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Epitaxial, strain-engineered Dirac semimetal heterostructures promise tuning of the
unique properties of these materials. In this study, we investigate the growth of
thin films of the recently discovered Dirac semimetal Cd3As2 by molecular beam
epitaxy. We show that epitaxial Cd3As2 layers can be grown at low temperatures
(110 ◦C–220 ◦C), in situ, on (111) GaSb buffer layers deposited on (111) GaAs
substrates. The orientation relationship is described by (112)Cd3As2

|| (111) GaSb
and [11̄0]Cd3As2 || [1̄01]GaSb. The films are shown to grow in the low-temperature,
vacancy ordered, tetragonal Dirac semimetal phase. They exhibit high room tem-
perature mobilities of up to 19 300 cm2/Vs, despite a three-dimensional surface
morphology indicative of island growth and the presence of twin variants. The results
indicate that epitaxial growth on more closely lattice matched buffer layers, such as
InGaSb or InAlSb, which allow for imposing different degrees of epitaxial coherency
strains, should be possible. © 2016 Author(s). All article content, except where oth-

erwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4972999]

Topological semimetals are a newly discovered class of materials that have gathered significant
attention due to their unique properties. For example, bulk single crystals of these materials show
extremely high electron mobilities, negative and linear magnetoresistance,1–4 and surface Fermi arcs.5

Dirac semimetals are characterized by a linearly dispersive band crossing close to the Fermi energy
(“Dirac nodes”). They can potentially be tuned between different topological phases, such as Weyl
semimetals, topological superconductors, and topological insulators.6 Cd3As2, long known for its
very high electron mobility,7 was recently recognized as a Dirac semimetal.8 It has a pair of Dirac
nodes that can be observed in x-ray photoemission experiments.9,10

Cd3As2 thin films are required for integration into devices and for the engineering of topological
phases, using heterostructure approaches such as epitaxial strain, field effect, or quantum confine-
ment.11 Epitaxial films are also desirable to reduce extended defects. Previous studies of Cd3As2 films
have used amorphous substrates (e.g., SiO2, fused quartz, and borosilicate),12–14 substrates with the
rocksalt crystal structure (NaCl and KCl),15,16 or weakly bonding substrates (mica).15,17,18 None of
these substrates are expected to facilitate epitaxial growth and no information about film textures was
given. Furthermore, the carrier mobilities of these films have remained below those reported for bulk
single crystals.

The Dirac semimetal phase of Cd3As2 is tetragonal and belongs to the I41/acd space group with
lattice parameters a = 12.633 Å and c = 25.427 Å.19 Its preferred growth surface is the (112).20,21

The atom arrangements near the (112) growth plane can be compared with those in the (111) planes
of III-V semiconductors with the cubic zincblende structure, such as GaAs or GaSb, as shown
in Fig. 1. The two surfaces show similar hexagonal arrangements of their group V elements that
should promote an epitaxial relationship. The spacing of the group V elements around the hexagon
in the (112) plane is 4.4–4.6 Å in Cd3As2 vs. 4.3 Å in (111) GaSb. Closer lattice matching can
be achieved with ternary III-V alloys, such as (GaxIn1☞x)Sb or (AlxIn1☞x)Sb. By far the most com-
mon growth plane for III-V layers is (001) and few reports exist of smooth, strain-relaxed (111)
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FIG. 1. Atom arrangements about (a) the (112) surface of Cd3As2 and (b) the (111) GaSb surface, respectively. The hexagonal
arrangement of the group V atoms is indicated by the red lines.

epitaxial III-V layers.22–24 Here, we investigate if Cd3As2 films can be grown epitaxially on (111)
GaSb/GaAs substrates using molecular beam epitaxy (MBE). GaSb buffer layers were grown in situ

by MBE on GaAs(111)A substrates, to reduce the lattice mismatch with the Cd3As2 film (∼5% vs.
∼10% mismatch with GaSb and GaAs, respectively). Furthermore, unlike GaSb substrates, GaAs
is electrically insulating, which facilitates the interpretation of electrical measurements at room
temperature.

GaAs(111)A (Ga-polar) substrates were cleaned with solvents and etched for 5 min in concen-
trated HCl prior to loading them into the MBE chamber to remove the native oxide. The substrates
were annealed to 200 ◦C to desorb residual moisture and contaminants before the transfer to the
growth chamber, where they were annealed under Sb flux to remove any remaining oxide. Subse-
quently, GaSb buffer layers were grown at a substrate temperature of 500 ◦C for 20 min with an Sb
beam equivalent pressure (BEP) of 2.5 × 10☞7 Torr and a V/III ratio of about 7. Sb was supplied
from a cracker cell. The sample was cooled down under Sb2 flux, which was terminated at 350 ◦C,
to the substrate temperature for Cd3As2 growth. Cd3As2 was evaporated from solid pieces, using an
effusion cell with the BEP fluxes varying between 2 × 10☞7 and 5 × 10☞6 Torr. 100–300 nm thick
films were grown at substrate temperatures between 110 ◦C and 220 ◦C for 60 min. Further increases
in substrate temperature at these flux rates resulted in no growth. Film growth and microstructures
were monitored in situ with reflection high-energy electron diffraction (RHEED) and studied ex

situ using high-resolution x-ray diffraction (XRD), atomic force microscopy (AFM), and scanning
transmission electron microscopy (STEM). The sheet carrier concentration and carrier mobility were
determined using Hall and sheet resistance measurements in the Van der Pauw geometry. The film
surface oxidizes upon air exposure but no further degradation was observed during/after processing
and electrical measurement.

RHEED along 〈11̄0〉 of the zincblende substrate after the growth of Cd3As2 films at different
substrate temperatures is shown in Figs. 2(a)–2(e). Films grown at lower substrate temperatures
(110 ◦C and 140 ◦C) showed spotty RHEED patterns, indicative of a three-dimensional surface.
Growth at higher substrate temperatures (>170 ◦C) resulted in a streaky RHEED pattern, which
indicated smooth films on the length scale probed by RHEED. The corresponding 10 × 10 µm2 AFM
images of the respective samples are shown in Figs. 2(f)–2(j). The GaSb buffer was very smooth,
albeit with some step bunching [Fig. 2(f)], with a root mean square roughness of 1.3 nm, comparable
to optimized (111) III-V layers reported in the literature.22 In contrast, the Cd3As2 film surfaces were
significantly rougher and showed triangular shaped islands whose average diameter increased from
∼50 nm (110 ◦C) to ∼3 µm (210 ◦C), indicating three-dimensional growth despite the islands having
flat surfaces that dominate the RHEED pattern.

Out-of-plane XRD scans of a Cd3As2 film are displayed in Figs. 3(a) and 3(b). Peaks from
the {111} planes of the GaAs substrate and GaSb buffer layer are marked with squares and circles,
respectively. Peaks arising from {112} planes of the Cd3As2 are indicated by triangles. No additional
peaks are present, indicating single-phase GaSb and Cd3As2 films with a high degree of alignment in
the out-of-plane direction. A scan with higher resolution around the Cd3As2 224 reflection is shown
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FIG. 2. (a)-(e) RHEED patterns taken along 〈11̄0〉GaSb of the GaSb buffer layer (a) and after the Cd3As2 growth at different
substrate temperatures (b)-(e). (f)-(j) Corresponding 10 × 10 µm2 atomic force micrographs. The Hall mobilities and sheet
carrier densities measured at 300 K are given underneath each image.

in Fig. 3(b). The observed peak positions agree with those derived from the bulk lattice parameters,
indicated by the dotted lines. The observed alignment, {112}Cd3As2 || {111}GaSb is a necessary but
insufficient criterion for epitaxial growth, in particular since the {112} planes are the preferred surface
facets of Cd3As2. To determine the in-plane alignment between film, buffer layer, and substrate, XRD
pole figures were recorded using the Cd3As2 4 4 16 [GaAs/GaSb 224] reflections, shown in Fig. 3(c).
The film and substrate peaks show the expected threefold symmetry and the peaks are aligned.
Cd3As2 exhibits a second set of reflections, rotated by 60◦, which indicates twinning. To get a more
quantitative measure, azimuthal scans of the GaSb 224 and Cd3As2 4 4 16 reflections are presented
in Fig. 3(d). No twins are detectable in the GaSb buffer layer. The fraction of twinned domains in the
Cd3As2 film amounts to ∼2.5%. The use of miscut substrates should help eliminate twinning.25 We
note that Cd3As2 diffraction peaks such as 4 4 16, 8 4 8, and 4 8 8 cannot be distinguished due to the
similarity of a and c/2 lattice parameters. Therefore, the possibility of additional twinning cannot be
eliminated.

To gain further insight into the Cd3As2 film structure, Fig. 4 shows high-angle annular dark-field
(HAADF) STEM images. The overview image [Fig. 4(a)] shows sharp interfaces without intermixing.
Three different polymorphs of Cd3As2 have been reported.21 The low-temperature Dirac semimetal
can be described as containing ordered Cd vacancies,21 in contrast to the high temperature Fm3̄m

cubic phase. An intermediate-temperature structure with P42/nm symmetry has also been found.21

As shown in Figs. 4(b)–4(d), STEM allows us to determine the specific phase of the MBE films.
A schematic of the structure (I4/acd space group) viewed along [11̄0]Cd3As2 is shown in Fig. 4(b).
Focusing on the two rows indicated by red and blue arrows, respectively, we see that in the row
marked by red arrows all Cd columns are fully occupied along the viewing direction, while in the
next row (blue arrows) only half of the columns are fully occupied with Cd atoms (the dashed
circles indicate columns with missing Cd). The columns with missing Cd atoms can be identified
in the HAADF-STEM image [Fig. 4(c)] where half of the triplets show a reduced intensity in the
row indicated by the blue arrow. Intensity line scans along two rows confirm this, see Fig. 4(d).
Since this ordering is specific to the I4/acd phase, the films grew in the desired Dirac semimetal
phase.

An important benchmark for material quality is the charge carrier mobility, which is indicated
for the films grown at different substrate temperatures in Fig. 2, along with their sheet carrier den-
sities. All films show n-type conductivity, with room temperature carrier mobilities increasing with
substrate temperature from ∼550 cm2/V s to 19 300 cm2/V s. The latter are comparable to room
temperature single crystal values26 and higher than those for thin films reported in the literature,
which were in the range of 2000 cm2/V s–11 000 cm2/V s.13,17,18,27 The GaSb films exhibited sheet
resistances that were at least three orders of magnitude higher than those of the Cd3As2 films,
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FIG. 3. (a) Out-of-plane XRD of a Cd3As2/GaSb/GaAs(111A) sample grown at a substrate temperature of 180 ◦C. The
symbols indicate the family of peaks from each material. A higher resolution scan of the region indicated by the dashed box
is given in (b). The dotted lines indicate the expected peak positions calculated from the bulk lattice parameters. (c) In-plane
pole figure around the GaAs/GaSb 224 and Cd3As2 4 4 16 reflections, showing the in-plane alignment between the substrate,
buffer layer, and film. (d) Line scans of the GaSb and Cd3As2 peaks shown in (c).

ensuring that the measurements were dominated by the properties of the Cd3As2 films. Investiga-
tions of the temperature-dependent transport properties, which are complicated, will be the subject
of future studies.

To summarize, we have shown that epitaxial Cd3As2 thin films that have the crystal structure
of the Dirac semimetal phase can be grown by MBE on III-V layers. The high room temperature
mobilities of the films are surprising, given their three-dimensional growth morphologies and twinned
microstructure, and may indicate some degree of topological protection. Future work should address
reducing defect densities. The epitaxial alignment between the film, buffer layer, and substrates
indicates routes to further improvements in the films’ quality. In particular, larger miscuts can be
used to eliminate twinning and better lattice matching can be obtained using InGaSb or InAlSb
buffer layers. This will require the development of strain-relaxed, (111)-oriented films of these alloys,
which, in contrast to (001) oriented layers, has not yet been extensively studied. Better lattice matching
may also improve the growth mode of the Cd3As2 layers towards more two-dimensional growth. In
addition to further improving materials quality and mobility, the combination of lattice-matched III-V
layers and Cd3As2 layers will enable the use of heterostructure engineering methods to control the
electronic states of this three-dimensional Dirac semimetal.

The authors gratefully acknowledge support through the Vannevar Bush Faculty Fellowship
program by the U.S. Department of Defense (Grant No. N00014-16-1-2814). Partial funding was
also provided by the U.S. National Science Foundation (Award No. 1125017) and by Northrop
Grumman.



126110-5 Schumann et al. APL Mater. 4, 126110 (2016)

FIG. 4. (a) Low-magnification HAADF-STEM image of a GaAs/GaSb/Cd3As2 heterostructure grown at a substrate temper-
ature of 200 ◦C. (b) Schematic of the structure of Cd3As2 in the low temperature I41/acd phase projected along [11̄0]. The red
and blue arrows mark two inequivalent planes and the circles indicate the positions of columns containing Cd vacancies (see
text for details). (c) High resolution HAADF-STEM image along [11̄0] with the corresponding rows indicated by arrows. (d)
Intensity profiles (shifted for clarity) obtained from scans along the rows marked in (c). The dips in intensity (corresponding
to the Cd vacancies) are clearly visible in the second (blue) curve.
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