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Abstract

We report the synthesis and characterization of thin films of the Weyl semimetal NbAs grown

on GaAs (100) and GaAs (111)B substrates. By choosing the appropriate substrate, we can sta-

bilize the growth of NbAs in the (001) and (100) directions. We combine x-ray characterization

with high-angle annular dark field scanning transmission electron microscopy to understand both

the macroscopic and microscopic structure of the NbAs thin films. We show that these films are

textured with domains that are tens of nanometers in size and that, on a macroscopic scale, are

mostly aligned to a single crystalline direction. Finally, we describe electrical transport measure-

ments that reveal similar behavior in films grown in both crystalline directions, namely carrier

densities of ∼ 1021 − 1022

The TX class (T=Ta/Nb X=As/P) of transition metal monopnictides is a promising

quantum materials platform for studying topological phenomena of contemporary interest

because the bulk band structure corresponds to that of a topological Weyl semimetal [1–4].

Broken inversion symmetry in this class of materials leads to Weyl nodes with different

chiralities; when projected onto the surface of the crystal, these nodes are connected by

topological surface states (Fermi arcs) [1, 2, 4–6]. Interesting physical phenomena observed

in these canonical Weyl semimetals include the chiral anomaly in charge transport, transport

in the quantum limit under high magnetic fields, phase transitions between different topo-

logical states, strong intrinsic spin Hall effect, and symmetry-induced non-trivial spin-orbit

torque [5, 7–10]. Most prior studies of this family of topological semimetals have used bulk

single crystal samples; while these are of high structural quality, thin film samples are more

desirable if these Weyl semimetals are to become useful for technological applications in

microelectronics or optoelectronics. This provides a strong motivation for heterointegration

of TX thin films with materials compatible with semiconductor processing; thin film growth

would also enable the modulation of the band structure by controlling strain in the crystal

[3, 11].

In this study, we develop the synthesis of NbAs thin films on a GaAs substrate using

molecular beam epitaxy (MBE). We show that the growth of NbAs along different crystalline

directions can be stabilized by judicious choice of the substrate direction. We then use x-ray

diffraction to understand the macroscopic structure of the films, in addition to characteriza-

tion using atomic force microscopy and electrical transport measurements. Finally, we use
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FIG. 1. (a) Crystal structure of NbAs. (b) Top view of GaAs (100), NbAs (001) and NbAs (001)

on top of GaAs (100). (c) Top view of GaAs (111)B, NbAs (100) and NbAs (100) on top of GaAs

(111)B. We show the square and hexagonal symmetry and lattice mismatch between the films and

the substrates.

high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)

to show that our films are textured with domains that show a clear crystal structure and

are tens of nanometers in size.

We first discuss the choice of substrate for the growth of NbAs thin films. NbAs is

a transition metal monopnictide that has 12 pairs of Weyl nodes in its band structure

[1, 4, 11]. It is a member of the I41md space group and crystallizes in a body-centered

tetragonal structure (Fig. 1(a)) with a lattice constant of a = 0.345 nm and c = 1.168 nm

[1, 2, 11]. It is difficult to find an adequate substrate with a lattice constant in this range

[12]. Based on previous reports of MBE growth of this family of semimetals [5, 13–15], we

tried using different III-V semiconductors (GaAs, GaP and InAs) as our substrates. Among

these, the best results were achieved in GaAs which had a lower lattice mismatch than InAs

and, unlike GaP, had the right surface chemistry to promote NbAs growth. In this paper, we

focus on studying NbAs films grown on GaAs; further information about characterization

of NbAs on other substrates can be found in the supplemental material [16].

An analysis of the crystal structure of NbAs suggests that the growth of NbAs (001) can

be stabilized by using GaAs (100) as a substrate (Fig. 1(b)): here, the lattice mismatch is

16% along the 〈110〉 and 18% along the 〈100〉 GaAs directions. Although this is a very large
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FIG. 2. RHEED pattern of: (a) GaAs (100) substrate along the [1̄10], [110] and [010] directions.

(b) NbAs (001) thin film along the same directions as (a), (c) GaAs (111)B substrate along the

[1̄21], [1̄10] and [2̄1̄1] directions, and (d) NbAs (100) thin film along the same directions as (c).

lattice mismatch within the context of epitaxial growth, it is within range to allow NbAs to

grow with a 45◦ rotation with respect to the 〈100〉 GaAs direction. NbAs (100) has a similar

relationship with GaAs(111) as a substrate: Fig. 1(c) shows that if we superimpose both

lattices, the NbAs atoms roughly align with the hexagonal structure of GaAs(111) with a

17% mismatch on each side.

We carry out the synthesis of the NbAs films in a VEECO 930 MBE chamber while

monitoring the growth using reflection high energy electron diffraction (RHEED) at 12 keV

(Fig. 2). We desorb the native oxide on an epiready semi-insulating GaAs substrate and

then grow 30 nm of GaAs at a thermocouple temperature of 720 ◦C using Ga (5N) and As

(5N) sources evaporated from standard effusion cells. The As:Ga beam quivalent pressure

ratio is ∼ 14 (as measured using an ion gauge). After this, we cool down the substrate to a

thermocouple temperature of 400 ◦C in the presence of As flux. At this point, we observed

a RHEED pattern showing a 2× 4 surface reconstruction for GaAs (100) (Fig. 2(a)) and a

C6 symmetry for GaAs (111)B (Fig. 2(c)). We then increase the substrate temperature to

700-750 ◦C (measured by a thermocouple in the substrate manipulator) and simultaneously

deposit As and Nb (the latter from a SPECS EBE-4 4 pocket e-beam evaporator), obtaining

4



the RHEED pattern shown in Figs. 2(b) and 2(d). In the case of NbAs grown on GaAs

(100) (Fig. 2(b)), the RHEED pattern is different in the [110] and [11̄0] directions. This

follows the C2 symmetry of the GaAs substrate in the 2 × 4 reconstruction. In the case of

NbAs grown on GaAs (111)B (Fig. 2(c) and 2(d)), the NbAs RHEED pattern is the same

in the GaAs [12̄1] and [21̄1̄] crystal directions which are 60◦ apart. This indicates a C6

symmetry in the NbAs thin film due to twinning during growth.

To characterize our films on a macroscopic scale, we use x-ray diffraction. First, we

perform a coupled 2θ − ω scan on NbAs grown on GaAs (100) (Fig. 3(a)) and detect

the presence of diffraction peaks from NbAs (001). Second, we perform a similar scan on

NbAs grown on GaAs (111)B (Fig. 3(b)) and detect the presence of NbAs (100). We

emphasize that these different crystalline planes are not equivalent due to the tetragonal

crystal structure of NbAs (Fig. 1). To quantify the degree of crystallinity in our films,

we perform a rocking curve (ω scan) around the NbAs peaks and obtain a full width half

maximum (FWHM) of 1.3◦ for NbAs (001) and 2.1◦ for NbAs (100). To understand the

planar structure of our films, we measure a pole figure around the NbAs {112} direction.

We observe the presence of two different sets of peaks corresponding to GaAs Kα and

NbAs Kβ radiation. We find that NbAs (001) stabilizes with a 45◦ rotational offset with

respect to the basal plane (Fig. 3(c)). As stated before, this is due to the lower lattice

mismatch in the GaAs 〈110〉 direction. This agrees with previous reports of TaP and NbP

grown on a substrate with cubic crystal structure and high lattice mismatch [14]. The

difference in intensity between the peaks at 0◦ and 90◦ suggests that there is a preferred

direction of alignment of the domains in the sample, probably due to the 2 × 4 GaAs surface

reconstruction achieved before the growth. In Fig. 3(d), we see the presence of 3 dominant

GaAs peaks with the expected C3 symmetry of GaAs in the (111) direction. We also see the

presence of 6 NbAs peaks that are 60◦ apart. This indicates the presence of domains (twins)

that are rotated by 60◦ with respect to each other. Finally, to understand the structure of

the surface of the films, we use atomic force microscopy (AFM) imaging on these samples.

In both surfaces (Figs. 3(e) and 3(f)) we see domains that are tens of nanometers in size.

The main difference between these different surfaces is that in the (001) plane we see the

presence of a rougher surface with domains that show the tetragonal structure of NbAs while

in the (100) direction, we have a smoother surface with a higher degree of disorder. This

qualitatively agrees with the larger FWHM obtained in the rocking curve in NbAs (100).
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FIG. 3. X-ray diffraction 2θ − ω scan of NbAs grown on (a) GaAs (100) and (b) GaAs (111)B.

Pole figures around the NbAs {112} direction for samples grown on (c) GaAs (100) and (d) GaAs

(111)B. Atomic force microscopy image of (e) NbAs (001) and (f) NbAs (100) showing a root mean

square (RMS) surface roughness of 1.4 nm and 0.9 nm respectively.

To understand the microscopic structure of NbAs in the thin film regime, we use HAADF-

STEM imaging and energy-dispersive X-ray spectroscopy (STEM-EDX). The results shown

in the present manuscript correspond to NbAs (001) grown on GaAs (100). Similar mea-

surements are obtained for NbAs (100)/GaAs (111)B. Figure 4 (a), shows a cross-section

HAADF-STEM image of NbAs on GaAs. The NbAs layer is polycrystalline with grain

sizes in the range of tens of nanometers, in agreement with the XRD results. The interface

between the NbAs and GaAs is diffuse and shows interdiffusion, likely due to the high tem-

peratures required to grow NbAs and the large lattice mismatch with GaAs. The relative

concentration of Nb:As and Ga:As is 1:1 in both layers, which confirms the absence of other

phases (Fig. 4 (b) and (c)). There is a self-limited oxide layer that covers the top ∼3 nm of
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FIG. 4. (a) HAADF-TEM image of the NbAs (001) thin film on a GaAs substrate. (b) STEM-

EDX elemental maps of Nb, As, Ga and O in the film. (c) Concentration of the elements in (a)

across the NbAs/GaAs interface.

the NbAs film. This is consistent with our previous studies of other topological semimetals

such as TaAs and Cd3As2 [5, 17].

The polycrystalline NbAs layer has domains oriented along the major crystal directions,

in addition to the presence of some grain boundaries and twins (Fig. 5(a)). Two such

examples are shown in Fig. 5 (b) which are commonly observed in the thin films grown on

GaAs. Comparison of the fast Fourier transforms (FFTs) from the grains to the simulated

FFTs confirms the two grains to be along the (001) and (100) directions respectively (Fig.

5 (c) and (d)). We note that this is a small subset of several different domains that were

identified in NbAs that had more complex orientations that were harder to identify. We

believe that more complex microscopy techniques that go beyond the scope of this work (i.e.

in plane imaging or statistical analysis of domain orientation) are needed to fully understand

the structure of the domains in NbAs thin films.

In order to characterize the electrical properties of the NbAs thin films, we fabricated

Hall bars using standard photolithography and Ar plasma etching. The dimensions of the

films (length, width and thickness) are 1000 µm x 500 µm x 23 nm and 40 µm x 10 µm

x 10 nm respectively. Both films show similar qualitative and quantitative behavior. The

resistivity (ρ) vs. temperature (T ) in both samples shows activated behavior (Fig. 6(a)

and (b)), possibly arising from defects, with ρ ≈ 450 µΩ cm. Hall measurements performed

at T = 2 K show electrons to be the dominant carrier in both samples (Fig. 6(c) and

(d)), with a carrier density (n) 6.5× 1022 cm−3 for NbAs (001) and 5× 1021 cm−3 in NbAs
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FIG. 5. (a) HAADF-STEM image of NbAs showing polycristalline structure with multiple grains

along different crystal orientations. (b) Common NbAs orientations observed in grains along with

the theoretical model. (c) and (d) FFT of the NbAs grains highlighted by the purple and orange

boxes respectively along with the simulated FFTs for the (001) and (100) orientations.

(100). The Hall mobility is 0.2 and 2 cm−2Vs respectively, while kf l = 2 and 5 respectively

(kf is the fermi momentum and l is the mean free path), implying highly disordered films.

Longitudinal resistance measurements at T = 2 K show positive magneto-resistance in both

samples (Fig. 6(c) and (d)). Although kf l is close to the limit for diffusive transport

conditions, as set by the Ioffe-Regel limit (kf l ≈ 1), we estimated the phase breaking length

(lφ) in both films using the Hikami-Larkin-Nagaoka expression [18] for weak-antilocalization

for high spin-orbit coupled systems:

4σ = α
e2

πh

[
ψ

(
1

2
+
Bφ

B

)
− ln

(
Bφ

B

)]
(1)

Here, Bφ is the phase coherence field, and α is a fitting parameter. We estimate the phase

breaking length (lφ =
√

~
4eBφ

) in both films, to be 50− 80 nm.

8



462.0

461.0

460.0

459.0
300250200150100500

464.0

463.5

463.0

462.5

R
xx

 (
O

hm
)

-4 -2 0 2 4

Magnetic Field (T)

-20x10
-3

-10

0

10

20

R
xy

 (
O

hm
)

443

442

441

440

R
xx

 (
O

hm
)

-4 -2 0 2 4

Magnetic Field (T)

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

R
xy

 (
O

hm
)

440

430

420

300250200150100500

464.0

463.5

463.0

462.5

-4 -2 0 2 4

0.02

0.01

-0.01

-0.02

0

443

442

441

440

-4 -2 0 2 4

0.15
0.10

-0.10
-0.15

0
0.05

-0.05

0 300

420

200

430

100

440

0 300

460

200

461

100

462

459

Temperature (K) Temperature (K)

Magnetic field (T) Magnetic field (T)

(a) (b)

(c) (d)

NbAs (001)/GaAs (100) NbAs (100)/GaAs (111)B
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NbAs (001) and 10 nm thick NbAs (100). (c) and (d) Longitudinal resistivity (ρxx) and Hall

resistivity (ρyx) as a function of magnetic field in NbAs (001) and (100).

In summary, we report on the synthesis by MBE of Weyl semimetal NbAs thin films

on GaAs substrates, a semiconductor of relavence for optoelectronics. We show that differ-

ent NbAs crystalline orientations can be stabilized by choosing the appropriate substrate

orientation. The large lattice mismatch between GaAs and NbAs, coupled with the high

growth temperature needed to achieve NbAs growth, induces diffusion at the GaAs/NbAs

interface. This hinders the crystallinity of our samples and produces textured films with

domains that are tens of nanometers in size. These domains nonetheless have a well defined

crystal structure that is oriented in different crystalline directions. Despite the large lattice

mismatch, the surface chemistry of GaAs seems to be a decisive factor for effectively nucle-

ating NbAs growth. There is some apparent inconsistency between the textured nature of

our films shown in STEM and the clear peaks corresponding to a single crystalline orien-

tation shown in the X-ray diffraction data. We reconcile both measurements by proposing

the existence of a preferred crystalline orientation of these domains that can only be seen

on a macroscopic scale. More detailed microscopy studies that include statistical analysis

and in plane imaging, are required to confirm this hypothesis. We observe that the films

naturally oxidize when taken out of vacuum. This effect makes it difficult to access the elec-

tronic states of NbAs using surface sensitive techniques like angle resolved photoemission
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spectroscopy or scanning tunneling spectroscopy that involve the out-of-vacuum transfer of

samples between different vacuum chambers. This suggests caution when trying to probe

topological surface states in this family of Weyl semimetals in samples with an oxidized

surface. Finally, we expect that further experimental improvements will allow us to increase

the degree of crystallinity in NbAs films so that we are able to explore a broader range of

physics in this family of well-established Weyl semimetals.
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