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ABSTRACT

Sb thin films have attracted wide interest due to their tunable band structure, topological phases, high electron mobility, and thermoelectric
properties. We successfully grow epitaxial Sb thin films on a closely lattice-matched GaSb(001) surface by molecular beam epitaxy. We find a
novel anisotropic directional dependence on their structural, morphological, and electronic properties. The origin of the anisotropic features
is elucidated using first-principles density functional theory (DFT) calculations. The growth regime of crystalline and amorphous Sb thin
films was determined by mapping the surface reconstruction phase diagram of the GaSb(001) surface under Sb, flux, with confirmation of
structural characterizations. Crystalline Sb thin films show a rhombohedral crystal structure along the rhombohedral (211) surface orientation
parallel to the cubic (001) surface orientation of the GaSb substrate. At this coherent interface, Sb atoms are aligned with the GaSb lattice along
the [110] crystallographic direction but are not aligned well along the [110] crystallographic direction, which results in anisotropic features in
reflection of high-energy electron diffraction patterns, misfit dislocation formation, surface morphology, and transport properties. Our DFT
calculations show that the preferential orientation of the rhombohedral Sb (211) plane may originate from the GaSb surface, where Sb atoms
align with the Ga and Sb atoms on the reconstructed surface. The formation energy calculations confirm the stability of the experimentally
observed structures. Our results provide optimal film growth conditions for further studies of novel properties of Bi;_,Sb, thin films with
similar lattice parameters and an identical crystal structure, as well as functional heterostructures of them with III-V semiconductor layers
along the (001) surface orientation, supported by a theoretical understanding of the anisotropic film orientation.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0159670
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. INTRODUCTION

Group-VA elemental thin films (phosphorus, arsenic, anti-
mony, and bismuth) have gained significant attention in recent
years due to rich and promising properties, such as high carrier
mobilities, outstanding optical and thermodynamic responses, a
tunable bandgap, and non-trivial topological phases.' * Among the
group-VA elements, Sb and Bi are relatively heavy elements with a
strong spin-orbit coupling. Multiple topological phases in Sb and
Bi thin films, including the quantum spin Hall insulator phase in
the two-dimensional (2D) limit, the three-dimensional (3D) topo-
logical insulator (TI) phase, and the 3D higher-order TI phase, have

been theoretically proposed, and some of the features have been
experimentally demonstrated.” " In general, electronic band struc-
tures with non-trivial topology can be modified by strain, electric
and magnetic fields, and thickness. In Sb thin films, it is theoreti-
cally predicted that the quantum confinement effect opens up a
bulk bandgap when the film thickness is less than 7.8 nm, where
it enters the 3D TI regime. Going even below a certain thick-
ness transforms the topological phase into the quantum spin Hall
state because of the surface coupling effect.” Antimonene, the Sb
analog of graphene, is a 2D hexagonal lattice of Sb atoms. In addi-
tion to the non-trivial topology of antimonene (quantum spin Hall
state), remarkable properties including stability in the air, high elec-
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tron mobility, and thermoelectric and ferroelectric properties have
attracted wide interest.” "’

Precise control over the film thickness is critical to investigate
the quantum confinement effect in Sb thin films, and molecular
beam epitaxy (MBE) is advantageous for layer-by-layer construction
of topological quantum materials.'” By using MBE, Sb thin films
have been synthesized on various substrates since the 1980s. Early
studies of Sb films grown on GaAs(110), InP(110), and InP(001)
focused on the use of Sb as a capping layer or a Schottky barrier."* '
Moreover, the deposition of Sb on direct band-gap semiconductors
of InSb(111) and GaSb(111) has been investigated for the pur-
pose of developing superlattices with indirect narrow gap/direct gap
heterostructures.'® Recent reports on epitaxial Sb mostly focus on
the demonstration of ultrathin Sb films or antimonene layers for
their novel 2D nature and topologically non-trivial properties. Due
to the hexagonal lattice structure of antimonene, van der Waals
2D substrates such as graphene,’” as well as the (111) surface
orientation of copper,”’ have been used for MBE growth of Sb
layers. The most common crystalline structure for group V ele-
mental solids is the rhombohedral structure, thus also for Sb.
Under an ultrahigh vacuum (UHV) environment, rhombohedral
Sb(111) layers can be epitaxially grown on closely lattice-matched
GaSb(111) with a hexagonal lattice arrangement.'**' However, on
cubic (001) surface orientation, polycrystalline nucleation of Sb with
rough surfaces was reported, with no success in epitaxial growth of
Sb layers.”!

In this work, we report wide-area Sb thin films coherently
grown on cubic GaSb(001) surfaces by MBE. We carefully study
the surface kinetics and crystalline phase of Sb on a closely lattice-
matched cubic GaSb(001) surface under a UHV environment. We
first delve into the surface kinetics of the GaSb(001) surface in the
presence of Sb flux over a wide range of temperatures, from 450 °C
down to room temperature, and find the nucleation conditions of
Sb films. We employ in situ reflection high-energy electron diffrac-
tion (RHEED) patterns to observe surface reconstruction on the
GaSb(001) surface, as well as abrupt changes occurring at the sur-
face when Sb layers start to grow. We successfully grew crystalline Sb
thin films coherent to the GaSb(001) atomic structures below 120 °C.
The Sb structure turned out to be rhombohedral along the (211)
surface orientation parallel to the cubic (001) surface orientation
of the GaSb substrate, as confirmed by x-ray diffraction (XRD) and
electron diffraction using transmission electron microscopy (TEM).
We define the rhombohedral Sb lattice indexing in accordance with
the rhombohedral unit cell. Our density functional theory (DFT)
calculations establish a theoretical framework for understanding
the early stage structural properties and atomic-level interactions
that influence the orientation and phase preference of the growing
Sb film. According to the DFT calculations, the anisotropic fea-
tures in Sb thin films, which refer to the directional dependence
of their structural and morphological properties, likely originate
from the reconstruction of the GaSb surface that is formed prior
to the Sb growth. No cubic phase of Sb was seen from any of the
grown films, consistent with the unstable cubic phase of Sb at ambi-
ent conditions.”” The observed Sb (211) planes are aligned to the
GaSb(001) lattices along the [110] direction, whereas mismatched
lattices are expected along the [110] direction. This anisotropic lat-
tice matching of the rhombohedral Sb (211) and cubic GaSb(001)
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layers results in (1) spottiness of RHEED along the [110] crystal-
lographic direction; (2) formation of misfit dislocations along the
[110] direction; (3) elongated formation of Sb structures along the
[110] direction, observed by scanning electron microscopy (SEM)
and atomic force microscopy (AFM); and (4) anisotropic transport
with relatively lower resistance along the [110] direction in compar-
ison to the [110] direction. The observed anisotropic features can
be significantly reduced by growing Sb films at lower temperatures.
Our DFT calculations show that the Sb (211) layers with observed
anisotropy are stable, due to the (1 x 3) surface reconstruction of
the GaSb(001) surface. The successful demonstration of coherent,
rhombohedral Sb thin films grown on cubic GaSb(001) substrates
paves the way to embed crystalline Sb layers into well-developed
and widely used cubic semiconductor substrates for fundamental
studies of the topological nature of Sb thin films as well as for appli-
cations using the electronic, optical, and thermoelectric properties.
This study can be further extended to studies of Bi;_.Sby thin films
on lattice-matched cubic substrates. Bij—.Sby has shown multiple
topological phases, which have potential applications in spintronics
and quantum computing.z‘g >

Il. RESULTS AND DISCUSSION

A. Surface reconstruction and Sb film growth
on GaSb(001) surface

To achieve optimal growth conditions for Sb thin films, a sur-
face reconstruction phase diagram of the GaSb(001) surface was
investigated. In an ultrahigh vacuum chamber, the native oxide on
the GaSb(001) surface was thermally desorbed, as confirmed by
the appearance of RHEED patterns in the presence of Sb, flux.
A GaSb desorption temperature of 540 °C was used to calibrate
the pyrometer. On the desorbed surface, a GaSb homoepitaxial
buffer layer was grown at 450 °C, and streaky (1 x 3) RHEED pat-
terns confirmed the smooth surface under Sb-rich conditions. The
(1 x 3) RHEED patterns represent the (1 x 3) surface reconstruc-
tion of the GaSb surface, which has been extensively studied using
various surface sensitive techniques, including RHEED, scanning
tunneling microscopy, low-energy electron diffraction, reflectance
anisotropy spectroscopy, x-ray photoelectron spectroscopy, Auger
electron spectroscopy, and DFT calculations.”® "

To obtain the surface reconstruction phase diagram of GaSb
in the presence of Sb, flux, the Sb, flux was kept constant, and
the change in the RHEED patterns was tracked with the decrease
in substrate temperature. When the RHEED patterns significantly
changed with the deposition of the Sb layer at lower tempera-
tures, the substrate temperature was raised above 400 °C until GaSb
(1 x3) RHEED patterns reappeared, and a thin GaSb layer was
grown to obtain a smooth surface. This process was repeated with
a change in the Sb, flux.

Figure 1 shows the phase diagram for the surface reconstruction
of the GaSb(001) surface under Sb; flux in the substrate temperature
range from 450 °C down to room temperature. The flux values are
expressed in units of beam equivalent pressure (mbar) as measured
by the beam flux monitor of a Bayard-Alpert ionization gauge. The
temperature values above 270 °C were measured using a pyrome-
ter focused on the sample, while the lower temperatures were from
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FIG. 1. (a) Surface reconstruction phase diagram for GaSb(001) in the presence of Sb; flux and Sb film growth illustration showing no growth, amorphous Sb with rough
interface, and anisotropic crystalline Sb film with clean interface on GaSb(001) as growth temperature decreases. Representative RHEED images observed in (b) (1 x 3),

(©) (2x5),(d)

transitional, and (e) anisotropic RHEED regions. The shaded part indicates the region of Sb film growth. The error bars are the standard error of the mean

from flux measurements on a beam flux monitor. The upper and lower rows show the RHEED images in the [110] direction and the [110] direction, respectively.

a thermocouple attached to a manipulator holding the sample on a
tungsten sample holder. The data points on the plots indicate tran-
sitions in the RHEED patterns. The [(1 x 3) — (2 x 5)] transition
is the GaSb(001) surface reconstruction, consistent with previous
reports,”* indicating there is no Sb film grown on the surface.
The RHEED pattern became blurry and dimmer between 200 and
250 °C, depending on the Sb, flux, indicating Sb atoms started to
stick to the surface. Upon decreasing the substrate temperature,
RHEED exhibited a sudden alteration, displaying distinctively spot-
like patterns in the [110] direction and relatively indistinct but
still streaky patterns in the [110] direction. This implies that in
the [110] direction, the electron beam detected three-dimensional
nanostructures, while in the [110] direction, it did not detect any sig-
nificant three-dimensional features. This anisotropic spotty/streaky
RHEED feature can be obtained with elongated 3D nanostructures
on the surface, which is the case of the Sb thin films on the GaSb(001)
surface, as confirmed by surface morphology characterizations. Sb
thin films grown in the transitional and anisotropic RHEED regions
were further characterized in the following sections.

B. Crystal structure of Sb thin films

To investigate the crystal structure of Sb thin films, two Sb films
were prepared in the transitional and anisotropic RHEED regions
based on the surface reconstruction phase diagram study. Two sam-
ples were grown at a manipulator temperature of 120 °C in the
anisotropic RHEED region and at 250 °C in the transitional RHEED
region, respectively, with identical Sb, flux of (7.38 +0.83) x 1077
mbar and growth time. While cooling down the substrate after GaSb
buffer layer growth at 500 °C, the Sb; flux was closed below 400 °C to
prevent any unattended Sb growth and reopened after the substrate
reached the desired temperatures. High-resolution TEM (HRTEM)
on a cross section of the sample grown at 120 °C shows the GaSb
buffer layer, Sb film, and the protective Pt layer deposited by a
focused ion beam [Fig. 2(a)].

The interface between Sb and GaSb is abrupt. Through selected
area electron diffraction (SAED) analysis [Fig. 2(b)], the Sb film is
determined to adopt the rhombohedral phase with a growth plane
of (211),, where the subscript indicates the rhombohedral structure.
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FIG. 2. (a) HRTEM image of the film stack for Sb film grown at 120 °C. (b) SAED
pattern acquired at the interface between the GaSb buffer layer and Sb film. The
diffraction spots for each structure are outlined in the red and green diamonds
for Sb and GaSb, respectively. The (001), growth plane of GaSb aligns with the
(211), growth plane of the Sb film. lllustrated crystal structure of rhombohedral Sb
thin film on cubic GaSb layer, as shown in (c) along the [110]; zone axis and (d)
along the [110] zone axis.

The Sb growth plane of (211), is parallel to the GaSb growth plane of
(001), of the cubic structure, which is later confirmed with the XRD
measurement as well. Figures 2(c) and 2(d) illustrate the proposed
growth orientation of the rhombohedral Sb on cubic GaSb according
to these findings. Along the [110] direction of GaSb, Sb atoms in the
Sb film align well with Ga and Sb atoms in the GaSb layer, whereas
the positions of the atoms in the two layers do not match along the
[110] direction.

This lattice mismatch along the [110] direction is confirmed
by high-angle annular dark-field scanning TEM (HAADF-STEM)
on a cross section of the same Sb film along the [110]. zone axis
(Fig. 3). The red planar streaks in the Sb film and GaSb buffer
layer represent the (011), and (220), planes for the rhombohedral
Sb and cubic GaSb structures, respectively [Fig. 3(a)]. The misfit at
the interface of the two layers is correlated with misfit dislocations.
Figure 3(c) shows the fast Fourier transform (FFT) of the HAADF-
STEM image in Fig. 3(a). The selected spots in the two purple masks
correspond to the (011), and (220). planes. An inverse FFT map
using the spots reveals a more evident misfit between the Sb and
GaSb planes [Fig. 3(d)]. The misfit dislocations, some of which are
marked by yellow arrows in Fig. 3(d), at the interface between Sb
and GaSb indicate that the Sb film is relaxed on the GaSb layer. In
addition, in the Sb thin film with the expected rhombohedral lattice

pubs.aip.org/aip/apm

structure viewed along the [011], zone axis, low-angle grain bound-
aries (LAGBs) were observed with a small misorientation angle
between the crystal lattices of the adjacent grains.

In contrast to the rhombohedral Sb thin film in the anisotropic
RHEED region, the sample grown at 250 °C in the transitional
RHEED region turns out to be amorphous, and the interface
between Sb and GaSb is rougher than that of the sample grown at
120 °C (Fig. 4). A high-magnification HAADF-STEM image shows
some crystallinity in the Sb film up to about 5 nm above the inter-
face [Fig. 4(b)], but it is mainly amorphous beyond that region. It
is likely that in the transitional RHEED region, Ga atoms from the
GaSb layer diffuse into the Sb film, forming GaSb patches within
the Sb film, as shown in Fig. 4(c). The orientations of the crystalline
GaSb patches are different from each other, which is distinctive from
the well-oriented single-crystalline GaSb layer below the interface.
By using the same growth conditions (Sb flux and growth time), the
thickness of the sample grown at 250 °C is around 25 nm, whereas
the sample grown at 120 °C is much thicker (100 nm). This indi-
cates that in the transitional RHEED region, Sb atoms are partially
desorbed and partially deposited on the GaSb surface. No Sb peak
was observed on the XRD of the sample grown at 250 °C, consistent
with the amorphous nature observed by HAADF-STEM imaging.
The formation of an amorphous film can be attributed to various
factors related to thermal activation, mobility, kinetic competition,
strain, mismatched crystal structures, and other material-specific
properties. At high temperatures within the transitional RHEED
region, Sb atoms gain kinetic energy and enhanced mobility, dis-
rupting the crystalline order and resulting in the formation of an
amorphous film. Mismatched crystalline structures between rhom-
bohedral Sb and cubic GaSb, as well as the presence of nanometer-
scale GaSb patches with different orientations, could contribute to

the enhancement of amorphous structure formation. Notably, crys-
talline Sb(111) film was reported to form at 300 °C when grown
on a single-crystalline rhombohedral GaSb(111) surface,'® which
contrasts with our findings.

To further achieve the optimal quality of the rhombohedral
Sb thin films, four different samples expecting an equal thick-
ness of ~50 nm were grown with a constant Sb flux of (7.38
+£0.83) x 1077 mbar and manipulator temperatures (T) of 25,
60, 90, and 120°C, respectively. The Sb film thickness was
estimated from HRTEM measurements in Fig. 2(a) and further con-
firmed by x-ray reflectivity and AFM height profile measurements.
(See the supplementary material, S2 and S3.). Before Sb film growth,
following GaSb buffer layer growth at 500 °C with the (1 x 3) sur-
face reconstruction, the Sb, flux was closed until the manipulator
temperature reached the desired temperature. The (1 x 3) RHEED
patterns of the GaSb surface were seen before the growth of the Sb
films. (See the supplementary material, S1.) Figure 5(a) shows the
XRD peaks of the samples, and all the films showed the crystalline
nature of Sb. The peaks found at two values around 40.1° and 86.5°
correspond with the Sb (211), and Sb (422), planes, respectively. The
three tall peaks present in all the plots at 26 angles of 29°, 61°, and
98° correspond with the peaks of GaSb(002),, (004), and (006).. The
XRD results confirm that Sb grows in the rhombohedral structure
with the (211), plane, which is parallel to the GaSb(001). surface.
The widths and heights of Sb XRD peaks vary depending on the
growth temperatures. In particular, the height of the Sb (422), peak
decreases as the growth temperature increases. A rocking curve scan
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FIG. 3. (a) HAADF-STEM image of the interface between the Sb film and GaSb layer imaged along [011], and [110].. (b) Sb and GaSb crystal models for both zone axes
projections. (c) FFT of the HAADF-STEM image in (a) with two masks in purple ever elected spots, corresponding to the (011), and (220), planes, for an inverse FFT analysis.
(d) Inverse FFT pattern using the spots in the purple masks in (c). Some of the misfit dislocations are marked by yellow arrows. (e) HAADF-STEM image of the rhombohedral
Sb film viewed along the [011], zone axis. (f) HAADF-STEM image of an array of dislocations marked with yellow arrows associated with LAGBSs.

for each sample at 20 = 40.1° with identical measurement condi-
tions revealed a Gaussian-shaped rocking curve for all the samples.
Consistent with the Sb XRD peak height variation, out of the four
rocking curves, peaks from samples grown at 25 and 60 °C are sig-
nificantly taller than those of samples grown at 90 and 120 °C, and
Sb film grown at the highest temperature shows the shortest peak
[Figs. 5(b) and 5(c)]. Full-width half maxima (FWHM) in Sb films
grown at lower temperatures are narrower in comparison to those
grown at higher temperatures, indicating higher film quality with
fewer defects and curvature in films, consistent with the electron
microscopy and RHEED results.

C. Anisotropic surface morphology

The surfaces of the samples grown at four different tem-
peratures were scanned using SEM and AFM. SEM images in
Figs. 6(2)-6(d) show line-like features along the [110] direction in
the samples grown at 60, 90, and 120 °C, while no prominent fea-
tures were seen in the samples grown at 25°C. The contrast of
these lines appears to get stronger with increasing growth temper-
atures, which is consistent with the AFM results. The sample grown
at 25°C shows the smoothest surface with no clear tendency for
directional structures, whereas slight elongation of nanostructures
on the top surface starts to be seen in the sample grown at 60 °C
[Figs. 6(e) and 6(f)]. Elongated Sb structures are more prominent in
the samples with higher growth temperatures [Figs. 6(g) and 6(h)].

Surface roughness also increases with higher growth temperatures.
The mean roughness values for the samples grown at 25, 60, 90,
and 120 °C are 0.446, 0.479, 0.626, and 1.156 nm, respectively. The
elongated Sb formation along the [110] crystallographic direction
can be attributed to the anisotropic lattice matching between the Sb
(211), and GaSb(001), layers. This results in the formation of misfit

dislocations preferentially along the [110] direction and associated
LAGBs.

D. Anisotropic electrical transport

An anisotropy similar to that seen in surface morphology was
also observed in electrical transport. The electrical resistance of the
above four samples was measured in the square van der Pauw geom-
etry at temperatures as low as 4 K (Fig. 7). Longitudinal resistance
Ry, along the direction of the elongated Sb structures, the [110] crys-
tallographic direction, shows lower values compared to Ry, which is
in the [110] crystallographic direction. Due to the nature of the van
der Pauw geometry, both R, and Ry, have contributions of electri-
cal currents flowing in both [110] and [110] directions. We assume
Ry has more contribution from the current along the [110] direc-
tion, whereas R, has more contribution from the current along the
[110] direction. The temperature range of interest is below 150 K,
where charge carries in the GaSb buffer/substrate freeze, and its
resistivity exponentially increases to be several orders of magnitude
higher than that of Sb films. Samples grown at 25 and 60 °C show
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FIG. 4. (a) HAADF-STEM image of the film stack for Sb film grown at 250 °C. (b)
High-magnification HAADF-STEM image near the interface between the Sb film
and GaSb buffer layer, showing that the interface is rough. The top right inset is a
fast Fourier transform (FFT) image of the Sb film away from the interface, showing
ring patterns indicative of an amorphous structure. (c) Magnified image of one of
several crystalline GaSb patches observed in the Sb film from the blue box in (b).
(d) Magnified image of the GaSb buffer layer viewed along [110] from the green
box in (b).
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similar temperature dependence with metallic behaviors in both
Ry and Ryy, and the ratio of Ryx over Ry, is in the range of 2.1-2.5 at
4 K [Fig. 7(a)]. The longitudinal resistance of both crystallographic
directions becomes more anisotropic as the substrate temperature
increases. In samples grown at 90 and 120 °C, the ratio of Ry over
Ry, dramatically increases to 8 and 545, respectively, at 4 K. We
attribute the anisotropic transport features of the Sb films to the

pubs.aip.org/aip/apm

anisotropic structure formation. The elongated, wire-like features
along the [110] direction result in lower resistance in Ryy.In contrast,
electrons moving along the [110] direction see more grain bound-
aries and curvature on the surface, which results in higher resistance
and non-metallic temperature dependence in Ryy.

In addition, longitudinal (R.x and Ry,) and transverse (Ryy)
resistances were measured with respect to the perpendicular mag-
netic field (H) at different temperatures. Figures 7(b) and 7(c) show
representative longitudinal and transverse curves for the sample
grown at 25 °C. Measurements conducted on the other three sam-
ples revealed similar characteristics. The longitudinal resistance as a
function of magnetic field (R vs H) displays a parabolic behavior in
both Ry and Ry, down to 4 K in all four samples. In single-crystal
Sb, a near-quadratic (close to B?) magnetoresistance was observed
in the presence of a weak disorder.”” " This behavior was explained
using a semiclassical framework for semimetals.”” In Sb thin films, a
transition from parabolic to linear magnetoresistance behavior with
lowering the thickness was reported in Sb(111) thin films grown
on GaSb(111)A substrates.”® The 50-nm-thick Sb film examined in
this work is in the 3D range with semimetallic band structures. The
parabolic magnetoresistance behavior, shown in Fig. 7(b), is consis-
tent with findings from semimetallic Sb single crystals and Sb(111)
thin film studies in the thicker thickness regime.

The transverse resistance as a function of the magnetic field
(Ry vs H) exhibits a linear behavior. p-type carrier density of
n3p = 9.82 x 10° ¢cm™ and hole mobility of 327.9 cm?/V s were
obtained for the sample grown at 25 °C. The high carrier density and
the metallic temperature dependence of Ryx confirm the semimetal-
lic nature of the Sb films. It is likely that one type of carrier (holes)
dominates the transport mechanism, while the contribution from
the other carrier (electrons) is negligible.

E. Anisotropic Sb film growth: surface reconstruction
and formation energies

To gain further insight into the growth mechanisms of
anisotropic Sb thin films, DFT calculations were performed
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FIG. 5. (a) XRD for samples grown at 25, 60, 90, and 120 °C. The peaks appearing at 26 values of 40.1° and 86.5° correspond to the Sb (211), and (422), planes, while the
other peaks are emerging from the GaSb(001) substrate. (b) Rocking curves for the samples grown at 25, 60, 90, and 120 °C at a 26 value of 40.1°. The peaks for samples
grown at lower temperatures are taller and sharper, while samples grown at higher temperatures give broader and shorter peaks, as plotted in (c) Sb peak intensity (black
circles) and FWHM (blue squares) of the samples grown at four different temperatures. Dashed lines are guides to the eye.

APL Mater. 12, 011116 (2024); doi: 10.1063/5.0159670
© Author(s) 2024

12, 011116-6

O¥'€¥'LL ¥20T dunr 2



APL Materials ARTICLE

(a) T,=25°C (b) T,,=60°C

(c) T,=90°C

pubs.aip.org/aip/apm

(d) T,,=120°C

10 |

<

[110]

Tpm

FIG. 6. (a)-(d) SEM and (e)—(h) AFM images for the samples grown at 25, 60, 90, and 120 °C. The roughness of the grown film increases with the growth temperature.
Line-like features (elongated Sb structures) along the [110] direction are more distinct in the samples grown at higher temperatures.

using the FHI-aims code,”” ™ an all-electron code with local-

ized numerical orbitals as the basis, tight basis sets, and the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional.*
We employed the Hirshfeld scheme for the van der Waals inter-
actions, which are important for the description of the layer
interactions and also the interaction between the 2D film and
the substrate.*> The Broyden-Fletcher-Goldfarb-Shanno (BFGS)*®
algorithm was used for atomic relaxations with the condition that
the maximum force component is less than 5 x 107 eV/A.

We conducted a full relaxation of the GaSb unit cell struc-
ture and obtained a cubic lattice parameter of 6.125 A. Using this

structure, we generated a 3/\/5 X 1/\/5 x 4 (12.99 x 4.330 x 54.52
A%, 35 A vacuum) (001). slab, which underwent structure relax-
ation with fixed lattice parameters. Subsequently, a (1 x 3) surface
reconstructed (001), structure emerged, as shown in Fig. 8(a), align-
ing with findings from previous experimental studies.”””” The 1 x 3
supercell (12.99 x 12.99 A) of the surface-reconstructed GaSb sub-
strate was employed as the substrate for placing a fully relaxed
rhombohedral Sb slab—we found the supercell of the 2 x 3 x 2 (211),
slab with 12.38 x 13.01 A% matches well the lattice parameter of the
substrate. The GaSb(001), substrate has a cubic structure with 4-fold
symmetry. The bulk crystal structure along the [110]. orientation is

a b ' £
C) L ) 1.04 ‘a T =98er
S 2 143
; .".5‘. —&— 4K “A?
E 1.02} ’:}:.‘ o 6K “A;'.f
5 A A 10k 4 &F
g 2 B 7
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2 3 \‘-\"\';::2:/
= (© .
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7 F 9
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0 150 3000 150 300 -10000 0 10000

Temperature (K)

Magnetic Field (Oe)

FIG. 7. (a) Resistance (Ryx and Ryy) vs temperature curves reveal anisotropic electrical properties in all four samples grown at 25, 60, 90, and 120 °C by using the square van
der Pauw geometry in the [110] and [110] directions, respectively. (b) Longitudinal resistance (Ryy) vs magnetic field (H) shows parabolic behavior. (c) Transverse resistance

(Ryy) vs magnetic field (H) shows a linear behavior at cryogenic temperatures.
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FIG. 8. First-principles modeling of Sb films on GaSb substrates. (a) Atomic structures of (1 x 3) reconstructed cubic GaSb(001). The (211) plane of the rhombohedral Sb
film is well aligned with the (001) plane of the GaSb substrate in two different orientations shown in (b) and (c). The formation energy of the Sb (211) (b) on the reconstructed
substrate (8.34 meV/A2) is found to be lower than that of (c) the 90°-rotated plane (10.9 meV/A2). The upper panel shows the atomic configurations of the GaSb at the

interface with the 2D Sb.

identical to that along the [110], orientation. The formation of elon-
gated Sb structures along the [110]. orientation, but not along the
[110], orientation, on the GaSb(001), substrate can be attributed to
surface reconstruction of the GaSb substrate. The anisotropic Sb thin
films were grown on the GaSb surface with a (1 x 3) surface recon-
struction, as shown in Fig. 8(a). In this reconstructed GaSb surface,
atoms on the top layers are distorted to minimize the surface free
energy, leading to prominent features along the [110]. orientation.
As a result, the Sb atoms are more likely to align with the Ga and Sb
atoms on the reconstructed surface.

We considered two different cases for the incorporation of the
(211), slab: one in which the lowest Sb atoms of the Sb (211), slab
are aligned with the top Ga and Sb atoms of the GaSb substrate, and
another with the (211), slab rotated 90°. Both structures were fully
relaxed, and the stable configurations are shown in Figs. 8(b) and
8(c). The rhombohedral Sb slabs of a few monolayers as a whole were
incorporated without considering the Sb surface reconstruction dur-
ing the growth. The formation energy of the 2D Sb was defined as
AE= (Etotal — Ngasp % E3G>¢<1§b — Ngp x El;zlk)/A’ where Eiotar 18 the total
energy of the system consisting of 2D Sb on the GaSb substrate; by,
is the energy per atom of the (1 x 3)-reconstructed GaSb; E5* is the
energy per atom of the rhombohedral Sb bulk, a parent structure of

the 2D film; Ng,5, and Ng, are the number of atoms in the GaSb
substrate and the Sb film; and A is the in-plane area of the super-
cell of the 2D Sb on GaSb. The formation energy of the Sb (211),
on the reconstructed substrate (8.34 meV/A?) is found to be lower
than that of the 90°-rotated plane (10.9 meV/ A?). This lower forma-
tion energy suggests that the observed Sb (211), plane is energetically
more favorable.

These calculations help to evaluate the energetics and struc-
tural stability of different configurations, which ultimately affect
the growth behavior of the Sb films on GaSb(001), substrates. This
preferential growth of Sb structures along the [110], orientation is
further supported by the analysis of the formation energies. The DFT
calculations reproduced the experimentally verified reconstruction
of the substrate, which is the key to the growth of the Sb (211), films
with the preferred orientation.

I1l. CONCLUSIONS

In summary, we successfully mapped the growth regime of
amorphous and crystalline Sb thin films on the GaSb(001) surface.
We foun d that there is a transitional region between 250 and 150 °C
where Sb atoms start to nucleate with the diffusion of Ga atoms to
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form GaSb patches and then an amorphous Sb film, as confirmed
by TEM. By avoiding Sb nucleation across the transitional region
during the cooling process, crystalline Sb thin films were coher-
ently grown on GaSb(001) below 120 °C. The crystal structure of
the crystalline Sb thin films was found to be rhombohedral, with
the Sb (211), plane parallel to the cubic GaSb(001). plane. At the
interface, atoms of the rhombohedral Sb layer closely align with
the GaSb lattice along the [110] direction but not along the [110]
direction, leading to the formation of misfit dislocations along the
[110] direction. This anisotropic lattice matching can be attributed
to the (1 x 3) surface reconstruction of the GaSb(001) surface, as
suggested by our DFT calculations. These calculations provide valu-
able insights into the formation energy and structural stability of
different configurations, which in turn influence the growth behav-
ior of Sb films on the GaSb(001), substrates. The reduced formation
energy of Sb (211), on the reconstructed substrate determines the
preferential orientation of the Sb plane. The formation of LAGBs
with sequential misfit dislocations along the [110]. direction may
further enhance the preferential growth of elongated Sb structures
along the [110]. orientation. This leads to streaky/spotty RHEED
patterns and anisotropic electronic transport. Such anisotropy is
more prominent in samples grown at higher temperatures. The
mean surface roughness of Sb thin film grown at room tempera-
ture is 2.5 times smaller than that of Sb thin film grown at 120 °C.
The ratio of resistance along the [110] direction over the resistance
along [110] is two orders of magnitude higher for the Sb thin film
grown at 120 °C in comparison to the one grown at room tempera-
ture. The successful demonstration of epitaxial Sb thin films on cubic
GaSb(001) substrates opens a new avenue to embed rhombohedral
Sb films on various cubic substrates, even with the fact that the cubic
Sb phase is unstable. The systematic change in anisotropic features
in the Sb thin films suggests optimal growth conditions for further
studies and future applications using Sb thin films. For topological
phases induced by the quantum confinement effect, smooth surfaces
of Sb thin films with minimal anisotropy are preferred to achieve
a uniform quantum confinement effect. For electrical and thermal
transport, the crystallographic direction ([110] vs [110]) needs to be
considered according to the device applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional RHEED images
before and after Sb film growth at lower temperatures, x-ray reflec-
tivity, and AFM height profile measurements to confirm the Sb film
thickness.
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