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Crystalline materials for quantum 
computing: Semiconductor 
heterostructures and topological 
insulators exemplars
G. Scappucci,*  P.J. Taylor, J.R. Williams, T. Ginley, and S. Law

High-purity crystalline solid-state materials play an essential role in various technologies 
for quantum information processing, from qubits based on spins to topological states. New 
and improved crystalline materials emerge each year and continue to drive new results in 
experimental quantum science. This article summarizes the opportunities for a selected 
class of crystalline materials for qubit technologies based on spins and topological states 
and the challenges associated with their fabrication. We start by describing semiconductor 
heterostructures for spin qubits in gate-defined quantum dots and benchmark GaAs, Si, and 
Ge, the three platforms that demonstrated two-qubit logic. We then examine novel topologically 
nontrivial materials and structures that might be incorporated into superconducting devices to 
create topological qubits. We review topological insulator thin films and move onto topological 
crystalline materials, such as PbSnTe, and its integration with Josephson junctions. We discuss 
advances in novel and specialized fabrication and characterization techniques to enable these. 
We conclude by identifying the most promising directions where advances in these material 
systems will enable progress in qubit technology.

Introduction
The quality of solid-state qubit platforms such as spin 
qubits, superconducting qubits, or topological qubits, 
strongly depends on the quality of the host material for their 
performance.

Unfortunately, most existing solid-state qubits suffer from 
significant decoherence caused by a variety of material chal-
lenges, including point defects, grain boundaries, and interface 
contamination. Improving the quality of materials and hetero-
structures was of fundamental importance for the creation of 
classical transistors found in modern computers. Improving 
the quality of the quantum materials housing solid-state qubits 
is likely to play a similarly crucial role in the development of 
quantum computers.

One of the major breakthroughs in the synthesis of GaAs-
based heterostructures for solid-state electronics and opto-
electronics was the use of molecular beam epitaxy (MBE). 

MBE is an ultrahigh vacuum technique in which thin films 
are grown one layer of atoms at a time. Elements are ther-
mally evaporated from effusion cells and travel to a heated 
substrate as molecular beams. When the atoms reach the 
substrate, they bond to the substrate and to each other, form-
ing one atomic layer with an epitaxial relationship to the 
substrate. The film is then grown one layer of atoms at a 
time. MBE can easily be used to grow thin films with precise 
composition, thickness, and doping density. In addition, dif-
ferent materials with similar lattice constants can be stacked 
together to form complex heterostructures. Finally, strain-
driven self-assembly can be used to form quantum dots, 
nanowires, or other quantum-confined structures embedded 
within or on top of other materials. MBE is now widely used 
in both research labs and in industry to grow a huge variety 
of materials, including semiconductors, oxides, chalcoge-
nides, and metals.
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Critical advancements in the development of reduced 
pressure chemical vapor deposition (CVD) industrial tools 
have made it possible to grow high-volume Group-IV hetero-
structures also in academic settings. In CVD, molecules from 
growth precursor gases (e.g.,  SiH4 and  GeH4) land on a heated 
substrate surface. The molecules partly decompose, hydrogen 
desorbs, and Si or Ge atoms form an epitaxial layer. By using 
an industrial manufacturing compatible process, near-perfect 
deposition of Si, Ge, and SiGe layers is achieved with precise 
control over layer thicknesses, strain, and with very low back-
ground of impurities and defects. The proven quality of these 
“quantum ready” Si/Ge materials stacks has already enabled 
rudimentary quantum algorithms on spin–qubit processors.

The power of MBE, CVD, and related epitaxial techniques, 
to grow new materials and heterostructures can be harnessed 
to advance progress in quantum materials and devices, as we 
describe in this article.

Semiconductor heterostructures
Overview
Semiconductor heterostructures find widespread use in solid-
state quantum computing platforms, ranging from quantum-
dot spin–qubits processors, to qubit proposals based on topo-
logical insulators. To illustrate some of the opportunities and 
challenges associated with semiconductor heterostructures, 
we focus on spin qubits in gate-defined semiconductor quan-
tum dots.1 Quantum-dot spin qubits are a promising platform 

for large-scale integration of quantum components, due to 
the striking resemblance of quantum-dot devices to classical 
transistors,2,3 which are integrated by the billions into a single 
chip. To host spin qubits in gate-defined quantum dots, a single 
electron or hole is trapped in the potential landscape obtained 
by a combination of heterogeneous materials, interfaces, and 
gate electrodes.4,5 Here, we focus on GaAs, Si, and Ge, three 
semiconductor platforms that have demonstrated the key 
functionality of two-qubit quantum logic.6–8 In Figure 1, the 
platforms are qualitatively compared by considering materials 
stacks and quantum-dot architectures. In the following, we dis-
cuss additional relevant heterostructure benchmarks, their inte-
gration aspects and two electrical transport metrics—mobility 
and percolation density—that serve as useful qualifiers for dis-
order due to materials and gate stacks. Maximum mobility (µ) 
is a popular metric to gauge the disorder potential landscape in 
the material. However, mobility peaks at high carrier density 
due to screening—not the regime of operation for quantum-
dot qubits. The percolation density (np) is an additional metric 
to characterize disorder relevant for quantum dots, since it 
measures the minimum density required to establish metal-
lic conduction by overcoming charge trapping in the disorder 
potential landscape.

Gallium arsenide
Spin qubits in gate-defined quantum dots were first demon-
strated in  GaAs4,9 due to favorable band structure properties 

and the maturity of MBE growth 
of heterostructures based on III–V 
compounds. In a typical modu-
lation-doped GaAs/AlGaAs het-
erostructure the conduction-band 
offset at the GaAs/AlGas interface 
supports a two-dimensional elec-
tron gas (2DEG), populated from 
a nearby Si-doped AlGaAs layer. 
GaAs and AlGaAs are nearly lat-
tice-matched, so GaAs/AlGas het-
erostructures have an exceptional 
structural quality, allowing for large 
electron mobility  (106–107  cm2) 
and low percolation density (<  1010 
 cm−2/Vs).10 Consequently, quantum 
dots of about 1/√np= 100 nm in size, 
informative about the average dis-
tance between traps, are essentially 
disorder-free.

To define quantum dots, the 
2DEG is locally depleted by 
Schottky gates. The absence of die-
lectrics preserves the low disorder 
of the pristine heterostructure and 
increases device yield. The single 
conduction-band valley and low 
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Figure 1.  GaAs, Si, and Ge semiconductor materials for quantum-dot spin qubits. The top 
and bottom row compare materials stacks and quantum-dot architectures for GaAs, Si-MOS, 
Si/SiGe, and Ge/SiGe (left to right columns). In quantum wells (GaAs, Si/SiGe, and Ge/SiGe) 
disorder is low compared to Si-MOS due to the separation of the conducting channel from 
scattering charge at the surface. In GaAs, the quantum well is typically 50–80 nm below 
the surface. In Si/SiGe and Ge/SiGe the distance from the quantum well to the dielectric 
interface is typically 30–60 nm. Ge quantum wells are thicker (≈16 nm) than Si quantum wells 
(≈10 nm). In quantum dots, the accumulation gate pitch is tighter in Si (≈ 80 nm) than in  Ge19 
due to the heavier effective mass (0.19me in Si versus 0.05me in Ge).
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effective mass (m*  = 0.067me) enable quantum dots that have 
large energy spacings and are relatively easy to fabricate. The 
sizable spin–orbit interaction allows for local all-electrical 
manipulation of single spins.11 The main drawback of GaAs is 
the hyperfine coupling to the nuclear spin bath, causing severe 
qubit decoherence.12 Furthermore, the challenging integration 
of GaAs on a Si wafer limits the prospect of integrating large 
numbers of qubits into a practical quantum processor.

Silicon
The two main limitations of GaAs become the main driv-
ers to pursue spin qubits in Si. The most common isotope, 
28Si, has zero nuclear spin, significantly reducing hyper-
fine-induced dephasing, providing long quantum coher-
ence.1,3,5,13 Furthermore, there is the promise to leverage 
advanced semiconductor manufacturing for the integration 
of qubits in the large numbers required for fault-tolerant 
quantum computing. Spin qubits in Si are implemented in 
metal oxide semiconductor (Si-MOS) structures or in Si/
SiGe heterostructures. In Si-MOS, a 2DEG is confined at the 
interface between Si and  SiO2, both of which can be isotopi-
cally purified. Multiple layers of gates, insulated by dielec-
trics, accumulate and confine charge into quantum dots.14 
These gates have a rather tight pitch because of the large 
effective mass (0.19me), requiring quantum dots in Si to be 
much smaller than in GaAs. Following the availability of 
28SiH4 gas for 28Si deposition,15,16 isotopically purified Si-
MOS spin qubits were fabricated in a 300-mm semiconduc-
tor manufacturing facility using all-optical lithography and 
fully industrial processing.17 In these qubits, Si  finFETs18 
provide conducting channels, and gates on top define quan-
tum dots along the fin.

The presence of multiple conduction bands is a limitation 
of Si,5 because the small energy separation (valley splitting) 
between the ground state and the lowest excited state compli-
cates quantum operations. However, due to the strong con-
finement at the sharp semiconductor/oxide interface, valley 
splitting in Si-MOS can be  substantial20 (up to 1 meV), mak-
ing it possible to operate Si qubits at “hot” temperatures of 
1 K.21 This is encouraging for cointegration of CMOS-based 
cryogenic control circuits and silicon quantum processors.22

The main drawback of Si-MOS is the proximity of the qubit 
to the very disordered oxide interface. Mobility is rather low 
(≈  104  cm2/Vs at  best15,23,24) and the percolation density high 
(≈  1011  cm−2).15 Because low disorder is especially important 
for multi-quantum-dot systems, this remains an important 
consideration.

Disorder is greatly mitigated in Si/SiGe heterostruc-
tures, because the 2DEG is accumulated at the buried inter-
face between a Si quantum well under tensile strain and a 
 Si1−xGexbarrier (Ge concentration x ≈ 0.3).25 Similar Si-MOS, 
the Si quantum well can be isotopically enriched to 28Si for 
long quantum coherence.26 Differently than GaAs, Si/SiGe 
heterostructures for quantum-dot spin qubits are undoped,27 
and electrons populate the quantum well via voltages applied 

to top gates. High-quality Si/SiGe poses additional challenges 
compared to GaAs/AlGaAs because of the 4.2% lattice mis-
match between Si and Ge. The Si quantum well is deposited 
on a strain-relaxed SiGe buffer obtained by gradually increas-
ing the Ge concentration in the SiGe alloy to accommodate 
the lattice mismatch between Si and Ge. After decades of 
advancements, Si/SiGe heterostructures, grown by industrial 
reduced pressure chemical vapor deposition (RP-CVD), are a 
rather mature platform with high mobility (≈  105  cm2/Vs) and 
low percolation density (≈  1010  cm−2),28–30 expected to further 
improve by leveraging advanced semiconductor manufactur-
ing processes for optimizing the gate stack. Fabrication of 
quantum dots in Si/SiGe relies on overlapping gate structures 
for tightly spaced quantum dots with gate-tunable tunnel bar-
riers. Due to the low disorder, device yield is high, making it 
possible to define and control large linear arrays of quantum 
dots.31

The current major challenge with Si/SiGe is the lower val-
ley splitting (50 to 200 µeV),32–35 compared to Si-MOS, due 
to the atomistic imperfection and chemical disorder at the epi-
taxial Si/SiGe interface. However, first steps are being taken to 
improve the heterostructures by incorporating more complex 
Ge concentration  profiles36 for increased the valley splitting.

Germanium
While most studies have focused on electrons, holes in 
strained Ge/SiGe heterostructures have recently emerged as 
a compelling platform that offers low disorder, all-electrical 
qubit control, and avenues for scaling.37 Ge combines many 
advantages of Si and GaAs while overcoming most of their 
limitations. Ge is a CMOS-foundry material and can be iso-
topically engineered for long quantum coherence. The high 
mobility, low effective mass, and sizable spin–orbit coupling 
imply large energy spacing for easy fabrication of quantum 
dots with full electrical qubit control.

In a typical Ge/SiGe  heterostructure38 holes are confined 
at the interface between a compressively strained Ge quantum 
well and a  Si1−xGexbarrier (x ≈ 0.8). Strain and size quantiza-
tion remove the valence-band degeneracy, so holes in Ge/SiGe 
are a single-band system, overcoming the main limitation of 
electrons in Si. Starting from a Si wafer, a strain-relaxed Ge 
layer is grown, followed by a graded  Si1−xGexlayer in which 
the Ge concentration is progressively reduced to ≈ 0.8 (reverse 
grading). The strain-relaxed SiGe buffer serves as a virtual 
substrate for the coherent deposition of the Ge quantum well, 
the SiGe barrier, and a final sacrificial Si cap. Modulation dop-
ing is avoided and charge carriers populate the quantum well 
via voltages applied to top gates. Optimized Ge/SiGe stacks 
are grown by RP-CVD and have similar levels of disorder as 
Si/SiGe, with µ ≈  105  cm2/Vs38 and np≈  1010  cm−2.39

Quantum-dot  qubits8 are defined by a set of multilayer 
gates, with a less stringent pitch than in Si, due to the light 
effective mass (0.05me).40 The low disorder in Ge/SiGe has 
allowed for the rapid progress in only two years from sin-
gle quantum  dots41 to a four-qubit  system42 with controllable 
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coupling along both directions in a 2 × 2 array, setting the 
benchmark for spin–qubit quantum processors.

Topological insulators
Overview
One of the major hurdles to advancing quantum computing 
is qubit decoherence. The short decoherence times associ-
ated with solid-state qubits mean that all computing opera-
tions must take place faster than the qubit decoheres, which is 
extremely challenging. Topological materials may provide a 
route to creating topologically protected qubits where coher-
ence times may be greatly enhanced. Topological insulators 
that possess superconducting correlations—called topological 
superconductors—are predicted to host Majorana bound states 
(MBS), which can be used as a basis for topological quantum 
computation.

The class of topologically nontrivial materials that can 
serve as a platform for MBS includes topological insula-
tors (TIs), Dirac semimetals (DSMs), and Weyl semimetals 
(WSMs). For a detailed discussion of these material classes, 
see References 43 and 44. These materials are distinguished 
from normal materials by the topology of their band structure. 
In a normal material, the wave function of the conduction-
band electrons will have a particular symmetry throughout the 
Brillouin zone (e.g., s-symmetry), while the valence band will 
have a different symmetry (e.g., p-symmetry). In a topological 
material, the symmetry of the valence- and conduction-band 
states can be reversed at particular points within the Brillouin 
zone. For example, at the Γ point, the conduction-band states 
may have p-symmetry, while the valence-band states may have 
s-symmetry. This type of band inversion frequently arises in 
materials with large spin–orbit coupling, which is why topo-
logical materials usually include one or more heavy elements. 
When a topological material comes into contact with a normal 
material, this band inversion needs to “unwind,” resulting in 
the formation of topologically protected surface states.

TIs always preserve time-reversal symmetry. They usu-
ally have a band structure comprising a bulk bandgap with 
topologically protected surface states crossing the bandgap at 
the Γ point. These surface states are linearly dispersing, two-
dimensional, and exhibit spin-momentum locking. Particles 
occupying these surface states therefore have a high Fermi 
velocity and limited scattering paths into other surface states 
as a change in momentum requires a change in spin. On the 
other hand, WSMs exhibit either broken inversion symmetry 
or broken time-reversal symmetry. In the simplest incarna-
tion of the WSM, this symmetry-breaking results in two sym-
metric points in the band structure where the conduction and 
valence bands touch and exhibit linear dispersion. These two 
points have opposite chirality and always appear in pairs. 
A point of positive chirality is a source of Berry curvature, 
while a point of negative chirality is a sink of Berry curva-
ture. One of the key signatures of a WSM is the existence 
of surface Fermi arcs at the interface between a WSM and a 
normal material, similar to the surface states that arise at a 

TI/normal material interface. These Fermi arcs will always 
connect the two Weyl points of opposite chirality. The separa-
tion of the two Weyl points in momentum space is related to 
the strength of the symmetry-breaking perturbation. As the 
strength of this perturbation is reduced, the Weyl points move 
closer together. Eventually, they merge, forming a transitional 
state before returning to a normal insulator. WSMs can have 
more than two Weyl nodes, and those nodes can have complex 
Fermi surfaces. Finally, the DSM state is a special case of the 
WSM in which both time-reversal and inversion symmetry 
are present. In this case, Weyl nodes that are degenerate in 
energy but with opposite chirality can exist at the same point 
in momentum space. This state can generally be gapped out 
by small perturbations, but it can be stabilized in materials 
that show specific space group symmetries or with the appli-
cation of strain to a TI.

In addition to time-reversal symmetry-protected topologi-
cal materials, the point group symmetry of the crystal lattice 
can also provide a path to topological phases of matter. These 
topological insulators are called topological crystalline insula-
tors (TCIs). Their band structure is similar to the topological 
insulators discussed earlier, but the band inversion is caused 
by the symmetry of the lattice rather than strong spin–orbit 
coupling. This not only greatly expands the number of mate-
rials capable of being topological, but offers important tech-
nological advantages that are important in moving the field 
forward for quantum computation. Spatial symmetries, strain 
and defects can be tailored during growth, each playing an 
important role in determining the electronic properties of the 
surface state. Experimental knobs—such as electric fields—
can be engineered into device designs to allow for in situ tun-
ability of the topology, allowing for enhanced state control and 
alleviating variability between individual qubits. A review of 
the theoretical aspects of topological crystalline insulators can 
be found in Reference 45.

The theoretical aspects of topological materials lie on a 
solid foundation, leaving the frontier of the field to condensed-
matter experimentalists and materials scientists. A main chal-
lenge for condensed-matter experimentalists is in characteriza-
tion of topological phases of matter: concrete determination of 
the topological state will likely involve moving beyond con-
ventional characterization techniques such that the topological 
state can ascertained with precision. For materials scientists, a 
primary challenge lies in creating more perfect materials and 
interfaces, which can mitigate imperfections that hide the true 
nature of the exotic excitations possible in the system. Along 
these two fronts, a process for creating a more perfect material 
using MBE and using superconducting nanoscale devices to 
characterize the topological nature of the material is described 
next.

Incorporation of topological materials into superconducting 
devices not only allows for characterization but serves as means 
to produce topological superconductors (TSs). TS may play a 
key role in future quantum computation platforms, as the fun-
damental excitations of these systems are MBS, a non-Abelian 
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excitation comprised of equal weights of electron- and hole-like 
quasiparticles. These excitations can form the foundation for 
a topological qubit and its incorporation in nanoscale super-
conducting electronics allows for the generation, manipulation, 
and readout of these qubits. While a detailed review of topo-
logical superconductors and the MBS therein can be found in 
References 45 and 46, the two key elements that go into the 
creation of this state are simple. The first is the nondegenerate 
electronic state at the Fermi energy: this element is provided 
by the topological materials. The second is a quasiparticle that 
combines electron and hole-like properties in equal weight. This 
is provided by the superconductors used to form the nanoscale 
device. Despite the clear-cut recipe for the creation of MBS, the 
two challenges elucidated above for topological materials also 
confront MBS. For the MBS to be used in topological quantum 
computation, these challenges must be overcome. Next, we 
describe the progress along these directions for the growth and 
characterization of both TIs and TCIs.

Molecular beam epitaxy growth of topologically 
nontrivial thin films
The growth of thin films of topologically nontrivial materi-
als by MBE is a crucial enabling technology to study these 
materials, as many of their applications rely on the inter-
face between the topological material and the trivial mate-
rial. Although these materials can be grown by a variety of 
techniques, we focus on MBE growth here. Since MBE is an 
ultrahigh vacuum technique in which materials are grown one 
atomic layer at a time, clean and sharp interfaces between lay-
ers can be produced, which are crucial to leveraging the unique 
properties of topological materials. In addition, MBE enables 
the growth of large area films out of thermal equilibrium and 
without the need for complex chemical precursors which can 
add unwanted dopants to a film. First- and second-generation 
TIs, including  Bi2Se3,  Bi2Te3,  Sb2Te3, and their alloys are per-
haps the most well-studied topological materials. They are van 
der Waals (vdW) materials, meaning that they are strongly 
bonded in the a − b plane and have weaker vdW bonds along 
the c-axis. The growth of vdW materials by MBE is called 
“van der Waals epitaxy.”47,48 In vdW epitaxy, the film/sub-
strate interaction is much weaker than in traditional epitaxy, 
allowing for growth on a wide variety of substrates, even those 
with considerable lattice mismatches.49 This leeway in sub-
strate choice, combined with the ability to alloy and magneti-
cally dope these materials, has enabled successful film growth 
for many different applications. A large fraction of TI growth 
has been conducted on sapphire substrates due to their rela-
tively low cost and inert growth surface. Other substrates may 
have dangling bonds that must be passivated before growth; a 
chalcogenide soak is frequently used to accomplish this. This 
method has been used to facilitate growth on substrates such 
as GaAs(111),50 GaAs(001),51 InP(111)A,52 and Si(111).53,54

One of the challenges with vdW epitaxy is the reduced 
control over film morphology. TI films tend to grow as trian-
gular domains with a high degree of twinning and a terraced 

pyramidal morphology. The in-plane unit cell of the TI is hex-
agonal with three sides that have two dangling bonds per atom 
and three sides that have one dangling bond per atom. The 
sides with more dangling bonds grow faster, leading to trian-
gular domains. Twinning in TI films arises since their trian-
gular in-plane structure means that domains can nucleate with 
two different orientations rotated by 180°. When the twinned 
domains merge, grain boundaries appear, which cause electron 
scattering. Growth on rougher substrates can suppress twin-
ning by pinning nucleation along the substrate step edges.55 
Finally, due to the weak vdW bonding between layers, TI films 
show a terraced or “wedding cake” morphology.56 This leads 
to a high density of atomic step edges in the film, increasing 
scattering. Although the film/substrate interaction is small in 
vdW epitaxy, many researchers observe a high degree of dis-
order in the film at the interface with the substrate.57,58 This 
can lead to significant doping and is likely the cause of the 
majority of doping in TI thin films, rather than point defects 
such as selenium vacancies. Using a trivially insulating lat-
tice-matched buffer layer such as  In2Se3 or  (InxBi1−x)2Se3 can 
bury this disordered layer and isolate the TI, reducing doping 
and increasing mobility.59,60  (InxBi1−x)2Se3 is also useful for 
growing TI heterostructures as it is trivially insulating when 
x > 0.3.61,62 MBE-grown heterostructures have also been used 
to explore the interaction of magnetic materials with  TIs63 
or to create designer TI behavior through ultrashort period 
lattices,64 or explore the interactions of the surface states.65

The properties of MBE-grown TI films can be customized 
through both alloying and doping. Alloying  Bi2Te3 and  Sb2Te3 
has been explored to create bulk insulating TI films and to pull 
the Dirac point of  Bi2Te3 into the bandgap.66 Chalcogenide-
based TIs tend to suffer from point defects, including chalco-
gen vacancies and antisite defects, which lead to unintentional 
doping.67 Nonmagnetic dopants such as calcium and lead have 
been used to tune the Fermi energy,68,69 while magnetic mate-
rials such as vanadium,70 chromium,71 and  manganese72 have 
been studied as dopants to break the time-reversal symmetry 
of the surface states and allow for easier study of phenomenon 
such as the quantum anomalous Hall effect in TI thin films. 
Finally, while most MBE growth of TIs has focused on per-
fecting smooth, continuous films in the [111] orientation, a 
growing body of research has begun to examine the growth of 
alternate phases and self-assembled nanofeatures. Growth of 
(101 5)  Bi2Se3 has been achieved by patterning the  substrate73 
or through growth at high substrate temperature and high sele-
nium overpressure on GaAs (001) substrates.74  Bi2Se3 nano-
particle growth has been demonstrated via exposing bismuth 
droplets to a selenium flux.75 More exotic 3D features such as 
columns and nanoplates have also been reported.76

In the past handful of years, there have been many pre-
dictions of materials that may be WSMs or DSMs. Only a 
small subset of these materials have been grown in thin-film 
form, and those can be divided roughly into two categories: 
those grown by van der Waals epitaxy, and those grown by 
more conventional epitaxy. Materials grown by van der Waals 
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epitaxy include but are not limited to  MoTe2,  ZrTe2,  PtSe2, 
 PtTe2,  HfTe2.77–82 In general, all are grown in a similar way 
to the TIs previously described: the chalcogenide member is 
held in excess, while the non-chalcogenide member controls 
the growth rate. However, for these, materials, the non-chalco-
genide member is frequently evaporated using electron beam 
evaporation rather than thermal evaporation due to the low 
vapor pressures of the relevant transition metals. Since these 
materials are grown by vdW epitaxy and have a hexagonal in-
plane structure, they have the same advantages and disadvan-
tages described for the TIs. Materials grown by conventional 
epitaxy include  Cd3As2, NbP, TaP,  Na3Bi,  Sr3PbO, LaAlGe, 
 Co3Sn2S2, and  TaIrTe4.83–91 In most of these cases, the more 
volatile element (i.e., As, P, S, Te) is held in excess, while 
the less volatile element controls the growth rate. However, 
in the cases of materials like LaAlGe or  Na3Bi, more care-
ful flux matching is needed. Finally, because these are grown 
by conventional epitaxy, one must take care to find a lattice-
matched substrate and to prepare the substrate appropriately 
for the film growth. Overall, it is clear to see that there is a 
wealth of topological materials that can be grown by MBE. 
Thin films of topological materials are particularly interesting, 
as they enable other characterization techniques such as scan-
ning tunneling microscopy and angle resolved photoemission 

spectroscopy. Overall, the growth of topological materials by 
MBE is in its infancy, but just as MBE growth of semiconduc-
tor materials has led to a wealth of scientific discoveries and 
device applications, we expect that MBE growth of topologi-
cal materials will do the same.

Molecular beam epitaxy growth of the TCI  PbxSn1−xTe
The PbSnTe system is a cubic alloy system with large 
spin–orbit coupling whose energy gap is widely tunable. The 
topological nature derives from a nonzero mirror Chern num-
ber arising from its crystal symmetry. As the as the ratio of Sn 
to Te is increased, there is a semimetal band crossover with 
the emergence of two types of Dirac cones on (111): one type 
at the Γ point and another type at the M point, with an energy 
offset between them. PbSnTe devices can host 3D massive, or 
2D massless relativistic fermions, and by introducing strain, 
3D Weyl semimetallic states are possible.45

The mesoscale dimensionality of Josephson junctions 
(JJs), an important method to characterize MBSs, imposes 
some requirements for the active material forming the weak 
link, and there are challenging materials issues associated 
with these requirements. Of particular importance is surface 
roughness, which can scatter topological surface states into 
the bulk.92

To address these issues, a different 
MBE approach was adopted. Elemen-
tal sources of Pb and Sn metals (IV ele-
ments), and Te (VI element) were used to 
obtain single-crystal PbSnTe device lay-
ers on GaAs (Figure 2). This elemental 
approach enables better control over the 
nucleation, and helps reduce undesirable 
Volmer–Weber island coalescence. Near 
atomically flat, thin layers are obtained 
that more effectively localize the topo-
logical state to the surfaces. GaAs enables 
scalability at low cost, and its bulk can be 
made electrically insulating. While this 
approach successfully facilitates JJ fabri-
cation, it is not optimized, leaving room 
for improvement in future growths. One 
remaining major challenge is the large car-
rier concentration of PbSnTe bulk states. 
These bulk states allow for scattering from 
the surface state and shunt the measured 
conductance, two effects that minimize the 
experimental signatures of MBS.

Characterizing the TCI  PbxSn1−xTe 
with Josephson junctions
The Josephson effect describes how 
electric currents of Cooper pairs can 
flow between two superconductors as 
the quantum phase difference between 
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the superconductors is adjusted. Nearly 60 years ago, Brian 
Josephson predicted this for an ordinary JJ (a superconductor-
insulator-superconductor sandwich (Figure 3a), finding that 
the supercurrent ISwas determined by the phase difference 
φ between the two superconductors is IS = ICsinφ. IC is the 
maximal supercurrent the JJ can sustain before the current 
begins to be dominated by a normal electronic current. When 
the insulator is replaced by a conducting weak link (Figure 3b) 
this relation between the supercurrent and phase, called the 
current-phase relation (CPR), is altered: in some cases this 
alteration reveals important properties about the conductor. 
Weak links made of topological insulators are an example of 
this. In this case, the CPR changes to IS = ICsin(φ/2). The shift 
in CPR arises from the presence of MBS at the interface of the 
superconductor and topological insulator.

This change in CPR allows for a binary test for topological 
materials. A straightforward way to perform this test is the AC 
Josephson effect. This effect can be understood using a com-
mon electric model for a JJ called the resistively and capaci-
tively shunted junction model (RCSJ) (Figure 3c).94 This 
model is isomorphic with a particle moving under the influ-
ence of a sinusoidal potential (Figure 3d). The AC Josephson 
effect is explored by rocking this potential up and down with 
an AC current and pumping the particle along the potential 
(Figure 3d–f). In this scenario, the junction picks up a voltage 
that depends on the phase accumulated per pump, produc-
ing a series of steps in the I−V curve called Shapiro steps. 
This accumulated phase is 2π for common conducting weak 
links, producing a voltage of hf/2e where f is the AC frequency 
of the applied current and h, e are Planck’s constant and the 
electron charge, respectively. For topological weak link JJs, 
the accumulated phase is 4π, producing steps exactly twice as 
large (hf/e) as conventional JJs. Hence, the doubling of phase 
accumulation indicative of a topological superconducting 

state and the presence of MBS can 
be read out as doubled height of the 
Shapiro steps.95

In TCI samples, atomic-scale 
variations of the crystal lattice at 
the surface alter the simple picture 
of a two-dimensional topological 
surface state. Step edges on the sur-
face cut helical one-dimensional 
helical channels on the surface,6 
complicating the signature of Majo-
rana bound states. Despite being 
embedded in other, conventional 
conduction channels, these one-
dimensional helical modes can still 
be read out using the AC Josephson 
effect.93 The reason is that these 
helical channels have near unity 
transmission, which “skews” the 
CPR from sinusoidal to one con-
taining prominent higher harmon-

ics. These higher harmonics produce structure in the Shapiro 
steps between the primary plateau (Figure 3g), which can be 
used to read out modifications to the CPR.

Outlook
Despite the immense progress in both the growth and applica-
tions of crystalline materials for quantum computing, chal-
lenges remain. With regard to semiconductor heterostructures 
for spin qubits, it is still unclear which material will be power-
ing a large-scale spin–qubit quantum processor. However, the 
most significant advancements in the field can be traced back 
to leaps in materials developments. Silicon gained popularity 
over GaAs because the integration of 28Si enabled long quan-
tum coherence. Germanium has attracted attention since hole 
spin qubits have progressed at an extraordinary pace. The Ge 
qubit count has doubled roughly every year and larger sys-
tems are on the horizon. The Ge quantum information  route37 
is poised to retain many advantages of GaAs and Si while 
overcoming some of their respective long-standing challenges.

Regardless of the material of choice, increasingly fast feed-
back cycles are required to accelerate the development of quan-
tum materials. Important steps in this direction have been taken. 
Cryo-multiplexing  technology30,96 mitigates the interconnect 
bottleneck present in cryostats operating at mK temperatures. 
Therefore, we can access with high-throughput the low-temper-
ature quantum transport properties of 2D electrons or holes rele-
vant for spin qubits. Hopefully, high-throughput characterization 
will also apply to charge noise measurements. Fast optimization 
of the material and gate stack parameters is essential as we are 
moving into the next phase of engineering qubit systems in the 
large numbers required for useful quantum computing.

Since the original theoretical proposal of time-reversal-
symmetric topological insulators of the mid 2000s, dramatic 
progress has been made in cataloging the zoo of topological 
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states of matter possible in condensed-matter systems. Yet, 
much work needs to be done in these systems before they 
can be fully considered for use in quantum computation: in 
particular in the area of materials quality and characteriza-
tion. The advances made using MBE to grow thin films of 
topological materials opens the possibility to address both 
these challenges. Controlled layer-by-layer growth enables 
enhanced control over the crystal structure, disorder, sur-
face quality and strain, each of which have important con-
sequences for the valuable topological surface state. Lay-
ering of topological and trivial materials can open doors 
to new device functionality. Further, the ability to control 
composition will allow for functional interfaces—like the 
superconductor-TI interface important for the creation of 
MBS. This technology has already showed promise in both 
GaAs- and topological material systems. Thin films will also 
enable new types of experimental devices, which will not 
only enhance the technological application of TI materials, 
but should prove useful in augmenting the characterization 
techniques useful in discerning topological from trivial 
effects.
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