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Exploration of growth conditions of TaAs Weyl semimetal thin film
using pulsed laser deposition
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TaAs, the first experimentally discovered Weyl semimetal material, has attracted a lot of attention due to its high carrier
mobility, high anisotropy, nonmagnetic properties and strong interaction with light. These make it an ideal candidate for the
study of Weyl fermions and applications in quantum computation, thermoelectric devices, and photodetection. For further
basic physics studies and potential applications, large-size and high-quality TaAs films are urgently needed. However, it
is difficult to grow As-stoichiometry TaAs films due to the volatilization of As during the growth. To solve this problem,
we attempted to grow TaAs films on different substrates using targets with different As stoichiometric ratios via pulsed
laser deposition (PLD). In this work, we found that partial As ions of the GaAs substrate are likely to diffuse into the TaAs
films during growth, which was preliminarily confirmed by structural characterization, surface topography and composition
analysis. As a result, the As content in the TaAs film was improved and the TaAs phase was achieved. Our work presents
an effective method for the fabrication of TaAs films using PLD, enabling possible use of the Weyl semimetal film for
functional devices.
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1. Introduction
Weyl semimetal (WSM) hosts Weyl fermions as quasi-

particles in its low-energy excitation, with and only with Weyl
nodes formed by crossing of two non-degenerate bands close
enough to the chemical potential.[1–4] TaAs is the first rec-
ognized WSM without inversion centers, and also a type of
easier-to-grow and nonmagnetic material.[5] Since the discov-
ery of this topological material, it has attracted considerable
interest as it shows a series of peculiar phenomena, such as
the observation of surface Fermi arcs,[6–12] negative magne-
toresistance phenomena due to chiral anomalies,[13] and Weyl
nodes.[14]

In addition, TaAs shows high carrier mobility, distinct
anisotropy in electrical transport, and strong interaction with
light,[15,16] which therefore support the potential applications
of TaAs in fields such as quantum computation, photodetec-
tion and thermoelectric devices.[17–19] For example, a photo-
detecting prototype based on the TaAs single crystal has been
reported, and TaAs has the advantage of a wide temperature
detection region due to its massless chiral Weyl nodes and
fairly large absorptance over a broad spectral range.[17] The
demonstrated generation of the chiral ultrafast photocurrents
of TaAs provides a unique opportunity for novel THz emission
with polarization control.[18] It has been reported that TaAs

has good thermoelectric properties, which provide potential
applications in thermoelectric devices.[19] Therefore, there are
many urgent requirements for large-size and high-quality TaAs
films for the above-mentioned potential applications.

At present, the TaAs single crystal can be fabricated by
chemical vapor transport.[20,21] Recently, TaAs films were
successfully grown via molecular beam epitaxy.[22,23] To our
knowledge, TaAs thin film has never been reported in the lit-
erature with pulsed laser deposition (PLD), which greatly lim-
its its applications for functional devices.[18,24–27] One serious
challenge for the film preparation is that TaAs does not melt up
to 1400 ◦C but decomposes before reaching its melting point.
In addition, the Ta–As binary system has complicated phase
diagrams, including Ta3As, Ta2As, Ta5As4, TaAs, and TaAs2

phases, which makes it difficult to synthesize the pure TaAs
phase, especially in TaAs film.[28,29]

In this work, to explore the optimal growth conditions
of the TaAs films by PLD, Ta–As films were grown on var-
ious substrates using TaAs targets with different As contents,
and their crystalline structures were subsequently character-
ized. The results reveal that the polycrystalline TaAs films
can only be achieved on GaAs substrates, which is likely to
provide an effective As-rich atmosphere for TaAs, while the
Ta5As4 phase prefers to nucleate on other substrates without
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the As element. Above all, our study provides a practical ap-
proach for the fabrication of the designated films using PLD
with certain component-rich substrates, as well as other fab-
rication methods for special volatile compounds and their re-
lated research.

2. Experimental details
First, we tried to fabricate the TaAs films on var-

ious small lattice mismatch substrates, such as SrTiO3,
0.7Pb(Mg1/3Nb2/3)O3–0.3PbTiO3 (PMN–PT), MgF2, and
MgO, using TaAs1+x targets with different As stoichiomet-
ric ratios, such as TaAs, TaAs1.1, and TaAs1.2, via the PLD
method. The TaAs films were also grown on the As com-
pound substrate GaAs. All the samples were grown in a high
vacuum of 10−7 Torr. The deposition temperature was set
in the range from 650 ◦C to 750 ◦C. The fluence and repe-
tition frequency of the KrF excimer laser (λ = 248 nm) were
∼ 4 J/cm2 and 5 Hz, respectively. The as-prepared powder
of targets with nominal compositions of TaAs, TaAs1.1, and
TaAs1.2 were prepared using the solid-state reaction method,
and the actual compositions were confirmed using inductively
coupled plasma (ICP) measurement. The targets were syn-
thesized by compressing the powders into the pellets and then
sintering at 450 ◦C for 24 hours in the vacuum furnace with O2

and H2O levels that were both less than 10−2 Torr. The struc-
tural characterization of the TaAs films was performed using
a Rigaku SmartLab x-ray diffractometer (XRD). The surface
morphology was measured using a Hitachi SU5000 scanning
electron microscope (SEM). The composition was analyzed
using an energy-dispersive x-ray spectrometer (EDS).

3. Results and discussion
3.1. Film growth conditions

The crystal structure of TaAs is a body-centered tetrag-
onal lattice system with the lattice parameters a = 3.437 Å
and c = 11.656 Å, and the space group is I41md (#109, C4v)
(Fig. 1(a)).[13,30–32] First, we chose substrates with similar lat-
tice structures or less mismatch to TaAs, such as SrTiO3 and
PMN–PT. The stoichiometric ratio of the TaAs target material
is 1:1. Figure 1(d) shows the out-of-plane θ–2θ XRD scans
of Ta–As films on SrTiO3, PMN–PT, MgF2, and MgO sub-
strates. For Ta–As films on SrTiO3 and PMN–PT substrates,
diffraction peaks at 2θ ≈ 27.87◦ and 57.58◦ were observed,
indicating (101) and (600) reflections of Ta5As4, respectively,
while the expected TaAs phase was not detected. According to
the phase diagram,[28,33] the appearance of the Ta5As4 phase
is due to the heavy loss of the As component during the growth
process.

To supplement the As content in the films, As-rich targets
were used. Figure 1(e) shows the out-of-plane θ–2θ XRD
scans of the Ta–As films on the SrTiO3 substrates obtained by
the TaAs, TaAs1.1, and TaAs1.2 targets, respectively, but the
expected TaAs phase was not obtained. During the preparation
of the TaAs thin films, the target with the excess As compo-
nent does not achieve the effect of the As supplementation. If
the As component is supplemented by increasing the As ratio
of the target, a large excess of the As component is required.
However, the As component is easily sublimated, and there is
a conflict between the large stoichiometric ratio of the As and
the high compactness of the target; therefore, the excess ratio
of As in the target is limited.
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Fig. 1. (a) The body-centered tetragonal structure of TaAs with alternating stacked Ta and As layers. The crystal structure of TaAs does not have
space inversion symmetry. (b) The x-ray rocking curve of (004) reflections of the TaAs films, showing a full width half maximum of 0.26◦. The
θ–2θ XRD scans of (c) the TaAs film on the GaAs substrate, (d) the Ta5As4 films on the different substrates, and (e) the Ta5As4 films using
TaAs targets with different As content.
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The TaAs films were fabricated on GaAs substrates,
which can provide an As-rich environment. Figure 1(c) il-
lustrates the θ–2θ scans of a TaAs film on the GaAs (111)
substrates, exhibiting (004), (008), and (112) diffraction peaks
belonging to the TaAs phase. The rocking curve of the
(004) peak shows a full width half maximum angle of 0.26◦

(Fig. 1(b)). Subsequently, we successfully fabricated the TaAs
phase films with (004), (008), and (112) orientations on the
GaAs (100) and (110) substrates using the same preparation
conditions. Therefore, the lattice mismatch is probably not the
key reason for these observations, while the As component in
the substrates may play an important role in the nucleation of
the TaAs phase during the film deposition.

3.2. Evaporation of As from the substrate surface

The method of supplementing volatile compounds using
substrates containing the same volatile element is a possible
solution. It has been reported that the As content in the GaAs
substrate decreases after annealing,[34] and a large number of
As crystals appear on the surface of the substrate. In addition,
various research groups carried out surface morphology char-
acterization of the annealed GaAs substrate and found that the
surface of the substrate was reconstructed.[35,36] To explore the
changes in the GaAs substrate during the growth of the TaAs
films, we annealed the GaAs substrate at the growth temper-
ature (700 ◦C) in a vacuum environment (10−7 Torr). Then,
the changes of the surface and composition of the substrates
with different annealing time were investigated using SEM
and EDS.

The SEM images of Figs. 2(a)–2(d) show that the sur-
face morphology of the substrate changes significantly after
annealing for 10 min, 30 min, 60 min, and 90 min under the
same conditions. Under the same magnification ratio, the ini-
tial size of the triangular cones on the surface is less than 1 µm,
and it continues to expand to more than 5 µm with the in-
crease in the annealing time. The EDS images in Fig. 2 show
that with the increase in the annealing time, the area of As
evaporation on the surface of the GaAs substrate gradually ex-
pands. By comparing the SEM and EDS images of the GaAs
substrates at different annealing time, we demonstrate that the
As content in the GaAs substrate evaporates from the surface
of the substrate during the annealing process, which results in
triangular cones on the surface of the substrate.

Figure 3 illustrates the out-of-plane θ–2θ XRD scans of
the GaAs substrates annealed at different time. For GaAs sub-
strates, the peaks at 2θ ≈ 45.37◦ represent the (220) reflec-
tion. It is found that with the increase in the annealing time,
the (220) peak of the GaAs substrates gradually decreases and
disappears, and the Ga peak appears at 90 min of annealing.
The XRD data of the GaAs substrates with the different an-
nealing time confirm our proposal that the As component in

the GaAs substrate slowly evaporates under annealing condi-
tions. It is proposed that the migration of the As component
from the GaAs substrate to the films during fabrication pro-
vides a new approach for the growth of thin films containing
volatile components.
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Fig. 2. SEM images and EDS elemental mapping of the TaAs films on
the GaAs (111) substrates treated by annealing at 700 ◦C for (a) 10 min,
(b) 30 min, (c) 60 min, and (d) 90 min.

In
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

GaAs

Ga

0 min

10 min

30 min

60 min

90 min

40 60 80

2θ (Ο)

20 100

Fig. 3. The θ–2θ XRD scans of the TaAs films on the GaAs (111) sub-
strates for different annealing time.

3.3. Formation mechanism of the TaAs films

We have already found that the As component can evap-
orate from the GaAs substrate during heating, and we now in-
vestigate the formation mechanism of the TaAs thin films. As
early as 1993, Han et al. reported that the ternary Ta–Ga–As
phase could be formed at the interface between Ta and GaAs
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thin films due to the diffusion of As components at 850 ◦C–
950 ◦C.[28] Subsequently, Li et al. also found that the TaAs2

phase annealed at 550 ◦C, and the TaAs, TaAs2, and Cu3Ga
phases annealed at 600 ◦C were built in the Cu/Ta/GaAs mul-
tilayer films because of the percolation of As components.[37]

Therefore, we realize that the As component in the GaAs sub-
strate is unstable, and can penetrate to the neighboring Ta layer
at high temperature.[38] At present, TaAs film has only been re-
ported to have been prepared successfully on GaAs substrates
via molecular beam epitaxy.[22,23]

To explore the TaAs film formation mechanism, we ana-
lyze the TaAs thin film using SEM and EDS. The SEM images
of Fig. 4(a) show that a large number of irregular crystal grains
are randomly scattered on the surface of the TaAs film. In
Fig. 4(b), we exhibit the detailed SEM images for the selected
area in Fig. 4(a), and we can see that the film has multilayer
structures of the crystal grains of 10 nm–100 nm in diameter.
The EDS images of Fig. 4(a) display the distribution of As and
Ta components on the surface of the film, which is in agree-
ment with the distribution of the Ga component. A detailed
analysis of the selected region verifies the same conclusion
(Fig. 4(b)). Therefore, it can be determined that the crystal
grain is from the TaAs phase.

TaAs Ga

(a)

(b)

2 mm 2 mm

0.5 mm 0.5 mm 0.5 mm 0.5 mm

2 mm 2 mm

Fig. 4. (a) SEM images and EDS elemental mapping obtained in the TaAs
films. (b) Enlarged SEM images and EDS elemental mapping of the red
boxed area in (a).

According to the discussion above, one cannot achieve
the TaAs film via PLD, even with As-rich TaAs targets. By
analyzing the SEM and EDS images of the GaAs substrates
for various annealing time, we demonstrate that the As com-
ponent can evaporate from the GaAs substrate during the an-
nealing process. Therefore, we successfully fabricate the TaAs
films using PLD by employing the GaAs substrate to supple-
ment the volatile As component. The bottom-up method to
replenish the volatile components from the substrate not only
broadens the material types for the film preparation by PLD,
but also inspires more ideas for all film fabrication techniques.
Further studies are still required to improve the quality of the
TaAs films by optimizing the surface treatment of the GaAs
substrates.

4. Conclusion
In summary, we report a method for replenishing the

volatile As component from the substrate, which enables us

to successfully fabricate the TaAs film on the GaAs (111) sub-
strate using PLD. The XRD data indicate that the TaAs film is
from the single phase because only (004) and (112) peaks are
observed. By studying the SEM and EDS images of the GaAs
substrates with different annealing time, we demonstrate that
the GaAs substrate plays an important role in the fabrication
of the TaAs films, because the As component in the GaAs sub-
strate can diffuse to the surface of the substrate during the an-
nealing process. The method of supplementing volatile com-
ponents through the substrate not only breaks through the tra-
ditional method for increasing the stoichiometric ratio of the
volatile component in the target, but also provides possibilities
for the preparation of many special films with volatile compo-
nents by PLD, as well as new inspiration for all film growth
methods.
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