as [210]NbSe2 // [210]sapphire (Fig. 1a-1c), which infers 

that there is an interaction between NbSe2 and the substrate, and thus would lead to strain effect.
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The growth is proved to be layer-by-layer. Each monolayer of NbSe2 is clearly defined as 

shown in the TEM image (Fig 1d, 5ML NbSe2). According to the scale bar of the TEM image, Fig 

1d also shows that each NbSe2 monolayer extends continuously over a large distance. It thus 

suggests that atomically thin NbSe2 on sapphire is achievable using MBE. The wafer-scale 

coverage of NbSe2 is further confirmed by both XRD and atomic force microscopy (AFM) (Fig. 

2a and 2b). The quality of NbSe2 is demonstrated by a set of characteristic XRD diffraction peaks 

(Fig. 2a). AFM shows that the grown NbSe2 layer has a wafer-scale coverage over the substrate 

(Fig 2b). The terrace-like feature in Fig 2b indicates that the NbSe2 layer follows the atomic 

terraces of sapphire, which agrees with the uniform island-free growth of NbSe2. The crystalline 

quality of the NbSe2 samples, down to a few MLs, is also confirmed by electron diffractions carried 

out locally in a cross-sectional region of NbSe2 using SAD (Fig 2c). The NbSe2 diffraction pattern 

is distinct from the substrate pattern with the (002) series diffraction spots aligned with the (006) 

series of the sapphire substrate. The spatially resolved energy dispersive X-ray spectroscopy (EDX) 

line scan shows no element segregations in the layer and a clear interface with the substrate. The 

EDX also shows no contamination in the NbSe2 layer, and an atomic ratio ~ 1:2 for Nb:Se (Fig 

S2b in SI). Further, using atomically resolved scanning transmission electron microscopy (STEM), 

the relative arrangement of Nb and Se atoms is clearly observed (Fig S1c in SI). The above studies 

confirm that stochiometric NbSe2 layers have been grown. 

A systematic tuning of the superconductivity is achieved by controlling the growth 

condition of in NbSe2 (Fig. 3a). Both increasing the growth temperature and decreasing the layer 

thickness cause a decrease of TC (Fig. 3b). However, as the growth temperature increases, even in 

thick samples, the sample resistance starts to develop a sharp upturn at low temperature (Fig. 3b 

inset). To clarify the origin of the resistance upturn, we increase the growth temperature to 600 °C, 
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which gives rise to an insulating (or semiconducting) NbSe2 sample in the full temperature range 

(Fig. 3a blue). A plot of  vs.  is used to validate the origin of the insulating behavior. We ln (𝑅) 𝑇 ―1

find that a linear fit well describes the  vs.  plot (Fig. 3a inset) in a wide temperature ln (𝑅) 𝑇 ―1

range (13 K and above), which is not the case if a variable range hopping model is adopted (Fig 

S4 in SI). Thus, the insulating behavior is not due to localization effects caused by defects. It 

confirms a gapped Fermi surface with the conductivity given by , where the activation 𝜎~𝑒
―

𝐸0
𝑘𝐵𝑇

energy determined to be  ~ 6.7 K. Interestingly, we see little changes on crystal structure between 
𝐸0

𝑘𝐵

the superconducting and insulating samples (Fig S2a). Both have similar lattice constants and the 

same hexagonal rotation symmetry (Fig S2a). Further, the insulating sample (grown at Tg ~ 600 

°C) has even better sample quality (Fig S2a and Fig S3). Therefore, the insulating behavior is not 

due to the degradation of the NbSe2 sample when growing at 600 °C.

Although RHEED does not show visible changes, the difference between the two types of 

NbSe2 samples is visible in Raman spectroscopy, which is known to be sensitive to various 

structural transitions in a wide range of materials.18,19 First, we compare the Raman spectrum of a 

5 ML superconducting sample to that of a bulk NbSe2 flake in Fig 3c. The two spectra resemble 

each other by both showing the A1g, E1
2g and the soft mode peaks, which confirms the quality of 

the MBE grown layer. Compared to bulk NbSe2, it is clear that the E1
2g peak of the MBE grown 

NbSe2 blue shifts to a higher wave number, while the A1g peak red shifts to a lower wave number 

(Fig 3c). The nature of the E1
2g and A1g vibration modes is further confirmed by polarized Raman 

spectroscopy (Fig 3d), in which the p-polarization turns off the A1g peak while maintaining the 

E1
2g peak, consistent with prior reports in 2H-NbSe2.10 The blue shift of E1

2g or the red shift of A1g 

is related to the hardening or softening of phonons, which could be a result of the change of lattice 
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parameters due to strain.20 It is also known that the hardening of a phonon mode is often 

unfavorable to superconductivity.

To further understand the change of the Raman modes, we carried out a series of Raman 

spectroscopy experiments with a focus on the shift of the E1
2g and A1g peaks (Fig 4a). The 

measurement is done in a set of NbSe2 samples (ranging from superconducting to insulating) that 

are grown at difference temperatures. The corresponding resistance as a function of temperature is 

plotted in Fig 3a. A two-peak Gaussian fit is adopted to identify the E1
2g and A1g peak locations 

(Fig 4a). A clear increase of the E1
2g peak, from 245 cm-1 to 260 cm-1, is observed, which 

corresponds to the transition from superconducting to insulating in NbSe2. At the same time, the 

A1g peak decreases. The validity of the comparison is guaranteed by the aligned sapphire substrate 

Raman peak at 418 cm-1. It has been shown that the E1
2g mode represents the vibration of atoms 

within a monolayer layer of NbSe2, and the A1g mode represents the vibration perpendicular to the 

monolayer.21 The opposite shift of the E1
2g and A1g modes could reflect different strain effects 

parallel and perpendicular to the monolayer. Because the (001) plane of NbSe2 is in parallel to the 

(001) plane of sapphire, the shift of E1
2g could be due to the strain effect within the NbSe2 

monolayer. To confirm it, we carried our SAD in both the superconducting sample (growth 

temperature Tg ~ 400 °C) and the insulating sample (growth temperature Tg ~ 600 °C). Fig 4b 

shows a result of the comparison of SAD. There is a clear shift of the NbSe2 (122) SAD diffraction 

spot. The validity of the comparison is based on the well aligned NbSe2 (002) and Al2O3 (102) 

SAD diffraction spots by knowing that the NbSe2 (002) spot is along the same direction as the 

Al2O3 (006) spot (Fig 2c). Comparing the insulating sample (Tg ~ 600 °C) with the 

superconducting sample (Tg ~ 400 °C), one can see that the NbSe2 (122) SAD spot moves away 

in the k-space, which indicates a planar compression of the crystal lattice for the insulating sample.
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 Furthermore, to accurately determine the change of lattice constants along the c-axis 

direction, we carried out XRD measurements on both types of samples (Fig 4c). After aligning the 

Al2O3 (006) peaks, one can see that the insulating sample (Tg ~ 600 °C) has a lower NbSe2 (002) 

peak, which proves the increased (or expanded) c-axis lattice constant. The planar compression 

and out-of-plane expansion of the crystal lattice agrees with the Raman results, in which the E1
2g 

has a blue shift and A1g has a red shift (Fig 4a). The planar lattice compression agrees with the 

aforementioned lattice mismatch between NbSe2 and the sapphire substrate when considering the 

7.8% smaller sapphire supercell compared to that of NbSe2, which has also been shown in the 

MBE growth of other TMD materials on sapphire.15 On the other hand, the compression of the 

planar crystal lattice could also result in an increase of the c-axis lattice constant causing a red shift 

to the A1g mode that describes the out-of-plane lattice vibrations.

III. Discussion:

Although we only measured the phonon modes at large wave numbers, such as the E1
2g 

and A1g, when the lattice is under strain, the phonon modes at low wave numbers will also be 

modified. According to BCS theory,22 the electron-phonon coupling strength is weakened when 

the stiffness of the lattice vibrations increases, which can be caused by a compressive strain. 

Similar effect has been previously reported in other 2D materials such as MoS2.23 Our observations 

are in agreement with them, and suggest that strain could cause the reduced Tc and the switching-

off of superconductivity in our metallic NbSe2 samples (Fig 3b inset). Interestingly, we only see 

lattice compression within the monolayer plane, whereas the c-axis is expanded (Fig 4c). Therefore, 

our results point out that the planar vibration modes play a more important role on 

superconductivity in NbSe2.
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According to SAD (Fig 4b) and RHEED (Fig 4b and Fig S2c in SI) results, no structural 

phase differences are observed in between the superconducting and insulating samples. Previously, 

it has been reported that 1T-NbSe2 is a Mott insulator, which is obtained by growing NbSe2 at a 

higher substrate temperature.12 Our density functional theory (DFT) calculations show that the 

Raman activated modes are very different between 2H-NbSe2 and 1T-NbSe2 (Fig S4 in SI). Thus, 

our Raman results in Fig 4a do not suggest that our insulating sample is 1T-NbSe2. We infer that 

the insulating behavior could be due to the modified electron correlations such as the charge 

density wave (CDW) or the change of band structure in NbSe2 as a result of strain, which is often 

seen in TMD materials.24

Our results show that strain can serve as an effective knob in tuning the superconducting 

properties of NbSe2, which has been shown hard to be achieved by other means such as carrier 

density tuning.25-27 The semiconducting (or insulating) NbSe2 could serve as a high-quality tunnel 

barrier material with a good lattice match with the superconducting 2H-NbSe2, thereby would 

enable a range of superconducting tunneling devices to be seamlessly built into NbSe2. Further, 

the semiconducting (or insulating) NbSe2 may allow gate-controlled insulator to superconductor 

transitions. TMD semiconductors in their 2H phase, for example 2H-MoS2, can become 

superconducting once significant amount of charge carriers are injected into the material by 

gating.28 Because our observed semiconducting (or insulating) NbSe2 is in its 2H phase, 

superconductivity can potentially be turned on by a dielectric gate. It would thus enable switchable 

superconducting devices. These may also suggest the potential realization of 2D planar tunneling 

devices such as 2D Josephson junctions in NbSe2, which has been predicted as a scalable platform 

for topological superconductivity and the manipulation of Majorana zero modes for fault-tolerant 

topological quantum computing.29 
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IV. Conclusion:

The growth of few-layer NbSe2 using MBE has the advantage of producing 

heterostructures with ultra-clean interfaces, which are crucial for delivering high quality 

proximitized materials.17 Because the grown NbSe2 layers are very thin, interface effect dominates 

the electrical properties of the heterostructure. New phenomena due to various proximity effects, 

such as magnetic proximity effects, superconducting proximity effects and spin-orbit proximity 

effects, can emerge. For magnetic proximity effect, heterostructures between NbSe2 and other 

materials with large magnetic exchange fields30,31 can be grown in-situ by MBE. The in-situ 

growth enables ultra-clean interface that is crucial for the induced exchange field, and such NbSe2 

heterostrucures are promising candidates for topological superconductors. For spin-orbit proximity 

effect, heterostructures can be grown by combining NbSe2 with other materials having strong spin-

orbit coupling (SOC), for example TMD materials WTe2, WSe2 etc. NbSe2 can acquire stronger 

SOC or an additional interface SOC, which can be further tuned by a dielectric gate thereby 

enabling new spintronic devices.

V. Methods:

Growth of the NbSe2 thin films was carried out in an ultrahigh vacuum chamber with a 

base pressure of ~ 5✕10-7 torr. The films were monitored in-situ throughout the growth by 

reflection high energy electron diffraction (RHEED) with a 7.5mW beam energy. Ex-situ Raman 

spectroscopy was carried out on uncapped films using a Horiba LabRam system. A 6mW, 532nm 

unpolarized excitation laser with a 100μm spot size was used to scan the films. Ex-situ x-ray 

diffraction was done using a PANalytical Empyrean Series 2 diffractometer with Cu K-Alpha1 

line. Transport measurements were carried out in a homemade liquid helium probe. The sample 

was mounted inside the probe using pressed indium contacts, purged with He gas, and then cooled 
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in a liquid helium dewar. Temperature was controlled by adjusting the insertion height of the probe. 

The temperatures below 4.2K were achieved by letting additional He gas condense inside the probe 

followed by pumping to reduce the vapor pressure. A Stanford Research Systems lock-in amplifier 

was used to measure the resistance of the films in a four-terminal configuration. The DFT 

calculations were carried out within the Perdew-Burke-Ernzerhof (PBE) generalized gradient 

approximation and the projected augmented wave (PAW) method as implemented in software 

package VASP.32,33 The van der Waals (vdW) interactions were accounted for using Grimme's 

DFT-D2 semi-empirical correction to the Kohn Sham energies.34
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Figures and captions:

Fig. 1.  (a) The schematic showing the Al atoms on sapphire (0001) surface. (b) The schematic of 

NbSe2 surface and its epitaxial orientation with respect to the substrate in (a). (c) The RHEED 

patterns: sapphire substrate along [210] direction (top), 9 ML NbSe2 along [210] direction (middle) 

and along [110] direction (bottom). (d) TEM image of a 5 ML NbSe2 sample. It can be clearly 

seen that each NbSe2 monolayer extends continuously over a large scale.
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Fig. 2. (a) The X-ray diffraction of a NbSe2 sample. The well oriented c-axis diffraction peaks are 

seen. The starred peaks correspond to the substrate and the background from the instrument. The 

inset provides a magnified image of the (002) peak, which also shows signatures of thickness 

fringes. (b) The AFM image of a continuous (islands-free) 3 ML NbSe2 sample following the 

growth procedure shown in SI. The substrate terraces are visible indicating good surface coverage. 

(c) The TEM based selective area diffraction (SAD) data of the 5 ML NbSe2 sample (inset). The 

substrate diffraction peaks are labeled in white and the NbSe2 diffraction peaks are in red. The c-

axis (002) diffraction of NbSe2 is aligned with the c-axis (006) diffraction of sapphire. (d) The 

element selective spatially resolved energy dispersive X-ray spectroscopy (EDX) data of a line 

across the interface of the layer. The data shows no element segregations in the layer and a clear 

Page 12 of 25

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13

interface with the substrate. The stoichiometric ratio between Nb and Se is determined in Fig S2b 

in the SI.
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Fig. 3. (a) Resistance measurements of the superconductor to insulator transition in NbSe2 samples 

systematically tuned by varying the growth temperature (from 400 °C to 600 °C). Inset: the ln(R) 

vs. 1/T plot of the insulating sample. The linear fit works in the full temperature range from 13 K 

and above, which gives an excitation gap  ~ 6.7 K. (b) The low temperature zoomed-in plot of 
𝐸0

𝑘𝐵

the superconducting samples. Inset: the metallic samples demonstrating low temperature 

insulating behavior. The color of each curve matches that of (a). (c) Raman spectra comparison 

between MBE grown superconducting NbSe2 (black) and a bulk sample (red). The MBE grown 

sample has a blue shift for E1
2g and a red shift for A1g. (d) Polarized Raman spectroscopy 

confirming both the A1g and E1
2g Raman modes of the sample shown in the middle panel of Fig 

4a. The A1g is turned off when switching from s- to p-polarization, whereas the E1
2g peak survives.

Page 14 of 25

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15

      

Page 15 of 25

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



16

Fig. 4. (a) A comparison of the Raman spectra among three samples having different electrical 

properties (the superconducting sample, the insulating sample and a sample in between). The color 

of the data matches that in Fig. 3a. Two-peak Gaussian fit is used to identify the locations of the 

E1
2g and A1g peaks. A red shift of the A1g peak and a blue shift of the E1

2g peak are observed, which 

accompanies the loss of superconductivity. The comparison is guaranteed by the aligned sapphire 

peak. (b) The comparison of the SAD results of two samples grown at Tg ~ 600 °C (top, insulating) 

and at Tg ~ 400 °C (bottom, superconducting) respectively. A line cut is made from the NbSe2 

SAD (002) peak to the NbSe2 SAD (122) peak crossing the sapphire SAD (102) peak. The line 

cut is indicated by the dashed line shown in the TEM images (right). Gaussian fit is used to identify 

the locations of the diffraction peak. By aligning the NbSe2 (002) and sapphire (102) peaks (left), 

one can see a clear shift of NbSe2 (122) peak indicating that the sample grown at Tg ~ 600 °C has 

a slightly smaller lattice constant. (c) The XRD results of two samples grown at Tg ~ 600 °C (top) 

and at Tg ~ 400 °C (bottom). The NbSe2 (002) XRD peak shifts to lower angel for the sample 

grown at Tg ~ 600 °C suggesting an expanded c-axis lattice constant. The comparison is based on 

the aligned sapphire (006) XRD peak.
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