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I. Preface 

The purpose of this chapter is to introduce the reader to the chalcogenide materials 

systems that host the topological insulator phase of quantum matter. Specifically, the HgTe 

quantum well 2D topological insulator system and the V2VI3-type bismuth- and antimony-

chalcogenide 3D topological insulator systems will be described. The chapter includes a 

general introduction to topological insulator systems, a description of the various growth 

methods for the synthesis of chalcogenide topological insulator materials, a review of 

notable studies and discoveries along with a description of several exotic topological states 

that have been shown to exist or are predicted to exist in these materials, and an outlook and 

summary. 

 

II. Introduction 

An exotic phase of quantum matter exists in certain classes of chalcogenide materials, 

characterized by strong spin-orbit coupling and hosting time-reversal invariant systems, is 

the topological insulator (TI). Topological insulators are materials with a bulk band gap and 

band-crossing edge states or surface states supported by the non-trivial band topology of the 

TI. The topologically protected states are helical, with the electron spin locked perpendicular 

to the momentum, protecting against direct backscattering by non-magnetic impurities. The 
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chalcogenide topological insulators discussed in this chapter are of two types. The first is the 

2D topological insulator system observed in type-III HgTe semiconductor quantum wells, 

which hosts topologically protected edge states with a quantized conductance arising from 

the quantum spin Hall effect, and the V2VI3-type bismuth- and antimony-chalcogenide 3D 

topological insulators. 

The existence of a phase of exotic quantum matter in systems with time-reversal 

symmetry was found to be rather unexpected, as prior to the discovery of symmetry-

protected topological states, [1, 2] exotic quantum states were believed to arise from 

symmetry breaking according to the Landau paradigm. [3] Symmetry-breaking exotic 

quantum phenomena include superconductivity, which arises when the electromagnetic 

gauge symmetry associated to electron number is broken, [4] and ferromagnetism, which 

arises when time-reversal symmetry is broken. [5] Unlike in the Landau paradigm, 

topological order, which is not attributed to symmetry breaking, is instead related to the 

Berry phase acquired by path-integrating through a closed adiabatic loop around a complex 

vector space defined by the Hamiltonian (e.g. bands in the Brillouin zone). One well-known 

topological effect, the quantum Hall effect [6, 1], is, itself, known to arise from time-reversal 

symmetry breaking by a strong magnetic field, which leads to a quantized Hall conductance 

associated with a topological invariant called a Chern number. [7] Here, the integral of the 

Berry curvature, which is given by the Berry phase around a small plaquette of infinitesimal 

area within the enclosed parameter space region divided by the area of that plaquette, over 

the occupied states described by the ground state Hamiltonian plus a perturbation to 

account for the application of a background electric field to generate current flow in a strong 

magnetic field leads to a nontrivial topological invariant, robust against disorder and 
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changes in material properties and device geometry. [8] It came as a surprise to many, then, 

that a topologically non-trivial system was predicted and observed for a system, not arising 

from symmetry breaking, but rather arising from symmetry protection. Specifically, these 

systems have a non-trivial Z2 topological classification. [9] 

 

II.1. The Z2 Topological Insulator 

 The chalcogenide materials systems discussed in this chapter are distinguished by 

strong spin-orbit coupling associated with high Z-number of the elements composing the 

materials, which gives rise to band inversion at time-reversal (TR) symmetry protected 

point of high symmetry in the Brillouin zone (BZ). According to Kramers’ theorem, for a TR-

invariant Hamiltonian for spin-½ particles, all eigenstates are at least twofold degenerate 

[10]. In the absence of spin-orbit interactions, Kramers’ degeneracy is simply the spin 

degeneracy. However, in the presence of spin-orbit interactions, a TR-invariant Hamiltonian, 

H, i.e. one that satisfies 𝜣 H(𝒌) 𝜣−1 = H(−𝒌), can be classified by one of two topological 

classes defined by Z2 invariant ν: 𝜈 = 0 or 𝜈 = 1, signifying, respectively, a topologically 

trivial system and a topologically nontrivial system. [9, 11] 

At the interface between two distinct systems, depending on the details of the 

Hamiltonian near the edge, there may or not exist band gap-crossing states bound to the edge 

of the shared interface of the two systems (for 2D topological insulators) or to the surface 

formed by the shared interface of the two systems (for 3D topological insulators). The 

minimum number NK of Kramers pairs of edge modes intersecting the Fermi level, EF, within 

the bulk band gap is given by the difference between the topological indices of the two 

systems according to 𝑁𝐾 =  ∆𝜈 mod 2, an effect referred to as bulk-boundary 
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correspondence. [12]  A system with an even number of Kramers pairs of edge modes that 

cross EF can be smoothly deformed via an adiabatic transformation of the Hamiltonian to 

move all band-crossing edge modes out of the band gap. These states are topologically 

equivalent, i.e. 𝜈1 = 𝜈2. A system with an odd number of Kramers pairs of edge modes that 

cross EF can never be smoothly transformed to reduce NK below 1 without undergoing a 

topological phase change, revealing the topological protection of these states arising from 

the topological inequivalence of the two interfacing systems, i.e. 𝜈1 ≠ 𝜈2. 

The Z2 topological index, ν, can be calculated from a unitary matrix built from the 

occupied Bloch functions defined at four points in the bulk 2D Brillouin zone (for 2D 

topological insulators) or eight points in the bulk 3D Brillouin zone (for 3D topological 

insulators) where +k and –k coincide. These mathematical formulations are beyond the 

scope of this chapter, but can be studied in the following references. [9, 13, 14, 15, 16, 17, 18, 

19, 20] In the following sections, the HgTe quantum well 2D topological insulator system and 

the V2VI3-type (Bi,Sb)2(Se,Te)3 3D topological insulator systems, hereby described as V2VI3 

series systems, are introduced. 

 

II.2. Mercury Telluride Quantum Wells 

The type-III HgTe semiconductor quantum well is regarded as the first topological 

insulator to be studied. [21] Here, type-III refers to a heterojunction with a broken band gap 

that results from a distinctive inversion of the HgTe conduction and valence bands due to 

strong spin-orbit coupling. These materials systems consist of a thin HgTe sandwiched 

between two CdTe layers. CdTe is a topologically trivial (or “normal”) insulator with a bulk 

band gap of 1.5 eV, [22] whereas HgTe is topologically non-trivial due to the inversion of the 
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bands at the k = 0 point of the Brillouin zone driven by strong spin-orbit coupling. At HgTe 

quantum well thicknesses, d, below critical thickness, d < dc, where dc was found to be 6.4 

nm, [23] the quantum well is dominated by the electronic structure of the CdTe layers, and 

the system is in the normal, topologically trivial, state. At HgTe quantum well thicknesses 

greater than the critical thickness, d > dc, the quantum well is dominated by the inverted 

band structure of the HgTe, giving the highest occupied band of the electronic states within 

the well a Z2 topological index of 𝜈 = 1. The Z2 topological index of the CdTe layers on either 

side of the HgTe quantum well, conversely, is a trivial 𝜈 = 0. At the HgTe-CdTe interface, by 

the bulk-boundary correspondence described in the previous section, exists a pair of 

topologically protected helical edge states characterized by dissipationless spin current flow. 

These states describe a nontrivial topological phase called the quantum spin Hall (QSH) 

system, which is the hallmark topological effect in the HgTe quantum well system. 

HgTe and CdTe have zincblende structure with space group 𝑇𝑑
2 (𝐹4̅3𝑚), a derivative 

of the diamond structure. These structures contain two symmetry-independent atomic sites 

per unit cell; cations Hg and Te occupy the Wyckoff 4a (0 0 0) positions in the cubic cell, and 

the Te anion occupies the Wyckoff 4c (0.25 0.25 0.25) position. The HgTe unit cell parameter 

is 6.462 Å, corresponding to a Hg-Te bond length of 2.797 Å, [24] and the CdTe unit cell 

parameter is 6.477 Å, corresponding to a Cd-Te bond length of 2.803 Å. [25] The interface 

between CdTe and HgTe experiences very little lattice strain, on the order of 0.2%. High 

quality barrier materials are often grown with the inclusion of Hg flux during growth, 

producing ternary alloy HgxCd1-xTe barrier layers. For example, Konig et al. observed the QSH 

effect in HgTe quantum wells sandwiched between topologically trivially insulating 

Hg0.3Cd0.7Te. [26] 
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The topologically nontrivial HgTe quantum well system is, necessarily, a layered 

heterostructure, and must therefore be synthesized in thin film form. Consequently, there is 

practically no bulk synthesis version of this materials system. The QSH effect has been 

demonstrated in HgTe quantum wells [23] grown by molecular beam epitaxy (MBE). [26] 

HgTe quantum well systems have also been synthesized by plasma-enhanced chemical vapor 

deposition (PECVD) [27] and metalorganic chemical vapor deposition (MOCVD), [28] albeit 

primarily for the purpose of producing infrared photodetectors rather than QSH insulators. 

These thin film growth techniques are described in section III. At a sufficient HgTe quantum 

well thickness d > 6.4 nm, measurements show a conductance plateau of close to 2e2/h, 

where e is the elementary charge and h is the Planck constant, that is independent of sample 

width, indicating it is caused by the predicted topological edge states. This seminal transport 

experiment is further discussed in section IV. 

 

II.3. V2VI3-series 3D Topological Insulators 

 V2VI3-series topological insulator (TI) materials Bi2Se3, Bi2Te3, and Sb2Te3 have 

tetradymite rhombohedral crystal structure with space group 𝐷3𝑑
5  (𝑅3̅𝑚) with five atoms 

per unit cell. [29] These materials form layered structures consisting of repeating layers of 

five lamellae, from which the structural identifier “quintuple layer (QL) structure” is derived. 

The lamellae of the QL are atomic planes arranged along the z-direction with the atomic 

composition of the lamella given by X1–M–X2–M'–X1', where X1, X1', and X2 denote lamellae 

containing Se or Te atoms, and M, M' denote lamellae containing Bi or Sb atoms, with strong 

interatomic coupling of adjacent atoms within a QL and weaker coupling between QLs 

separated by van der Waals gaps. X1 and X1' are equivalent and M and M' are equivalent, with 
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the atoms of the top lamellae, X1 and M, related to the atoms of the respective bottom 

lamellae, X1' and M', by an inversion operation in which the X2 atoms act as inversion centers. 

The rhombohedral lattice parameters, Wyckoff positions, bond lengths, and interlamellar 

spacing of Bi2Se3, Bi2Te3, and Sb2Te3 are shown in Table 1. 

 

Table 1. Rhombohedral lattice parameters, Wyckoff positions, bond lengths, and 

interlamellar spacing of Bi2Se3, Bi2Te3, and Sb2Te3. M denotes Bi and Sb atoms and X denotes 

Se and Te atoms. 

(a) Lattice parameters (Å) 
 Bi2Se3 [30, 31] Bi2Te3 [31] Sb2Te3 [29] 
a 4.14 4.39 4.26 
c 28.6 30.5 30.5 

(a) Wyckoff positions 
 Bi2Se3 [30, 31] Bi2Te3 [31] Sb2Te3 [29] 
X1 (0 0 0) (0 0 0) (0 0 0) 
M (0.2109 0.2109 0.2109) (0.2097 0.2097 0.2097) (0.2128 0.2128 0.2128) 
X2 (0.4006 0.4006 0.4006) (0.4000 0.4000 0.4000) (0.3988 0.3988 0.3988) 

(c) Bond lengths (Å) 
 Bi2Se3 [32] Bi2Te3 [32] Sb2Te3 [29] 
M–X1 2.97 3.04 2.98 
M–X2 3.04 3.24 3.17 
X1–X1' 3.27 3.72 3.74 

(d) Lamella spacing (Å) 
 Bi2Se3 [30, 31] Bi2Te3 [31] Sb2Te3 [29] 
dAB 1.57 1.74 1.68 
dBC 1.93 2.03 2.00 
dCB' 1.93 2.03 2.00 
dB'A' 1.57 1.74 1.68 
dvdW 2.54 2.63 2.81 

 

These TI materials exhibit a bulk band gap and band-crossing surface states 

supported by the non-trivial band topology of the topological insulator. Note that Sb2Se3, 

which has an orthorhombic structure rather than a rhombohedral structure, is not a 
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topological insulator, but is, rather, a topologically trivial normal band insulator. Bi2Se3 has 

a direct bulk band gap at the Γ point of approximately 240 meV to 300 meV, [33] Bi2Te3 has 

an indirect bulk band gap of approximately 150 meV, [34] and Sb2Te3 has an indirect band 

gap of approximately 210 meV. [35] The topologically protected surface states are 

characterized by the electron spin locked perpendicular to the momentum (in the plane of 

the sample) related to the system’s time reversal invariance that protects these conducting 

states against backscattering by non-magnetic impurities. Like HgTe, the topologically 

nontrivial nature of the occupied bands of these high Z-number V2VI3-series materials is due 

to band inversion at the k = 0 point (the Γ point) of the Brillouin zone driven by strong spin-

orbit coupling. The V2VI3-series 3D topological insulator is distinct from the HgTe quantum 

well 2D topological insulator in that the former is characterized by four topological 

invariants, (𝜈0; 𝜈1𝜈2𝜈3) = (1; 000), where, at sufficient thickness of the V2VI3 layer, the 

primary topological index 𝜈0 = 1 identifies the system as a strong topological insulator with 

symmetry protected surface states, and 𝜈1 = 𝜈2 =  𝜈3 = 0, where (𝜈1𝜈2𝜈3) can be 

interpreted as Miller indices describing the orientation of the layers, reveals that V2VI3-series 

3D topological insulator will not host time-reversal invariant topologically protected one-

dimensional helical modes at the sites of any dislocations in the crystal. [36] The topological 

surface states of the V2VI3-series materials appear in the band diagram as a band-gap-

crossing surface state. Advantageously, the surface states in Sb2Te3, Bi2Se3, Bi2Te3 have been 

predicted to be nearly ideal single Dirac cone with near-linear energy-momentum dispersion 

[37], which has been experimentally demonstrated by angle-resolved photoelectron 

spectroscopy (ARPES) measurements to be the case for Bi2Se3 [38] and Bi2Te3 [38, 39]; due 

to a high level of intrinsic doping of naturally grown Sb2Te3, the Fermi level of this material 



9 
 

lies in the bulk valence band continuum, below the surface states, and has, therefore, not 

been directly observed by using ARPES. A complication in studying the physics of carriers at 

the Dirac point of the surface states arises in Bi2Te3 as the Dirac point lies below the top of 

the BVB, signifying that studies of transport of the surface states at the Dirac point will be 

confounded by hole conduction in the BVB. Ternary and quaternary alloys of composition 

Bi2-xSbxSe3-yTey, with x and y tuned to achieve such alloys as BiSbTe3, Bi2Se2Te, and Bi2SeTe2, 

may be synthesized to both adjust the position of the Dirac cone within the band gap, the 

charge type of the Dirac surface state charge carriers, and position the Fermi level within the 

bandgap to limit charge transport to the surface states. [40] 

Experimentally, unlike the QSH state hosted by the HgTe quantum well system, the 

conductance of the topological surface states of the V2VI3-series topological insulators is not 

characterized by a quantized conduction value, as these states are not dissipationless 1D 

chiral modes, but rather are a diffusive 2D electron system. However, due to the time-

reversal symmetry of the system, the topological surface states are protected against direct 

backscattering by non-magnetic impurities. The spin texture of the topological surface states 

leads to highly spin-polarized current, motivating research of these materials for the 

development of spintronic applications. Furthermore, the interaction of the Dirac-like 

surface states with symmetry-breaking states, including those involved in ferromagnetic 

exchange and the Cooper pairs hosted by a superconductor, can produce exotic topological 

states. The quantum anomalous Hall effect (QAHE), observed when the time reversal 

symmetry of topological insulator surface states is broken by magnetic ordering induced by 

spontaneous magnetization, supports a quantized Hall conductance of e2/h with a Chern 

number of 1. [41] Unlike the quantum Hall effect (QHE) described in Section II, the QAHE 
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arises spontaneously without inducement by an external magnetic field. Another example of 

an exotic topological state is the Majorana state hosted in topological superconducting 

systems, either bound to vortices in topological two-dimensional chiral p-wave 

superconductors [42] or as chiral Majorana modes in 1D chiral topological superconductors. 

[43] Experimental studies on these and other topological quantum states are discussed in 

Section IV.  

 

III. Synthesis 

This section briefly describes the thin-film growth techniques used to produce HgTe 

quantum well heterostructure materials and details the various bulk crystal growth, thin film 

growth, epitaxial deposition, and other techniques used to produce V2VI3-series 3D 

topological insulators. An introduction to the various growth methods that have been 

demonstrated successfully to produce topological insulator chalcogenides, along with key 

growth method details, will be presented. Crystal quality is largely discussed in terms of 

structural and compositional characterization measurements, which will be described here. 

 

III.1. Mercury Telluride Quantum Well Growth 

 The HgTe quantum well system is a trilayer CdTe/HgTe/CdTe heterostructure with 

an HgTe layer thickness of at least 6.4 nm. The CdTe layers in this heterostructure can be 

replaced with layers with composition HgxCd1-xTe, where x is sufficiently small such that the 

layer preserves its topologically trivial non-inverted band gap. The epitaxial growth HgxCd1-

xTe with very low x has is somewhat easier to produce with good crystallinity than pure CdTe 

because Cd incorporation is improved when growth is performed in a high Hg vapor 
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pressure environment, likely due to the prevention of tellurium precipitates. [44] The 

relative extent of Hg and Cd incorporation is tuned by the gas flow rates and substrate 

temperature. 

The HgxCd1-xTe/HgTe/HgxCd1-xTe system has been produced by means of several 

different layered heterostructure growth methods, including molecular beam epitaxy 

(MBE), vapor phase epitaxy (VPE) — including plasma enhanced chemical vapor deposition 

(PECVD), metalorganic VPE (MOCVD), and physical vapor deposition (PVD) — and liquid 

phase epitaxy (LPE). Laser assisted deposition and annealing have also been utilized to 

produce CdHgTe films [45]. Typically, a CdTe substrate is employed as a substrate, with 

different substrate surface conditions report to be best suited to growth by the different 

growth methods. A Cd-terminated CdTe(111) surface, also called a CdTe(111)A surface, for 

example, has been shown to be optimal for LPE growth. [46] A Te-terminated CdTe(111) 

surface, also called a CdTe(111)B surface, has been shown to be a suitable surface for MBE 

growth, [47] and CdTe(100) and CdTe(110) have both been shown to produce suitable CVD  

growth, [48, 49] but there is no well-established conclusion concerning the best orientation 

of the CdTe substrate for MBE or CVD growth. 

Much of the early work on the synthesis and study of Hg1-xCdxTe/HgTe 

heterostructures was for the purpose of producing infrared detectors, although the linear 

zero-energy gap edge modes had been observed as early as 1983 in an MBE-grown HgTe-

CdTe quantum well system. [50] Of the methods listed above, MBE is the favored method for 

producing abrupt interfaces between the HgTe layer and the trivial insulating CdTe. 

 

Molecular beam epitaxy growth of HgTe quantum wells 
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 The de facto method of producing high quality CdTe/HgTe/CdTe heterostructures 

with atomically abrupt CdTe-HgTe interfaces is molecular beam epitaxy, where molecular 

beams are generated under ultra-high vacuum conditions with beam intensities controlled 

by adjusting the temperatures of the effusion cells. Controlling effusion cell temperature 

(and thus elemental flux) and substrate temperature permits the highly controlled growth 

of epitaxial films with desired chemical compositions and CdTe/HgTe/CdTe quantum well 

structures with abrupt, smooth interfaces. While HgTe quantum well heterostructures can 

be grown by MBE on a number of substrates, including GaAs, [51, 52] InSb, [53] and Si, [54] 

optimal growth has been shown to occur on lattice-matched Cd0.96Zn0.04Te, which ensures 

minimal dislocation. [55] 

MBE growth of these heterostructures requires low temperatures between 150 °C 

and 220 °C, [56, 57] with lower growth temperatures minimizing interdiffusion and 

demonstrating improved crystal quality. Growth occurs at very slow rates of around 1m/hr. 

The basic process entails generating molecular beams of desirable fluxes from Knudsen-type 

effusion cells under ultrahigh vacuum conditions by carefully controlling the temperature of 

the effusion cells. For the MBE growth of Hg1-xCdxTe using a metallic Hg vapor source, a 

metallic Cd source, and a Te2 source, the Cd concentration, x, is primarily controlled by tuning 

the Cd/Te2 ratio. [58] The Hg vapor during growth has been shown to both prevent tellurium 

precipitates and contribute the Hg that incorporates at Cd-substitutional sites in the CdTe 

lattice. [44] 

 

CVD growth of HgTe quantum wells 
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 The growth of HgTe-CdTe superlattices by CVD on CdTe substrates has been shown 

to produce material of good quality at high growth rates by using a number of precursor 

reactants, including Cd precursor dimethylcadmium (DMCd); Hg precursors 

dimethylmercury (DMHg), HgI2, and gaseous Hg in H2 carrier gas; and Te precursors 

dimethyltelluride (DMTe) and diethyltelluride (DETe). Note that DMCd and DMHg are highly 

toxic; extreme care should be taken when working with these gases. Hg gas has been shown 

to be a workable substitute for DMHg if a lower-toxicity precursor is preferred. [59] 

Hg1-xCdxTe deposition with x very close to 1 occurs in the presence of DMHg at 

suitable gas flow rates and substrate temperatures during plasma-enhanced CVD growth 

such that Hg incorporation occurs to a negligible extent relative to Cd, as the high 

background vapor pressure of Hg precursor prevents tellurium precipitates. The 

thermodynamics of ternary alloy Hg1-xCdxTe growth are complicated, as the growth is tuned 

by total pressure, substrate temperature, and the relative gas flows of DMTe/DETe, DMCd, 

DMHg/Hg, and H2. An example plasma-enhanced CVD growth [27] of a HgTe layer occurs 

with a CdTe substrate heated to 150°C, 0.5 Torr system pressure, and carrier gas flow rates 

of 18 sccm (cm3/min) for DMTe and 20 sccm for DMHg. The slightly higher DMHg flow rate 

serves to reduce the incidence of Te precipitates. A CdTe layer is grown at a substrate 

temperature of 150°C with carrier gas flow rates of 2.4 sccm, 6 sccm, and 20 sccm for DMCd, 

DMTe, and DMHg, respectively. Note that in spite of the high flow rate of Hg precursor, Hg 

incorporation into Hg1-xCdxTe is limited below 400°C, as only above this temperature does 

Hg begin to react with the Te alkyl. There is a strong temperature dependence of the Hg/Cd 

ratio, x, in Hg1-xCdxTe. [60] 
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III.2. V2VI3-series 3D Topological Insulators 

 Substantial research on chalcogonide topological insulator synthesis has been 

dedicated to understanding and controlling the growth to achieve suitable bulk electronic 

characteristics and to realize desirable surface-state-dominated electronic behaviors in 

these systems. [24] Synthesis of Bi2Se3, both by bulk and thin film growth methods, often 

results in materials with strong n-type behavior arising from the high presence of selenium 

vacancies, which have a low energy of formation of approximately 500 meV and acts as a 

doubly positively charged vacancy contributing two conduction electrons to the system. 

Bi2Te3 tends to have weaker n-type behavior than Bi2Se3 due to a relatively lower 

concentration of tellurium vacancies, which have an energy of formation of approximately 

600 meV, and a large concentration of singly ionized BiTe
′  antisite defects arising from the 

similar cation and anion electronegatives in Bi2Te3 that provide a single hole per antisite, 

somewhat offsetting the electron doping from Te vacancies. [61] Antisite defects are yet 

more pronounced in Sb2Te3. The highly similar electronegativities between Sb and Te lead 

to an antisite energy of formation of only 350 meV, resulting in a very high concentration of 

SbTe
′  antisite defects — so high, in fact, that the synthesis of n-type Sb2Te3 has never been 

reported. 

 In addition to growth optimization, researchers have sought to produce exotic 

topological materials, such as magnetic topological insulators, which host the quantum 

anomalous Hall state described in Section II.3, and topological superconductors formed by 

imparting superconductivity on the topological edge or surface states by means of the 
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superconducting proximity effect or by growing superconducting doped topological 

insulators. 

 

Synthesis of V2VI3-series 3D topological insulator nanostructures 

 Synthesis of chalcogenide topological insulator nanostructures, such as 

nanoplatelets, nanowires, and nanoribbons, with controllable thickness has been 

demonstrated for several wet chemical synthesis and chemical vapor transport methods. 

Such methods are particularly useful for producing samples that enable investigation of 

physical behaviors as a function of sample size and thickness, and for producing samples of 

high crystalline quality. Example methods include polyol wet chemical synthesis of Bi2Se3 

nanoplatelets, [62] high-yield solvothermal synthesis of  Sb2Te3 nanoplatelets, [63] wire-like 

Sb2Se3 by hydrothermal reactions, [64] and Au-catalyzed vapor-liquid-solid (VLS) synthesis 

of Bi2Se3 nanowires in a horizontal tube furnace. [65, 66] Modifications can be made to these 

recipes to produce certain doped and alloyed versions of these nanostructures, such as using 

an Fe-Au catalyst instead of Au to produce magnetically doped Bi2Se3 nanoribbons by VLS 

synthesis. [67] 

 

Bulk crystal growth of V2VI3-series 3D topological insulators 

 Bismuth and antimony chalcogenide topological insulators can be grown by several 

bulk crystal synthesis techniques that produce single-crystal boules of material. The 

predominant bulk crystal growth method is the Bridgman furnace method. Bi2Se3 can be 

grown by a vertical Bridgman method with high-purity source materials of Bi:Se = 2:3 mixed 

in an argon-filled ampoule and heated to 770 °C for 15 hr, followed by a slow cooling of 1 
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°C/hr until the temperature reaches 615 °C, at which point the ampoule is quenched in room 

temperature water. [68] The growth of ternary alloy Bi2-xSbxSe3, optimized to achieve 

maximally suppressed bulk transport, was achieved by using the by sealing a mixture of pure 

elemental Bi, Sb, and Se with a nominal Bi:Sb:Se ratio of 52:7:130 in a quartz tube under Ar 

pressure; the ampoule was then heated to 740 °C over a period of 14 hr, held at 770 °C for 4 

hr, cooled over a period of 50 hr to 550 °C, then held at 550 °C for 80 hr. [69] Incorporating 

other elements, such as Cu or Mn, during Bridgman synthesis has been demonstrated to 

produce, respectively, superconducting doped topological insulators [70] and magnetically 

doped topological insulators. [71] 

 

V2VI3-series 3D topological insulator thin films grown by molecular beam epitaxy 

 Unlike bulk crystal growth under equilibrium conditions, such as in a Bridgman single 

crystal growth furnace described above, MBE growth of Bi2Se3, Bi2Te3, Sb2Te3, and related 

alloys allows the growth of monolithic crystalline structures with high crystalline perfection, 

tunable thickness, and arbitrary compositional profile, permitting careful doping, as well as 

the synthesis of V2VI3-series 3D TI-based heterostructures, made possible by the precise 

atomic-layer-by-atomic-layer growth that characterizes the MBE method. For example, by 

using MBE, it is possible to produce heterostructures that consist of Bi2Se3 or Bi2Te3 layers 

separated by layers  of ZnSe with arbitrary layer thickness as low as 10 Å [72], or Bi2Se3 or 

Bi2Te3 layers capped with a layer of Al or Se, or Bi2-xSbxSe3-yTey alloys with tuned Bi:Sb and 

Se:Te ratios and doped with, for example, magnetic materials. 

 A generic MBE growth of V2VI3-series chalcogenide samples typically involves the 

something resembling the following sequences. A substrate is deoxidized at temperatures 
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well above room temperature, e.g. 600 °C for GaAs (100). The growth of Bi2Se3 (Bi2Te3) is 

initiated by the deposition of a sequence of Se-Bi-Se-Bi-Se (Te-Bi-Te-Bi-Te) atomic layers at 

room temperature, after which the substrate is gradually heated to 300 °C to anneal the film 

to form the first quintuple layer (QL) of Bi2Se3 (Bi2Te3). MBE growth is performed under 

typical temperature, T, conditions of TSe (TTe) < Tsubstrate < TBi for the effusion cell 

temperatures. Notably, the V2VI3-series chalcogenide TI materials, due to the interlayer van 

der Waals bonding mechanism for these layered materials, demonstrate rapid strain 

relaxation at the interface with a substrate, permitting the layers to grow in highly parallel 

fashion regardless of substrate composition and substrate growth surface orientation, as 

shown for GaAs (111) [73] and GaAs (100) substrates [74], Si substrates, [75] sapphire 

substrates, SrTiO3 substrates [76], InP substrates, [77] etc. 

  Several methods have been shown to control the defect chemistry in V2VI3-series 

chalcogenides to tune the Fermi level to the bulk band gap (or, better yet, to the Dirac point 

of the surface states). These approaches fall primarily into the categories of compensation 

doping and optimizing the growth to eliminate the formation of vacancies and defects. 

Compensation doping takes advantage of the intrinsic doping tendencies arising from 

preferential formation of vacancies and antisites for the selected constituent anion and 

cation elements. For example, by growing a ternary alloy of Bi2-xSbxTe3, the n-type doping 

arising from naturally forming tellurium vacancies can be compensated by p-type doping 

contributions from SbTe
′  antisite defects. By tuning the Bi:Sb ratio, the position of the Fermi 

level can be correspondingly tuned. Brahlek et al. present a similar method of suppressing 

the bulk conducting states in Bi2Se3 by doping the alloy with Cu. [78] 
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 Optimizing the growth of V2VI3-series chalcogenide topological insulators demands 

the exploration of the boundless growth phase space, involving ascertainment of the optimal 

settings (typically specific to each individual growth system, no two ever being exactly alike) 

of growth parameters including growth temperature, growth chamber pressure, elemental 

beam flux ratios, choice of substrate, inclusion of a buffer layer prior to the main growth, and 

adequately sustaining low concentrations of unwanted reactants in the chamber. [79, 80, 81] 

Wang et al. have demonstrated reliable synthesis of high-quality Bi2Se3 by beginning sample 

growth by depositing a layer of a trivially insulating (Bi1-xInx)2Se3 buffer layer. [82] Walsh et 

al. present a Bi2Se3 growth methodology that allows for the tuning of the Fermi level through 

native doping in the binary alloy, demonstrating their growth of high-quality thin film Bi2Se3 

with a mid-gap Fermi level by minimizing the Se vacancy concentration. [83] 

 

IV. Experimental Investigations 

Numerous experiments that have been devised to investigate the topological states 

hosted in topological insulators (TIs). These include spectroscopy measurements of the 

surface band structure, scanning tunneling microscopy measurements of the local density of 

states of the TI surface, and electrical transport measurements probing spin-polarization, 

time-reversal invariance, and quantization in topological edge and surface states. This 

section offers a brief overview of the experimental work that has revealed the novel 

electronic properties of topological states hosted in chalcogenide topological insulators.  

 

IV.1. Spectroscopy 
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Several spectroscopy techniques have been applied to the study of topological 

insulators. These methods, which rely on the interaction between light and matter, reveal 

fundamental characteristics of the studied matter, including composition, physical structure, 

and electronic structure. 

Photoemission spectroscopy experiments are principally based on the photoelectric 

effect discovered by Hertz [84] and described by Einstein. [85] Incident photons with energy 

greater than the work function ϕ of the material will expel electrons from the topmost atomic 

layers of the sample surface, with the energy of the expelled electrons given by 𝐸𝑘𝑓 = ℎ𝜈 −

𝐸𝐵 − 𝜙, where EB is the binding energy of the electron, hν is the known energy of the incident 

photon, and Ekf is the measured kinetic energy of the emitted electron. Two key 

photoemission spectroscopy methods that have provided key insights into topological 

insulator properties are x-ray photoemission spectroscopy (XPS), which elucidates the 

elemental and chemical state composition of the material surface, and angle-resolved 

photoemission spectroscopy (ARPES), which measures the density of single particle 

excitations in the reciprocal space of a solid, allowing for simultaneous measurement of both 

energy and momentum of electrons in the solid. By directly relating the kinetic energy of 

emitted electrons to both EB and the crystal momentum ℏk of the solid to resolve occupied 

states in energy-momentum space, ARPES provides a unique capability of imaging the 

electronic band structures of materials. [86, 87] 

Characterization of the electronic properties of chalcogenide 3D TI by XPS reveals 

significant information on surface oxidation, a common effect in chalcogenide compounds, 

[88, 89] and a generally undesirable one as oxides such as BiOx and SeOx do not support the 
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desirable topologically non-trivial properties of Bi2Se3 and other TIs. Atuchin et al. have 

shown success in fine-tuning bulk sample synthesis by using XPS to guide optimal synthesis 

techniques to produce chemically inert, non-oxidizing Bi2Se3 (0001) surfaces of excellent 

crystallographic quality. [90] In addition to surface compositional information, considerable 

analysis of the XPS spectra can also reveal compositional information of the bulk material. 

For example, by the measuring certain oxidation states, such as Mn oxidation states in Mn-

doped Bi2Se3, and comparing the differences in the amount of Se and Bi that precipitates out 

of the material as a function of Mn inclusion reveals the degree of disruption of the 

thermodynamic equilibrium of Bi2Se3 growth by the inclusion of Mn during synthesis. [91] 

The topological surface states that had been theoretically predicted to exist at the 

surface of 3D TIs are depicted in the surface electronic band diagrams as helical Dirac-like 

band gap-crossing states with linear dispersion. Conveniently, ARPES is an ideal tool for 

directly measuring the surface band structure of samples of 3D TI candidate materials. Xia 

et al. compared first-principles calculations of the surface band structure of Bi2Se3 to ARPES 

measurements, matching the observation of a single Dirac cone of the surface state to that 

predicted as a characteristic signature of a topological insulator. [33] The position of the 

Dirac point of the Bi2Te3 surface state, which had been predicted by first-principles 

calculations to exist below the top of the bulk valence band, was confirmed by ARPES 

measurement to be about 0.13 eV below the top of the bulk valence band. [39] A study by 

Hsieh et al. showed that by combining spin-imaging with ARPES with a double Mott detector 

set-up, [92] the spin helicity of Bi2Se3 and Bi2Te3 can be directly resolved in the band diagram 

by ARPES. [38] Wang et al. performed similar measurement to observe the helical spin 

texture in Bi2Se3 by using a combination of ARPES and magnetic circular dichroism. [93] 
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In addition to probing the physics of 3D TIs as revealed in the surface band structure, 

is a powerful tool for assessing material quality. As discussed in the Synthesis section, the 

synthesis of nominally stoichiometric Bi2Se3, Bi2Te3, and Sb2Te3 is challenged by 

thermodynamic conditions during growth that lead to varying degrees of n-doping by the 

formation of Se and Te vacancies and p-doping by the formation of antisite defects. Ideally, 

the Fermi level for these binary alloy materials with stoichiometric compositions would be 

positioned within the band gap. The position of the Fermi level as measured by ARPES 

informs researchers the extent to which they must work to overcome undesirable n- and p-

type doping to achieve the synthesis of 3D TI materials of desirable quality. 

 Raman spectroscopy is used to identify the structural fingerprints of solids by 

probing the vibrational, rotational, and other resonant modes of a crystalline system as a 

response to the inelastic scattering of incident visible, near-infrared, and near-ultraviolet 

monochromatic light. [94] This tool, in addition to providing structural characterization 

information, is useful technique for the investigation of phonons and electron-phonon 

interactions in systems with Dirac-like linear dispersion by means of such technique as 

double resonant Raman scattering, which has been used to measure the G and 2D modes in 

graphene. [95] This, in turn, offers a means of probing the coupling between charge carriers 

and Raman modes to monitor doping. [96] This technique has been employed to study how 

phonon properties, such as frequency and lifetime of the vibrational modes, in Bi2Se3 vary as 

a function of thickness from bulk to the atomically thin QL regime, revealing enhanced 

electron-phonon coupling in the few QL regime. [62] Similar results were revealed by micro-

Raman study of few-QL flakes of Bi2Se3, Bi2Te3, and Sb2Te3 exfoliated from bulk material. [97] 

Investigation of the Raman scattering response of Cu:Bi2Se3 exfoliated from bulk material 
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measured in a quasi-backscattering geometry in various incident and scattered light 

polarization configurations reveals a strong temperature dependence of collision-dominated 

scattering of Dirac states at the Fermi level on bulk-valence states related to screening 

induced by thermally excited carriers. [98] 

Other spectroscopy techniques that have been employed to study the unique 

characteristics of the topological surface states include terahertz spectroscopy and magneto-

optical Kerr and Faraday spectroscopy. Terahertz spectroscopy using linearly polarized THz 

range electromagnetic radiation incident on a 3D TI of sufficiently good material quality with 

low crystalline disorder has been used to demonstrate a predicted Kerr rotation of the 

electromagnetic radiation’s polarization plane [99] that is a signature of a topological 

magnetoelectric effect unique to these materials. [18] The Kerr rotation of reflected linearly 

polarized electromagnetic radiation, as well the related Faraday rotation that occurs for 

linearly polarized radiation transmitted through a sample, are also predicted to be 

observable with techniques using low frequency electromagnetic radiation. [100] Terahertz 

spectroscopy has also been to reveal evidence of Dirac plasmons in Bi2Se3 micro-ribbon 

arrays. [101] 

 

IV.2. Electrical Transport 

Several key signatures of the non-trivial electronic properties of both HgTe QW 2D 

TIs and V2VI3-series 3D topological insulators can be probed by transport experiments. 

König et al. fabricated HgTe QW Hall bar devices and performed the transport experiment 

that showed the 2e2/h quantized conductance, one conductance quantum for the top and 
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bottom edges of the quantum well, convincingly demonstrating the topological edge state 

transport of this 2D topological insulator. [23] For the V2VI3 3D TIs, while conventional 

magnetotransport measurements of resistivity and Hall mobility can be used to provide 

critical insight into material quality that drives improvements in synthesis techniques, [102, 

81] distinguishing the transport of the topological surface states from that of the bulk bands 

is a major challenge. The synthesis of the materials leading to not quite stoichiometric 

composition, as discussed in the Synthesis section of this chapter, positions the Fermi level, 

not only away from the Dirac point, but often outside the bandgap. Furthermore, scattering 

events can occur during transport that cause conducting charges in the topological surface 

state to scatter into bulk states and vice versa. For this reason, probing the topological 

physics of the surface states of 3D TIs, requires synthesis of high-quality materials, clever 

adjustments to standard transport measurements, including fabricating device components 

that allow the adjustment of the position of the Fermi level by the application of a voltage to 

a gate terminal, [103] and rigorous analysis of transport data. 

A notable property of the 2D surface states of the 3D TIs is the disallowance of direct 

backscattering by non-magnetic impurities due to time-reversal invariance. Consequently, 

the 2D topological surface states cannot be localized, even by strong disorder. [104] This 

leads to a contribution to the electrical conductivity in the form of weak antilocalization, a 

purely quantum mechanical phenomenon in which the destructive Aharonov-Bohm 

interference of two self-intersecting closed paths of scattered conducting charges reduces 

the probability of localized paths. [105] Results of separate studies by Chen et al. [106] and 

Checkelsky et al. [107] on Bi2Se3 and He et al. on Bi2Te3 [108] substantiate the predicted 

relationship between weak antilocalization and the topologically protected surface states. 
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Another quantum transport phenomenon observed in 3D TIs is the Shubnikov-de 

Haas (SdH) effect, which manifests as an oscillation in the conductivity at high magnetic 

fields associated with Landau level occupation and has a period of 1 |𝐵|⁄ , where |𝐵| is the 

magnitude of the applied magnetic field, from which the carrier concentration can be 

derived. [109] Additionally, analysis of the temperature dependence of the SdH oscillations 

reveals the effective mass of the high mobility charge carriers participating in the SdH effect. 

[110] Analytis et al. show that when the Fermi level lies within the Bi2Se3 bulk conduction 

band, the SdH oscillations are dominated by bulk transport, and the effective cyclotron mass 

derived from analysis of the SdH oscillations match well with the effective mass calculated 

from the parabolic fit to the band dispersion of the ARPES-measured conduction band. [111] 

Qu et al. [112] and Ren et al. [113] show that when the Fermi level is positioned well within 

the bulk band gap for Bi2Te3 and Bi2Te2Se, respectively, the SdH oscillations come from the 

topological surface states. 

 The spin-momentum locking of the topological edge and surface state carriers can be 

observed by measuring the spin-polarization of the transported charges, injected as an 

unpolarized bias current, at magnetic tunnel barrier surface contacts.  A study by Brune et 

al. on HgTe QW 2D TIs, in which the HgTe QW sample was fabricated into a split-gate H-bar 

device, combined quantum spin Hall (topologically non-trivial) and metallic spin Hall 

(topologically-trivial) transport in a single device to show that the quantum spin Hall effect 

can be used as a spin current injector and detector for the metallic spin Hall effect, 

establishing the spin polarization of the helical edge states in HgTe QW 2D TIs purely by 

means of an electrical transport. [114] The spin-polarization of the 3D TI Bi2Se3 surface 

current was detected by Li et al. by using magnetic tunnel barrier surface contacts as spin 
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detectors, where the voltage measured by the magnetic tunnel barrier surface contact 

depends on the orientation of the contact magnetization, showing a lower voltage when the 

orientations of the spin-polarization of the current and the magnetization of the magnetic 

tunnel barrier contact are aligned. [115, 116] The spin-polarized 3D TI surface states have 

been shown to provide efficient spin-orbit induced torques on magnetic layers adjacent to 

the TI via the Rashba-Edelstein effect, [117, 118] exerting strong spin-transfer torques, even 

at room temperature, on adjacent ferromagnetic permalloy layers such as Ni81Fe19 [119] and 

Co40Fe40B20. [120] 

 

IV.3. Exotic topological states 

Quantum anomalous Hall effect 

 The quantum anomalous Hall state occurs when the time-reversal symmetry of the 

topological surface state is broken by spontaneous magnetization induced by proximity 

effect from an interfacing ferromagnetic system or by magnetic dopant-induced 

magnetization in the topological insulator material, itself, hosting a topologically protected 

edge mode with a Chern number of one corresponding to a quantized Hall conductance of 

e2/h. The quantum anomalous Hall effect has been predicted for both magnetically doped 

HgTe [121] and for (Bi,Sb)2(Se,Te)3 systems [122] with induced magnetization, but has thus 

far been observed only convincingly in the latter. The challenge in observing the QAH effect 

in HgTe quantum wells arises largely due to the exchange field in Mn-doped HgTe quantum 

wells being insufficiently strong to produce ferromagnetic ordering, even at very low 

temperatures, preventing the spontaneous magnetization necessary to break the time 
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reversal symmetry of the topological edge modes without a persistent external magnetic 

field to paramagnetically align the Mn spin moments. On the other hand, in magnetically-

doped (Bi,Sb)2(Se,Te)3 systems, spontaneous magnetization is induced by a strong van Vleck 

mechanism. [123] Van Vleck paramagnetism produces considerable spin susceptibility 

without the need for itinerant charge carriers to mediate magnetic exchange, as is the case 

for the Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange mechanism in conventional 

diluted magnetic semiconductors such GaMnAs. [124] This has the significant advantage of 

excluding additional conduction channels in the topological insulator bulk. In a high-quality 

magnetically doped (Bi,Sb)2(Se,Te)3 material system, when the Fermi level is tuned to the 

magnetic gap in the Dirac cone, this would limit current to flow through the quantum 

anomalous Hall chiral edge state. 

A robust QAH state has been observed in magnetically doped 3D TI alloys of several 

different compositions. Below the Curie temperature, with out-of-plane oriented 

magnetization and at zero magnetic field, the signature of the QAH effect is a Hall 

conductance σxy of precisely e2/h and zero longitudinal resistance. The QAH has been 

successfully observed in Cr-doped (Bi,Sb)2Te3 [41, 125] and V-doped(Bi,Sb)2Te3, the latter 

of which was shown to support a Hall conductance of 0.9998 ± 0.0006 e2/h and a zero-field 

longitudinal resistance of 0.00013 ± 0.00007h/e2 At 25mK. [126] 

 

Topological superconductors 

 Direct proximity to an s-wave superconductor gives rise to a topological two-

dimensional chiral p-wave superconductor at the superconductor/topological insulator 
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(SC/TI) interface when the Cooper pairs tunnel into the topological surface states and induce 

a superconducting energy gap in the Dirac cone. [127] Such experimentally accessible 

topological superconductors were proposed by Fu and Kane, [128] and signatures of 

superconducting proximity effect have been observed in numerous SC/TI systems 

NbSe2/Bi2Se3, [129, 130] NbSe2/Bi2Te3, [131] W/Bi2Se3, [132] In/Bi2Te3, [133] and others. 

Superconductivity has also been demonstrated in superconducting doped topological 

insulators such as Cu:Bi2Se3. [70, 134] 

 Topological superconductivity can be induced in topological surface states by the 

generation of supercurrent between two superconducting contacts at the edge of a 2D TI or 

the surface of a 3D TI via the Josephson effect. [135] The Josephson effect for a 

superconductor/2D TI (eg. HgTe QW)/superconductor junction has been predicted to 

produce a fractional Josephson effect with a current-phase relationship with 4π periodicity, 

which is half the usual 2π periodicity in the non-topological Josephson effect. [136] The 

signature 4π periodicity of the Josephson supercurrent has been demonstrated in HgTe QW-

based Josephson junction devices as missing odd-integer-index (n=1, 3, 5, etc.) Shapiro steps 

in the response of a Josephson junction to rf radiation. [137] This has also been observed in 

Bi2Se3-based Josephson junctions as a missing n=1 Shapiro step. [138] 

 Topological superconductivity shares with conventional superconductivity several 

essential signatures, the most straightforward of which is zero electrical resistance below 

the Curie temperature, TC. Furthermore, a superconducting gap is measurable as a 

pronounced dip in the density of states, which can be measured locally by scanning tunneling 

spectroscopy. Unfortunately, the direct measurement of evidence of the formation of the 
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exotic superconducting condensates of the topological surface states is confounded by the 

fact that the bulk states of the material system are also superconducting. While 

superconductivity and topological order can be independently observed in a single material 

system, [70, 130] the unique signature of topological superconductivity is the existence of 

topologically protected zero-energy quasiparticle states called Majorana modes that exist at 

the physical boundary of the topological superconductor. [128] 

 

Majorana fermions 

 The zero energy Majorana modes exist at the physical boundaries of topological 

superconductors as either bound Majorana zero modes or as chiral Majorana modes. [12] 

The Majorana fermion can be imagined as a half of the ordinary Dirac fermion of the 

topological edge (surface) mode of the 2D TI (3D TI). Moreover, due to the particle-hole 

redundancy of these particles, they carry no charge and are their own antiparticle. [139] 

Majorana modes are always created in pairs, that when physically separated, define a 

degenerate two-level system whose overall quantum state is stored nonlocally, a property 

that motivates research to explore using Majorana modes for quantum information 

processing. [140] 

A pair of Majorana zero modes appear at the two ends of a 1D topological 

superconducting wire of finite length, which is formed by inducing superconductivity in the 

edge modes of a 2D TI such as an HgTe QW. The signature of the Majorana zero mode is a 

zero-bias differential conductance peak indicating a bound Andreev state within the 

superconducting gap, actual measured differential conductance of which will depend on the 
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conditions of the experiment. [141] The signature zero-bias differential conductance peak 

has been observed in InSb nanowires contacted by a superconducting NbTiN electrode, 

supporting the hypothesized existence of Majorana zero modes in this system. [142] It 

should be noted, however, that these differential conductance peaks also appear for 

topologically trivial Andreev bound states, and it can be difficult to distinguish topologically 

nontrivial Majorana bound states from topologically trivial Andreev bound states in a 

differential conductance measurement. [143] While the Majorana zero mode signature zero-

bias peak has not yet been observed in HgTe QW-based systems, the 4π periodic 

supercurrent in HgTe QW-based topological Josephson junctions, which has been 

theoretically shown to be a signature of the existence of topological gapless Andreev bound 

states, [136] has been observed in these systems. [144] 

Propagating chiral Majorana modes exist either in the cores of superconducting 

vortices [145] or along the physical edge of a quantum anomalous Hall system with induced 

superconductivity, [146, 147] observed in a quantum anomalous Hall insulator/topological 

superconductor Hall bar device fabricated from a (Cr0.12Bi0.26Sb0.62)2Te3 grown on GaAs 

(111)B by molecular beam epitaxy with a Nb superconductor bar deposited across the 

center of the Hall bar. [148] The unique signature of the chiral Majorana mode, provided the 

two Majorana fermions are sufficiently well separated such that the dephasing length is 

greater than the superconducting coherence length, is a half-integer Hall conductance 

plateau of ½e2/h. [149] 

 

V. Summary and Outlook 
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Research on chalcogenide topological insulators has, thus far, established the basic 

properties of these materials systems and made measurable progress in the developing good 

synthesis methods and measurement techniques that probe the unique physics of 

topological insulators. Substantial effort is yet required, however, to realize the full potential 

of these materials in terms of materials quality and applications. 

As of the publication of this text, a number of promising devices based on 

chalcogenide topological insulator (TI) materials are in the development pipeline. Several 

devices fall in the category of spintronics devices, making use of the topologically protected 

spin texture of the surface states to perform such functions as conduct coherent spin 

information along TI interconnects or control spin moments in thin magnetic films by means 

of the spin transfer torque (STT) effect described in Section IV to control memory states. 

Other devices are topological quantum computing devices that utilize Majorana fermions — 

either bound modes or chiral modes, depending on the design of the system — as the 

building blocks for topological qubits. 

Going forward, researchers will continue to find a vast investigative space to study 

new and improved synthesis techniques to grow HgTe QW structures and (Bi,Sb)2(Se,Te)3-

based materials, develop and utilize sensitive measurements to probe their rich physics, and 

innovate next generation sensors and electronic devices. In addition, other unique physical 

phenomena will emerge in topologically non-trivial systems produced from chalcogenide 

topological insulator-based alloys and heterostructures, requiring the exploration of a 

boundless parameter space of compositions, growth conditions, device designs, and field 

effects. Moreover, these materials offer an exciting materials platform to better understand 

topological aspects of physical systems. In conclusion, researchers in the intersecting fields 
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of chemistry, materials science, physics, and engineering can look forward to many exciting 

advances and new directions in the study of chalcogenide topological insulators. 
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Figure 1. The quantum spin Hall effect (QSHE) in HgTe quantum well (QW) 2D topological 

insulators. a) CdTe/HgTe/CdTe quantum well structure; d is the thickness of the HgTe QW 

layer. b) The QW subbands undergo an inversion from a normal regime, with a valence 

band with p-type character and a conduction band with s-type character, to an inverted 

regime, with a valence band with s-type character and a conduction band with p-type 

character, for HgTe layer thicknesses greater than a critical thickness, d > dc, where dc = 

6.4 nm. This effect arises from the inverted band structure of HgTe and the normal band 

structure of the CdTe barrier layers. c) For d < dc, the band structure of the CdTe layers 

dominate within the QW, and the s-type E1 quantum well subband lies above the p-type H1 

subband (normal regime); d) for d > dc, the band structure of the HgTe dominates within 

the QW, and the s-type E1 QW subband lies below the p-type H1 subband (inverted 

regime). e) The spin-polarized topological edge states of the QSHE. f) In the normal regime 

for a HgTe QW (d  < dc), the two-terminal conductance will vanish when the Fermi level is 

positioned within the bulk band gap of the QW. g) The experimental signature of the QSHE 

effect in the inverted regime for a HgTe QW is a quantized 2e2/h two-terminal conductance 

when the Fermi level is positioned within the bulk band gap of the QW. h) Quantized 2e2/h 

two-terminal conductance was experimentally observed for HgTe QW devices with HgTe 

layer thickness greater than dc (samples III and IV); sample I has a HgTe QW thickness less 

than dc and, consequently, demonstrates normal insulating behavior. Figs. 1c–g are adapted 

from Bernevig et al. [21] Fig. 1h is adapted from König et al. [23] 
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Figure 2. 3D topological insulators Sb2Te3, Bi2Se3, and Bi2Te3. a) Side view of the quintuple 

layer structure of Sb2Te3, Bi2Se3, and Bi2Te3, with the three primitive lattice vectors t1, t2, 

and t3 and lattice sites M (Sb, Bi) and X1 and X2 (Se, Te) labeled. b) Top view of the Sb2Te3, 

Bi2Se3, and Bi2Te3 structure along the z-direction. c) Side view of the Sb2Te3, Bi2Se3, and 

Bi2Te3 structure showing the stacking of atomic lamellae along the z-direction. d–f) Energy-

momentum band dispersion along K̅-Γ̅-M̅ for Bi2Se3 (d), Bi2Te3 (e), and Sb2Te3 (f). g–h) 

Angle-resolved photoemission spectroscopy (ARPES)-measured band dispersion of Bi2-

δCaδSe3 (g) and Bi2Te3 (h) (111) surfaces in the vicinity of the Γ̅ point of the 2D Brillouin 

zone along K̅-Γ̅-M̅, revealing the topological surface states. Fig. 2a–f are adapted from Zhang 

et al. [37] Figs. 2g–h are adapted from Hsieh et al. [38] 
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Figure 3. Bi2Se3 nanoplatelets (a) and nanowires (b). Schematic of a Bi2Se3 nanowire field 

effect transistor. Fig. 3a adapted from Zhang et al. [62] Fig. 3b-c adapted from Zhu et al. 

[65] 
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Figure 4. a) Transmission electron microscopy cross sectional image and (b) x-ray 

diffraction pattern of Bi2Se3 grown by molecular beam epitaxy on GaAs (100) substrate 

adapted from Liu et al. [74] 
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Figure 5. a) ARPES experimental apparatus schematic. Emitted photoelectron energies are 

characterized by a finite acceptance angle in the angle-resolved electron energy analyzer, 

and parallel and perpendicular components of the momentum are determined from the 

polar (ϑ) and azimuthal (ϕ) emission angles. b) A schematic diagram of the Bi2Se3 bulk 

three-dimensional Brillouin zone and the two-dimensional Brillouin zone of the projected 

(111) surface. c–d) ARPES measurements of the Bi2Se3 (111) band dispersion, including 

the gapless surface bands, near the Γ̅ point of the 2D Brillouin zone along M̅-Γ̅-M̅ (c) and 

along K̅-Γ̅-K̅ (d). e) Time-of-flight-ARPES data for all momentum directions measured using 

right- and left-circularly polarized light showing the spin texture of the electronic surface 

bands. f) A slice of the data in (e) showing the spin polarization of the surface states in the 

energy-momentum map of Bi2Se3 (111) near the Γ̅ point of the 2D Brillouin zone along M̅-

Γ̅-M̅. Fig. 5b–d adapted from Xia et al. [33] Fig. 5e-f adapted from Wang et al. [93] 
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Figure 6. a–b) The contribution to conductivity due to weak localization for a 48 nm sample 

of Bi2Se3 (a) and a 10 nm sample of Bi2Se3 (b) grown on SrTiO3 with various voltages 

applied to a back gate, demonstrating very little gate-voltage dependence of the weak 

antilocalization signal. C) The derivative of the Hall resistivity of a bulk-grown Bi2Te2Se 

cleaved single crystal sample with respect to the magnetic field as function of the 

perpendicular component of the magnetic field, 𝐵⊥, at various angles of the magnetic field 

with respect to Bi2Te2Se crystalline c-axis. The 1 𝐵⊥⁄  periodicity of the oscillations indicates 

the existence of a well-defined two-dimensional Fermi surface. Figs. 6a–b are adapted from 

Chen et al. [106] Fig. 6c is adapted from Ren et al. [113] 
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Figure 7. Schematic (a) and top view (b) of the contact layout for a spin polarization 

detection method in Bi2Se3, with parallel rows of ferromagnetic Fe contacts (top row, red) 

and non-magnetic Ti/Au reference contacts (bottom row, yellow). The magnetic field 

dependence of the voltage measured at the ferromagnetic spin detector contact with the 

contact magnetization parallel to the topological surface state spin for bias currents of 

+2mA (c) and -2mA (d), revealing significantly lower detector voltages when the Fe 

contact magnetization is aligned with topological surface state spin. e) Schematic diagram 

of the Bi2Se3/permalloy layer structure for measuring spin transfer torque produced by the 

spin-polarized topological surface states exerted on the magnetic moments of the 

permalloy, revealed by spin-torque ferromagnetic resonance experiment (f). Figs. 7a–d are 

adapted from Li et al. [116] Figs. 7e–f are adapted from Mellnik et al. [119] 
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Figure 8. The quantum anomalous Hall effect (QAHE). a) The magnetic field dependence of 

the longitudinal resistivity ρxx and the Hall resistance ρyx of four-quintuple-layer of an MBE-

grown (Bi0.29Sb0.71)1.89V0.11Te3 film on SrTiO3 substrate reveals, within one standard 

deviation the signature zero-field h/e2 quantized Hall resistance (b) and, within 

approximately two standard deviations, the expected zero resistance at zero magnetic field 

(c). Figs. 8a–c adapted from Chang et al. [126] 
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Figure 9. a) Schematic of Josephson junction device with Nb contacts patterned on HgTe 

mesa stripes grown on CdTe substrate. b) Shapiro steps are observable in the I-V curve for 

a Josephson junction system in the presence radio frequency radiation, shown here for 

three different frequencies measured at T≃800 mK. The first Shapiro step is reduced for f = 

5.3 GHz and is fully suppressed for f = 2.7 GHz. Figs. 9a–b are adapted from Wiedenmann 

et al. [137] 
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Figure 10. Electrical transport measurement of chiral Majorana fermion signature. a) 

Schematic of a topological superconducting device consisting of a quantum anomalous Hall 

insulator (QAHI), a 6nm-thick Cr0.12Bi0.26Sb0.62)2Te3 thin film grown on a GaAs(111) 

substrate by molecular beam epitaxy, and a Nb superconductor bar. A current is applied 

along the QAHI and the four terminal longitudinal conductance σ12 is measured from the 

potential drop across terminals 1 and 2. b) σ12 as a function of magnetic field shows the 

half-integer e2/2h conductance plateaus signifying the existence of single chiral Majorana 

edge modes. Figs. 10a–b are adapted from He et al. [148] 
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