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We report on the growth and transport properties of strained thin films of the three-dimensional Dirac
semimetal Cd3As2. Epitaxial heterostructures, consisting of (112)-oriented Cd3As2 films, are grown on nearly
lattice matched (Ga1-xInx )Sb buffer layers on (111) GaAs substrates by molecular beam epitaxy. The epitaxial
coherency strain breaks the fourfold rotational symmetry, which protects the bulk Dirac nodes in Cd3As2.
All strained films exhibit the quantum Hall effect with most carriers residing in the two-dimensional states,
irrespective of the sign of the biaxial stress. The Hall mobility monotonically increases as the biaxial stress
is changed from compressive towards tensile. Furthermore, pronounced anisotropy is seen in the transport
properties. The results show that the quantum Hall effect, which is quite similar to that of unstrained (112)-
oriented films, is independent of the presence of bulk Dirac nodes. Its appearance is consistent with the
topological surface states that are a characteristic of the topological Z2 invariant.

DOI: 10.1103/PhysRevMaterials.3.064204

I. INTRODUCTION

Cadmium arsenide (Cd3As2) is a three-dimensional (3D)
Dirac semimetal, whose accidental degeneracies (band cross-
ings or Dirac nodes) are protected by the fourfold rotational
symmetry of its tetragonal crystal structure [1–6]. 3D Dirac
semimetals also possess surface states. Depending on param-
eters, such as the Fermi energy and surface orientation, these
surface states may form two copies of Fermi arcs, similar to
those of Weyl semimetals [7,8]. Because they are required by
the Z2 invariant [7], surface states exist even when a band gap
opens in the bulk, in analogy with 3D topological insulators
[8]. Experimentally, it has been shown that the transport prop-
erties of thin Cd3As2 films become increasingly dominated
by 2D states as their thickness is decreased [9,10], eventually
giving rise to a quantum Hall effect [9–12]. These 2D states
have been shown to exhibit characteristics of 2D Dirac
fermions, including a zero-energy Landau level [13]. While
these observations are consistent with the presence of topo-
logical surface states, alternative interpretations of the origin
of the quantum Hall effect in thin Cd3As2 films have also
been proposed. These include subbands derived from bulk
states [12] and so-called “Weyl orbits” [14], which arise from
a connection between the Fermi arcs on the surface through
the bulk nodes [15]. A requirement for transport through Weyl
orbits is that the bulk Dirac nodes are not gapped, even in thin
slabs.

Thin film epitaxial strains break certain crystal symmetries
and therefore offer opportunities to tune the electronic states
and the transport properties. For example, breaking the
rotational symmetry that protects the Dirac nodes is expected
to open a band gap in the bulk Dirac nodes and transform
the material into different kinds of insulators [16,17]. Strain
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engineering requires epitaxial thin films on closely lattice
matched substrates or buffer layers. We have previously
reported on the properties of epitaxial, (112)-oriented Cd3As2

films on (111) GaSb epitaxial buffers on (111)GaAs, which
were grown by molecular beam epitaxy (MBE) [18]. These
Cd3As2 films grew with their relaxed (bulk) lattice parameter
because of the large lattice mismatch between GaSb (a =
6.096 Å) and Cd3As2 (a = 12.6–12.7 Å and c = 25.4–25.5 Å;
the ranges reflect the different reported values [19,20]).

In this study, we investigate the transport properties of
strained Cd3As2 films that are grown on (Ga1-xInx )Sb al-
loy buffer layers. The larger lattice parameter of InSb (a =
6.479 Å) allows for alloys that are more closely lattice-
matched to Cd3As2, as needed for strained films. Furthermore,
to maintain coherently strained films, their thicknesses must
be below the critical value for strain relaxation. Here, we
report on the properties of films in the thickness regime in
which unstrained films exhibit the quantum Hall effect [9,10].

II. EXPERIMENTAL METHODS

Cd3As2 films were grown by MBE on relaxed, epitaxial
(Ga1-xInx )Sb buffer layers on (111)B GaAs substrates with
a miscut of 3° towards 〈1̄1̄2〉. The Cd3As2 MBE parameters
have been reported elsewhere [18,21]. The In content of the
buffer layers (x), and thus their lattice parameter, was sys-
tematically varied. All Cd3As2 films exhibited streaky reflec-
tions in high-energy electron diffraction patterns, indicating
smooth surfaces, and all showed similar surface morpholo-
gies, independent of the film strain [22]. Film thicknesses
were determined using x-ray reflectivity and transmission
electron microscopy. X-ray diffraction (XRD) and reflectiv-
ity measurements were carried out in a Panalytical MRD
PRO Diffractometer, using Cu Kα (1.5405 Å) radiation with
a triple axis Ge (220). For high-angle annular dark-field
(HAADF) imaging, cross-section samples of Cd3As2 films

2475-9953/2019/3(6)/064204(5) 064204-1 ©2019 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.3.064204&domain=pdf&date_stamp=2019-06-18
https://doi.org/10.1103/PhysRevMaterials.3.064204


MANIK GOYAL et al. PHYSICAL REVIEW MATERIALS 3, 064204 (2019)

FIG. 1. (a) θ -2θ XRD scans around the out-of-plane 224 reflection of a 80-nm Cd3As2 film and that of the 111 (Ga1-xInx )Sb buffer layer
reflections, respectively, for different buffer layer compositions x. The In compositions of the buffer layers (top to bottom) are x = 0.75, 0.69,
0.64, and 0.60, respectively. The dashed line indicates the average position of the 224 peak of relaxed Cd3As2 films on GaSb buffers. Film
reflections to the left of the buffer layer reflection are consistent with compressive in-plane strains. (b) Hall mobilities of Cd3As2 films grown
on (Ga1-xInx )Sb buffer layers with different compositions, measured along the [1̄10] direction of the buffer layer at 2 K. The horizontal axis
shows the buffer layer lattice parameter and the dashed line indicates the average lattice parameter of relaxed Cd3As2 films on GaSb.

were prepared using a FEI Helios Dualbeam NanoLab 650
focused ion beam system with the final milling voltage of
2-keV Ga ions. HAADF imaging in scanning transmission
electron microscopy (STEM) was carried out using a FEI
Titan S/TEM (Cs = 1.2 mm) at 300 keV with a semicon-
vergence angle of 9.6 mrad. To improve the signal-to-noise
ratio, 30 images (1024 × 1024 pixels, 1 μsec dwell time)
were sequentially recorded, rigidly registered using a cross-
correlation method, and then averaged. For transport measure-
ments, Hall bar structures with dimensions of 100 × 100 μm2

or 50 × 50 μm2 were processed by optical lithography and
Ar ion milling. The Cd3As2 surface was cleaned using a
N2 plasma before the measurements, which reduces carrier
depletion and moves the Fermi level into the surface states,
as described elsewhere [23]. The Hall resistance as a function
of magnetic field (B) was linear, indicating a single dominant
carrier after the N2 plasma treatment, whereas before the
treatment both n- and p-type carriers contribute, as discussed
elsewhere [23]. Measurements were carried out in a physical
property measurement system at temperatures down to 2 K
and under magnetic fields of up to 9 T.

III. RESULTS AND DISCUSSION

Figure 1(a) shows out-of-plane XRD scans around the 111
(Ga1-xInx )Sb and the 224 Cd3As2 reflections, respectively,
for four different buffer layer compositions. The Cd3As2

film thickness was ∼80 nm, to obtain a sufficient signal
from the film peaks. The literature values for the lattice
parameter of Cd3As2 vary [19,20]; here, we show as a ref-
erence [see vertical line in Fig. 1(a)] the average position
of the 224 reflection of relaxed Cd3As2 films on (111)GaSb
buffers. In case of biaxial compressive film stress [bottom two
scans in Fig. 1(a)], the shift in the 224 peak positions indi-
cated the expected larger out-of-plane lattice parameter. Film
strains were difficult to estimate because of significant peak

overlap. The film with the largest compressive in-plane strain
(∼−0.4%) in Fig. 1(a) had a well-separated film peak. Cross-
section HAADF-STEM showed coherent interfaces free of
misfit dislocations for films under biaxial compressive stress
(Fig. 2). In contrast, films that were under a (nominal) biaxial
tensile stress had lattice parameters close to those of relaxed
Cd3As2 [see top scan in Fig. 1(a)]. Transmission electron
microscopy showed semicoherent interfaces [22]. The reason
why tensile films showed onset of strain relaxation below the
estimated critical thickness is presently not understood. Part
of the reason may be the additional tensile strain from the
thermal mismatch, estimated to be about 0.1% [24].

Figure 1(b) shows the electron mobilities of ∼30-nm-thick
films, determined from the low-field Hall effect, which varied
systematically with film strain. The Hall mobility of tensile
films was more than an order of magnitude larger than that
of compressive films. The systematic change in mobility as
a function of the film strain indicated that all 30-nm-thick
films were strained, including those for which misfit dislo-
cation were observed, indicating only partial relaxation of the
lattice mismatch. Indeed, films grown on buffer layers with
larger lattice constants than those in Fig. 1(b) showed a sharp
reduction in mobility to ∼5000 cm2/Vs, indicating complete
strain relaxation.

Figure 3 shows representative transverse (Rxy) and lon-
gitudinal (Rxx) resistances as a function of B for ∼30-nm-
thick films for compressive and tensile stresses, respectively.
The onset of quantized Hall plateaus in Rxy and pronounced
quantum oscillations in Rxx were seen for all films, including
those with strains in between those of the films in Fig. 3
(not shown). In this aspect, the films behaved very similar to
relaxed Cd3As2 films of similar thickness, grown on (111)
GaSb buffer layers [9,10]. The carrier density determined
from the quantum oscillations was ∼5 × 1011 cm−2 for all
films, indicating a constant carrier concentration in the 2D
states. The carrier density estimated from the low-field Hall
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FIG. 2. (a) High-resolution, cross-section HAADF-STEM image of a compressively strained Cd3As2 film on a (Ga0.4In0.6)Sb buffer layer,
showing an abrupt interface with no visible defects at the interface. (b) Schematic of the structure of Cd3As2 (space group I41/acd [19])
projected along [11̄0]III−V. The image intensities in (a) are consistent with this structure, especially the arrangements of the columns containing
Cd vacancies (light purple dots), which have lower intensities. (c) Intensity profiles obtained from the green and blue shaded boxes in (a) further
confirm the presence of ordered Cd vacancies in the crystal structure (see red arrows).

data (B < 0.5 T), ranged from 6.5 × 1011 cm−2 for the tensile
films to 14 × 1011 cm−2 for the compressive films. Discrep-
ancies between the two values occur when bulk carriers
contribute to the Hall effect, via thermal excitation. Epitaxial
strains can modify the band structure and they can also modify
the activation energies of defects giving rise to unintentional
doping [25]. Here, the films under compressive stresses, like
the unstrained films [9], showed thermally activated transport
behavior. The activation energies were somewhat larger than
in the unstrained case, but it is unclear if these reflect intrinsic
changes in the band structure or the activation energy of a
defect.

The fact that the quantum Hall effect was observed for
both signs of biaxial film stress indicated that neither sign of

FIG. 3. Hall resistance (top row) and magnetoresistances (bot-
tom row) measured at 2 K for 30-nm-thick films under different
biaxial stresses. Data shown in (a),(c) is from a tensile film (x =
0.75); data in (b), (d) is from a compressive film on a buffer with x =
0.64. The in-plane compressive strain is about −0.2%. Films with up
to −0.3% strain showed similar behavior. The film thicknesses were
∼30 nm.

strain eliminates the 2D states, i.e., they are robust against the
breaking of the fourfold rotational symmetry by the biaxial
film stress. The Hall plateaus were less well-resolved for
compressively strained films. As the carrier densities in the 2D
states were similar, this indicated a greater degree of broaden-
ing of the Landau levels in compressive films, concurrent with
the significantly lower Hall mobility.

The strained films had significantly lower symmetry than
unstrained films, as evidenced by a pronounced in-plane
anisotropy in the zero-field transport properties not seen in
unstrained films. Figure 4 shows values for Rxx and Rxy

measured in zero field along different directions of a com-
pressively strained film using Hall bar structures arranged in
a circular pattern [see Fig. 4(a)]. A similar transverse voltage
was observed for tensile films. Note that the appearance of
a transverse voltage is not due to the Hall effect but is a
sign of anisotropy. Specifically, for a second rank tensor
property measured along directions that do not coincide with
the principal axes [26]:

Rxx = Racos2θ + Rbsin2θ (1a)

Rxy = −Ra sin θ cos θ + Rb sin θ cos θ, (1b)

where Ra and Rb are the principal components of the tensor
and θ describes the angle of rotation from the principal axes
of the crystal system. The dashed lines in Fig. 4 are fits using
Eq. (1), which described the experimental data reasonably
well. In contrast, bulk Cd3As2 is very nearly cubic and the
resistivity is thus expected to be fairly isotropic. In keeping
with this expectation, relaxed films on GaSb did not develop
transverse voltages under zero applied field, as confirmed by
measurements on films on different substrates and with differ-
ent miscuts. Strained films thus have considerably lower sym-
metry than unstrained films also in their transport properties.

IV. CONCLUSIONS

To briefly summarize the findings, we have shown that
strained, epitaxial (112) Cd3As2 films can be obtained on
epitaxial (111) (Ga1-xInx )Sb buffer layers. All strained films
showed the quantum Hall effect at high magnetic fields,
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FIG. 4. (a) Schematic of the Hall bar structure used to measure longitudinal and transverse resistances along different directions of a
compressively strained film. The contact pads are not shown for clarity. The crystallographic directions indicated are those of the substrate and
the angles are defined in (a). (b), (c) Measured values for Rxx and Rxy as a function of the direction. The dashed lines are fits to Eq. (1).

indicating that transport was predominately via 2D states, and
thus similar to unstrained films of comparable thicknesses.
This is significant, because strain in (112)-oriented films
breaks the fourfold rotational symmetry and thus eliminates
the bulk Dirac points. Similarly, thin films are expected to
open a band gap in the bulk nodes due to confinement
and/or structure inversion asymmetry [27,28]. Tensile in-
plane strains may further increase the band gaps created by
confinement and breaking of the fourfold rotational symmetry
[25]. The important point is that the quantum Hall effect is
therefore unlikely to be associated with “Weyl orbits”, which
depend on the presence of bulk Dirac points. Along with
our previous studies, the results provide further evidence that
the quantum Hall effect in Cd3As2 films originates from the
surface states themselves. Specifically, these surface states are
required by the Z2 invariant, as mentioned in the Introduc-
tion. They are identical to the surface states of time reversal
invariant topological insulators and reside at the center of the
surface Brillouin zone, independently of the bulk Dirac points
[7]. The quantum Hall arises from these surface states, in
analogy with expectations from topological insulators [29].

Theoretical calculations by Bednik [17] have shown that
in Dirac semimetals with broken rotational symmetry, such
as studied here, a second, distinct type of surface states may
exist. This second kind requires the presence of mirror sym-
metries and results from a nontrivial mirror Chern number,
which appears when the bulk Dirac points are gapped out.
Based on the calculations in Ref. [17], it is possible that as
a function of film strain, topological phase transitions may
thus occur, at which the number of surface state branches
changes. Experiments that could distinguish between these
different topological surface states will be a subject of future
investigations.

In general, the effects of epitaxial film strains can be quite
complex as they depend on the specifics of the electronic
bands and their deformation potentials. To clarify these de-
tails, electronic structure calculations would be extremely
useful. Such calculations would also be highly beneficial
towards understanding the systematic change in mobility with
strain observed here and the systematic increase of bulk-like
carriers with compressive in-plane strain. While the change
in mobility cannot entirely be explained with different defect
densities, which should be similar in all films, changes in
the electronic structure may influence both the effective band
mass and the carrier scattering, both of which can contribute
to the carrier mobility.
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