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SUMMARY

The diamond-like allotrope of Sn (α-Sn) is tantalizing, being an elemental semimetal that hosts a range of 

topological properties. Despite the intriguing potential of this quantum material, a detailed understanding 

of its nontrivial electronic structure remains relatively poor. Here, we prepared α-Sn in a well-defined quan

tum phase (i.e., topological Dirac semimetal) by applying a compressive strain via epitaxial growth on the 

(111) surface of an InSb substrate. We varied the thickness of the α-Sn epilayer to single out the emergence 

of quantum confinement effects. Our electrical investigation suggests a thickness-dependent modification 

of transport mechanisms. These results are complemented by the measurement of the cyclotron reso

nance, which manifests the role of quantum confinement in defining the effective mass of topological 

Dirac fermions as bulk carriers. Our results contribute to deepening the knowledge of the α-Sn electronic 

properties. This is pivotal to increase the future applicability of Sn-based architectures into beyond-state- 

of-the-art devices.

INTRODUCTION

Although largely studied in the past,1–4 the interest in α-Sn, a 

diamond-like allotrope of Sn, has been renewed after the dis

coveries of the topological properties of matter and the realiza

tion of a Sn-based graphene-like lattice called stanene.5,6 In 

this framework, α-Sn is one of the most promising and espe

cially attractive candidates in the field of topological materials, 

due to the presence of various quantum phases that are tunable 

via materials properties such as thickness, strain, and alloying 

or by applying external electromagnetic fields.7,8 Sn has a large 

atomic number compared with the other lighter group IV com

panions, such as carbon, silicon, and germanium. This charac

teristic is reflected in a sizable contribution of the spin-orbit 

coupling that generates an inversion of the order between the 

light hole (LH) and the s-like conduction band.9,10 Unstrained, 

bulk α-Sn is thus a semimetal with a zero gap protected by 

the cubic symmetry of the crystal, but a non-trivial topological 

character can be induced upon external perturbations.8,11–16

Epitaxy on a non-commensurate substrate is one of the 
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conventional strategies to reduce the lattice symmetry, as re

ported for instance in the growth of the Xenes beyond gra

phene.17 Owing to the distortion of the Sn lattice, the strain- 

induced modification of the physical properties provides an 

effective means to tailor the electronic structure and the quan

tum phase.

Specifically, in the case of a compressive strain, α-Sn turns out 

to be a three-dimensional (3D) topological Dirac semimetal 

(TDS), whereas a tensile strain yields a 3D topological insulator 

(TI).18–20 In other words, strain can develop either negative or 

positive energy gaps, when it is compressive or tensile, respec

tively.10 Lately, epitaxial growth of thin films of α-Sn has been 

reported on the (001) and (111) surfaces of both InSb and 

CdTe substrates, mostly through molecular beam epitaxy 

(MBE).3,10,19,21 Previous works19 suggested that the lattice 

mismatch between Sn22 and InSb23 results in the growth of the 

TDS phase for α-Sn owing to the in-plane compressive strain 

of about ε‖ ∼ − 0.14%. The latter induces a small (negative) 

gap of ∼10–20 meV at the Γ point, splitting the single-point Fermi 

surface into two points—still remaining a semimetal but with a 

different dispersion (i.e., linear in all three momentum directions 

thus being characteristic of a TDS phase) (see Figure S1 for theo

retical calculations within the 8-band k⋅p framework24). How

ever, crucial information related to the emergence of quantum 

confinement effects in the novel (111)-oriented TDS growth is still 

lacking, despite its additional potential to enable the deposition 

of α-Sn in the 2D stanene limit.19,25 In this work, we fill this knowl

edge gap by conducting thickness-dependent investigations 

through electrical and magneto-optical measurements of thin 

films grown directly on InSb(111) substrates, whose thickness 

of α-Sn was varied between 5 and 50 nm.

Figure 1. In situ and ex situ characteriza

tions before and after α-Sn growth 

(A–C) XPS core levels of (A) In 3d, (B) Sb 3d, and 

(C) Sn 3d, respectively. The In and Sb 3d core 

levels are acquired before the growth of 10-nm- 

thick α-Sn film and the Sn 3d after growth. 

(D and E) Raman spectra of (D) a bare InSb sub

strate and (E) a 10-nm-thick α-Sn/InSb hetero

junction. The raw data are the scattered points, 

the solid curve is the corresponding fit result, while 

the dashed lines show the individual spectral 

components used in the fitting procedure. 

See also Figure S2.

RESULTS AND DISCUSSION

α-Sn is deposited through MBE at room 

temperature on undoped Sb-terminated 

InSb(111) substrate (see methods). Before 

the Sn growth, the InSb substrate is inves

tigated through in situ X-ray photoelectron 

spectroscopy (XPS). In Figures 1A and 1B, 

the 3d core levels of In and Sb are respec

tively shown. After the Sn growth (10 nm), 

the Sn 3d core levels (placed in between 

In 3d and Sb 3d) are also observed, as 

shown in Figure 1C. The spin-orbit separa

tions between the d5/2 and d3/2 components are equal to ΔIn
3d = 7.55 

eV, ΔSb
3d = 9.37 eV, and ΔSn

3d = 8.40 eV.

Figures 1D and 1E show the Raman spectroscopy character

ization before and after the deposition of a 10-nm-thick Sn film 

(see also Figure S2, showing the homogeneity of α-Sn deposition 

over the sample sizes). The InSb substrate exhibits two Raman 

modes at ∼180 and 190 cm− 1 due to the transverse and longitu

dinal optical modes, respectively,26 while α-Sn is characterized 

by a 1Γ mode centered around 197 cm− 1.2,27

In the following, we address the transport properties of α-Sn. 

Different epilayer thicknesses have been characterized (5, 10, 

and 20 nm) using the single-channel structure schematized in 

Figures 2A and 2B (see methods for details). The devices have 

been analyzed by measuring the current-voltage curves in the 

77–300 K range. Figures 2C–2E demonstrate the resulting tem

perature-dependent resistance, R(T), obtained for the three 

different thicknesses.

It is worth noting that as the lattice temperature approaches 

300 K, the intrinsic carrier concentration promoted in the sub

strate can become sizable (e.g., ∼1016 cm− 3),28 thus offering a 

preferential conductive channel for the current flowing in the het

erostructure. This consideration leads to the natural assumption 

that the high-temperature R(T) characteristic is expected to be 

governed mostly by the highest resistive component of the de

vice (i.e., the α-Sn film) and to a negligible current through 

such epitaxial layers, compared to that flowing via the substrate. 

Such peculiar behavior can offer a convenient opportunity to 

gather instrumental access to the inherent properties of the 

TDS itself. To scrutinize this possibility, we begin by noticing 

that all the R(T) curves of Figure 2 feature a bell-shaped profile 

with a maximum around 150 K. This is such a puzzling 
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dependence, which is also found for other topological mate

rials.29,30 However, it differs from the monotonic behavior 

observed in the InSb(111) substrate (see Figure S3) and from 

recent literature data for α-Sn grown on CdTe(001), where resis

tivity dependence on temperature was shown to radically 

change when the α-Sn thickness was reduced from 100 to 

10 nm.31

As suggested in the literature, the resistive behavior observed 

in Figures 2C–2E for α-Sn on InSb(111) stems from intertwined 

contributions originating from the multi-valley nature of the 

band structure of this TDS and is likely affected by the tempera

ture-dependent populations and effective masses of L-valley 

electrons, LHs, and heavy holes.21,31–33 Such an interpretation 

is further corroborated by an analytical calculation of the 

Fermi-Dirac distribution of the carrier densities (see Figure S4) 

recently introduced.34 In the intrinsic regime (i.e., high-tempera

ture range ∼300 K), electrons are effectively promoted from the 

Dirac cone to in the L-valleys via intervalley scattering, and 

concomitantly the hole concentration increases. Upon cooling 

below room temperature, carriers are expected to freeze out to

ward the Dirac cone as a result of a progressive depopulation of 

the thermally excited L-valley electrons, yielding a net increase of 

the device resistance.31 The semiconductor-like behavior, Rs(T), 

established as the temperature approaches 150 K, can thus be 

regarded as a manifestation of the activation energy between 

states at the center (Γ-valley) and the edge (L-valley) of the Bril

louin zone.21,31–33

The competition between carrier population and effective 

masses further emerges as the temperature is additionally 

reduced below the critical value of about 150 K. In this 

case, previous works have demonstrated that the marked 

resistance decrease seen in Figures 2C–2E can likely occur 

because charge transport is progressively dominated by 

high-mobility Γ-valley carriers, and a metal-like character 

Rm(T) sets in.31,35

Following previous literature results, we can approximate the 

temperature-induced changes of the resistance as21,33

1

R(T)
=

1

Rs(T)
+

1

Rm(T)
: (Equation 1) 

While this analysis is overly simplified, as it neglects various 

processes (e.g., impurity and intervalley scattering at low tem

peratures), it is nevertheless suited to quickly glance the possible 

emergence of quantum confinement effects. Indeed, despite be

ing qualitative, this approach can be useful specifically in the 

high-temperature regime. As argued in the literature,21,33 the 

resistive behavior can be singled out using the following Arrhe

nius law:36

Rs(T) = R∞eEa=kBT (Equation 2) 

where kB is the Boltzmann constant, R∞ is the resistance at very 

high temperatures, and Ea is an activation energy. Conversely, 

Figure 2. Electrical transport in the α-Sn thin films on InSb(111) 

(A) Sketch of the single-channel structures patterned for the electrical characterization of α-Sn of 5-, 10-, and 20-nm thicknesses. 

(B) Optical image of the 20-nm-thick single-channel structure. 

(C–E) R(T) curves obtained for α-Sn samples with thicknesses of (C) 5 nm, (D) 10 nm, and (E) 20 nm. 

(F) Evolution of energy activation as a function of Sn film thickness. The inset shows the schematic band structure of α-Sn, and the arrow highlights the transition 

from Γ- to L-valley. 

See also Figures S3 and S5 and Tables S1 and S2.
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the low-temperature component can be simplified by assuming 

a dependence like37

1

Rm(T) − R(0)
=

1

C1Tn
+

1

C2T
(Equation 3) 

where C1 and C2 are related to the two distinct transport regimes 

depending on the phonon system degeneracy, while R(0) is the 

resistance in the limit of temperature of 0 K, in which scattering 

from defects is present among the other effects. It is interesting 

to note that the value of the exponent n has been associated in 

the literature with 3D- or 2D-like transport, owing to a T5 or T4 

scaling dependence, respectively.37,38 As shown in Figures 

2C–2E, each R(T) curve is nicely fitted by the simple two-regime 

model.

The data reduction, summarized in Table S1, possibly sug

gests that the T4 dependence is slightly favorable compared to 

the T5 scaling only for the 5-nm-thick sample, thus indicating 

that at cryogenic temperatures and in this low-thickness regime, 

the conduction might possibly occur thanks to the emergence of 

2D gas. It should be noted, however, that given the limitations of 

the model in the low-temperature regime, and the close χ2 sim

ilarity between the n = 4 and n = 5 scaling (see Tables S1 and 

S2), as also reported for α-Sn on Si33 or CdTe,21 further investi

gation is needed to better address such a behavior.

The modeling discloses another remarkable effect of the epi

layer thickness when we consider the thermal excitation of car

riers in the high-temperature range. The values of the Γ-L energy 

activation, extrapolated from the R(T) data above 150 K, are 

summarized in Figure 2F for the various samples. It can be noted 

that a drastic increase in the amplitude of the thermal gap takes 

place as the epilayer thickness decreases. Similarly, the peak 

resistance scales with the film thickness (see Figure S3). All these 

findings further support the assumption of the negligible contri

bution of the substrate in the resistance measurement because 

the bulk InSb, being the same wafer for all the epitaxial layers, 

would have yielded a constant Ea value, if any. As an additional 

control experiment, we have repeated the growth of the 

20-nm-thick α-Sn film deposited on a different InSb(111) wafer 

using a second MBE apparatus. The temperature-dependent 

resistance was found to be in good agreement with the previous 

set of data (see Figure S5), demonstrating reproducibility and 

confirming the primary role of the TDS layer in defining the 

measured current-voltage characteristic of the device. Such a 

finding provides striking evidence for the emergence of quan

tum-size effects in the conduction of α-Sn/InSb(111).21,39

To gain a more quantitative understanding of conduction 

mechanisms, particularly at the Γ-valley, and to provide useful 

information about the impact of quantum confinement on the 

electronic properties of the TDS in the 3D regime, we measured 

the low-temperature absorption in the far-infrared (IR), focusing 

on as-grown α-Sn films thicker than 5 nm, namely 10, 20, and 

50 nm. Notably, the application of high magnetic fields (see 

methods) yields cyclotron resonances (CRs) and enables the 

contactless determination of the effective mass of the carriers, 

which proved effective in both single crystals and thin films.40

To better disclose the field-induced changes in the optical 

response of the samples, the transmission (T) measured at a 

given magnetic field (B) is normalized, unless otherwise noted, 

by the zero-field spectrum (i.e., Ts(B) =Ts(0)). This quantity is 

referred to as relative magneto-transmission (Figures 3A and 

4A–4C).

The spectra of the 20-nm-thick sample are presented in 

Figure 3A as a vertically stacked plot. The intensity of the normal

ized transmission is reported as a function of the incident radia

tion energy in the 0 to 100 meV range. Two spectrally narrow re

gions are dominated by noise (marked in gray in Figure 3A) that is 

due either to the absorption associated to the Reststrahlen band 

of the InSb substrate41 (area 1 between 21 and 25 meV) or to 

instrumental optical losses at the beamsplitter of the interferom

eter (area 2 between 86 and 93 meV). The dominant feature 

emerging in the normalized magneto-transmission data of 

Figure 3A is a pronounced dip that at B = 1 T is around 8.8 

meV and progressively blueshifts with the field.42,43

This line is also well seen in Figures 4A–4C, where we report 

the same set of data in the form of a false-color plot for all three 

samples investigated. This line is easily identified as cyclotron 

resonance of bulk electrons in bulk InSb.44,45 To enhance the 

signal from the α-Sn layer, we have also used an alternative 

way of plotting our magneto-optical data—that is, substrate- 

normalized magneto-transmission. This corresponds to relative 

magneto-transmission of the sample, Ts(B)=Ts(0), additionally 

normalized by relative magneto-transmission of the bare InSb 

substrate, Tref(B)=Tref(0). Special care was taken to ensure 

reproducibility by performing measurements of the α-Sn films 

and of the InSb(111) reference using the same acquisition 

parameters. These substrate-normalized data are shown in 

Figures 3B and 4D–4F. Additional plots demonstrating the 

Figure 3. Magneto-optical characterization 

of 20-nm-thick α-Sn 

(A) Relative magneto-transmission spectra, Ts(B)/ 

Ts(0), collected at T = 4.2 K on the 20-nm-thick 

sample for selected values of the applied mag

netic field (the offset in vertically stacking scales 

with B). 

(B) The magneto-optical data from (A) normalized 

by the relative magneto-transmission of the bare 

InSb substrate: Tref(B)/Tref(0)—in other words, 

[Ts(B)/Ts(0)]/[Tref(B)/Tref(0)]. The black dots indicate 

the position of the CR dip, while blue dots highlight 

the remaining signal from the InSb substrate. The areas (1) and (2) in both panels correspond, respectively, to the spectral region fully opaque due to the 

Reststrahlen band of InSb and absorption in the beamsplitter.
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frequency derivative of magneto-transmission are presented in 

Figures S6A–S6C, together with magneto-transmission of the 

bare InSb substrate in Figures S7A and S7B. Importantly, a 

closer look at Figures 4A–4C reveals an additional excitation 

that appears solely in the epilayers in the energy window located 

below the InSb CR line. Even though characterized by a signifi

cantly weaker integral intensity, as compared to the InSb CR 

line, it is clearly present in all three investigated samples.

The resulting color-coded maps for all the samples are 

summarized in Figures 4D–4F. The corresponding spectra for 

the 20-nm-thick sample have been also vertically stacked in 

Figure 3B for further clarity. Despite the InSb line not being 

completely removed, a rather broad absorption feature, high

lighted by the yellow dotted line in Figures 4D–4F, becomes bet

ter resolved. We ascribe it to the cyclotron resonance caused by 

mobile bulk carriers located at the Γ-valley of the α-Sn film. Since 

the cyclotron frequency is given by46

fc =
eB

2πm∗

where e is the electron charge and m∗ is the effective mass, 

the transmission minima at the resonance lines, summarized 

in Figures 5A–5C, provide us with the effective masses. The 

thickness-induced change in m∗ is reported in Figure 5D, 

demonstrating that the TDS transport is governed by carriers 

that become progressively lighter as the α-Sn thickness 

increases.

Figure 4. Normalization comparison of 

magneto-transmission maps for different 

α-Sn thicknesses 

False-color maps of relative magneto-trans

mission, Ts(B)/Ts(0), collected on α-Sn samples 

with the thicknesses of (A) 10 nm, (B) 20 nm, and 

(C) 50 nm. For comparison, and to enhance the CR 

from α-Sn layers, we also plot the same set of data 

with additional normalization by relative magneto- 

transmission of the bare InSb substrate in (D)–(F), 

respectively. The yellow dashed lines highlight the 

CR line in the α-Sn films. 

See also Figures S6 and S7.

Such data represent the first estimate 

of the effective masses for α-Sn directly 

grown on InSb(111). We can nevertheless 

find reassurance of their validity and con

sistency with TDS conduction47 via the 

3D conical Dirac bands by considering 

that they are in line with the literature 

data for thick films of strained α-Sn grown 

on CdTe(001)48,49 and on InSb(001)50

substrates.

It is worth noting, however, that the 

compelling modification of the effective 

mass emerging from the magneto-ab

sorption measurements can be inter

preted in the framework of Kane’s formal

isms51,52 as a result of a quantization 

gap in trivial semicondutors.10 Such findings confirm the occur

rence of quantum confinement effects and might be linked to 

the 2D-to-3D crossover suggested by the resistance data below 

10 nm.

While anisotropy in the dispersion of the Dirac bands can also 

contribute to the observed effective mass variation, it is inter

esting to note that theoretical predictions39,53,54 and experi

mental reports,10,55 primarily in prototypical materials such as 

Cd3As2, support the conclusions by suggesting that compres

sively strained α-Sn confined to a reduced thickness can sustain 

a quantum phase transition from a TDS to a TI, the latter being 

characterized by a large band gap and high mobility carriers, 

such as those shown here.47 However, further studies are 

needed to clarify such a possibility.

Conclusions

We investigated the thickness-dependent properties of α-Sn 

films grown on InSb(111). The temperature-dependent resis

tance clearly revealed the onset of quantum confinement effects. 

A complementary magneto-optical investigation confirmed this 

observation, also demonstrating a progressive decrease in the 

effective mass. The latter result is in line with the confinement- 

induced phenomena reported in other prototypical TDSs such 

Cd3As2
55 and Na3Bi.56 It is worth noting that the effective 

masses disclosed in α-Sn/InSb(111) are lower than in other 

TDSs,55,57 making α-Sn additionally appealing in topological 

electronics, in light of its easier growth (at room temperature) 

because it is a single-element material.
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METHODS

Growth and in situ characterization

The samples are grown in the MBE system with base pressure 

10− 10 mbar on undoped InSb(111) substrate. Before the growth, 

the substrate is prepared with several cycles of Ar+ sputtering 

(1.5 kV) and annealing (at 330◦C). Sn is evaporated at a rate of 

∼2 Å/min to the desired thickness (between 5 and 50 nm), keep

ing the substrate at room temperature. Each sample is charac

terized by in situ XPS performed before and after the Sn growth. 

A non-monochromatized X-ray source (Mg anode, hν = 

1,253.6 eV) in surface-sensitive conditions (takeoff angle of 

37◦) has been used. After the sputtering and annealing cycles, 

the substrate is not oxidized, as evidenced by the presence of 

single spectral lines related to the elemental In and Sb without 

the presence of the oxide-related components at higher binding 

energies (see Figure 1).

Raman spectroscopy

Raman spectra have been acquired through a solid-state laser 

(514 nm) in a backscattering configuration, coupled to an optical 

microscope equipped with a 50× objective, using a laser power 

of 1 mW and collecting 3 accumulations with an exposure time of 

10 s.

Sample processing

The Sn structures (consisting of a channel of 4× 0:7 mm) were 

made by patterning the samples through optical lithography us

ing the Tabletop Maskless Aligner μMLA from Heidelberg. The 

etching of Sn is performed through aqua regia, realized with a 

mixture of nitric acid (HNO3) and hydrochloric acid (HCl), with a 

ratio of HNO3:HCl = 1:3 and diluted 1:50 in H2O, to obtain an 

etching rate of ∼20 nm/min.

Electrical characterization

For the electrical transport measurements, a microscope cryo

stat (Linkam HFS600E-PB4) has been used to study the resis

tance as a function of temperature. It includes two metal cryo

genic tips that can be manually placed on the sample to make 

electrical contact by means of Ag paste. These are connected 

to a Keithley Source-Meter-Unit 2450, through which the 

voltage-current curve data can be recorded. The cryostat is 

cooled with liquid nitrogen and connected to the PC through 

software to control the temperature. Reference InSb substrate 

for electrical measurements (Figure S3) has been sputtered 

and annealed as those used for the Sn growth. All the InSb sub

strates come from the same 2-in wafer.

Magneto-optical characterization

The magneto-optical data were collected in transmission 

mode, using a globar as a broadband source of IR radiation, 

which was delivered to the sample via light-pipe optics and 

analyzed by a Fourier transform spectrometer. The experiment 

was performed at a temperature of 4.2 K in the Faraday config

uration, which corresponds to the magnetic field parallel to the 

light wave vector. The available magnetic field ranged from 0 to 

16 T and was delivered by a superconducting solenoid. The 

sample and bolometer, placed directly below the sample hold

er, were positioned in a sealed probe kept under low pressure, 

ensuring sufficient heat transfer with the He bath of the magnet 

cryostat.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will 

be fulfilled by the lead contact, Fabio Pezzoli (fabio.pezzoli@unimib.it).

Figure 5. Extrapolation of effective masses 

for different thicknesses of α-Sn 

(A–C) Linear fit of the CR frequency dip positions 

as a function of the magnetic field B for (A) 10 nm, 

(B) 20 nm, and (C) 50 nm of α-Sn thickness. 

(D) Values of the effective mass extrapolated by 

the linear fitting of the cyclotron resonance lines, 

expressed in free electron mass (m0) units, as a 

function of the α-Sn thickness.
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Materials availability

This study did not generate new unique materials.

Data and code availability

• All data reported in this paper will be shared by the lead contact upon 

request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this 

paper is available from the lead contact upon request.
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