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Monatomic antimony thin films have recently attracted attention for applications in phase change
memory, nanophotonics, and two-dimensional materials. Although some promising results have been
reported, the true potential of Sb thin films is still hindered by the scalability issue and the lack of reliable
bottom-up production. Here we demonstrate the growth of Sb thin films on a lattice-matching and
amorphous substrates using pulsed laser deposition. C-axis out-of-plane textured Sb thin films were
successfully deposited on Sb2Te3 and SiO2/Si3N4 substrates. In the case of growth on Sb2Te3, we show that
an intermediate phase is formed at the Sb2Te3eSb interface playing a crucial role in forming a solid
coupling and thus maintaining epitaxy leading to the production of high-quality Sb thin films. A 3e4 nm
amorphous Sb seed layer was used to induce texture and suitable surface termination for the growth of
Sb thin films on amorphous substrates. The deposition parameters were fine-tuned, and the growth was
monitored in situ by reflection high energy electron diffraction. Scanning/transmission electron micro-
scopy unveiled the local structure of produced films showing the formation of b-phase Sb thin films. Our
results demonstrate the feasibility to produce very smooth high-quality antimony thin films with uni-
form coverage, from few layers to large thicknesses, using pulsed laser deposition. We believe the results
of our work on scalable and controllable Sb growth have the potential to open up research on phase
change materials and optoelectronics research.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The success of graphene opened a gate of new research to find
two-dimensional (2D) materials with attractive properties [1].
There is great interest, due to excellent properties such as topo-
logical insulator and tunable band gap, in elemental 2D materials,
including layered antimony (Sb) [2,3]. The added structural stability
in an ambient atmosphere, as opposed to black phosphorus [4], and
the theoretically predicted large bandgap [5] gave Sb an edge
against other elemental layered materials for future optoelectronic
applications. The surface termination of substrates and passivated
layers play a crucial role during the growth of highly textured
crystals [6e8]. Surface passivation was previously used to recon-
struct the Si dangling bonds by elements like Sb and Bi so that
improved epitaxy can be achieved [7,9,10]. Although the passiv-
ation resolved the strain buildup from the lattice mismatch of most
b.j.kooi@rug.nl (B.J. Kooi).
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chalcogenides with Si [11], the process required additional steps to
remove the native oxide and reconstruct the Si surface by annealing
at a high temperature. Recently, it has become a common practice
to directly grow epitaxial films on an amorphous substrate with a
two-step method using a seed layer [12,13]. Strictly speaking,
achieving epitaxial growth on amorphous substrates like SiO2 is
impossible and a crystalline substrate is needed for van der Waals
(vdW) epitaxial growth. However, with a two-step growthmethod,
the seed layer produces a suitable surface termination for subse-
quent growth by vdW epitaxy and particularly quintuple-based
materials like Sb2Te3, Bi2Te3, and Bi2Se3, also well-known as topo-
logical insulators, turned out effective as seed layers to grow films
by homoepitaxy [13] and heteroepitaxy [14e16]. These quintuple-
based materials are also suitable substrates for depositing a few
layers of antimony thin films. Previous works on the 2Dd2D
growth of Sb on lattice matching Te and Sedterminated topological
insulators have shown the possibility of producing high-quality
films with attractive topological surface states [17e22].

Another avenue where elemental antimony thin films have
attracted interest is for their phase-switching properties. It has
cle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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been shown that the rapid crystallization of bulk Sb is avoided by
confining amorphous Sb in films of only a few nm thick [23,24]. The
confinement of Sb thin films increased the amorphous phase sta-
bility by retarding the structural relaxation over time [25]. Soon
after stabilizing the amorphous phase, many findings emerged
with applications utilizing the optical and electrical contrasts be-
tween the amorphous and crystalline phases of monatomic Sb thin
films. From nanophononics and optoelectronics [26e28] to phase
change memory [23,29] and neuromorphic architectures [24],
monatomic Sb shows great promise for future applications. The
functionality is extended further with an added degree of freedom
because the properties of Sb thin films depend strongly on thick-
ness in this few nm thick range [26,28]. Although complex phase
change material alloys, for example Ge2Sb2Te5, were considered to
have best properties, the ‘elemental’ nature ofmonatomic Sb comes
with an upper hand from the thin film production side and phase
change memory device endurance perspective. Some ternary and
quaternary phase change materials (in particular Ge- and Te-rich
GST for example) suffer from compositional variations and phase
separation during successive phase switching [30,31]. Indeed,
monatomic antimony thin films will not have these problems.

Proper growth control of high-quality antimony films is of great
importance, given the current interest in the material's properties
for potential applications in different fields of study. Hence, herewe
report the vdW epitaxy growth of monatomic Sb thin films on a
lattice-matched substrate Sb2Te3 and on an amorphous surface
(SiO2) using pulsed laser deposition (PLD). So far, the majority of
reported results on the growth of layered Sb employed molecular
beam epitaxy (MBE) [21,32e36], and a small number of results used
other techniques like exfoliation [4,37] and physical and chemical
vapor deposition [38e41]. MBE is very powerful and versatile in the
growth of high-quality crystals. However, the lattice-matching
requirement and the need for surface reconstruction hinder the
technique's applicability to a broader selection of materials and
substrates [42]. Moreover, smooth Sb films showing uniform
coverage over large area have not been produced using MBE
[21,32e36].

PLD provides a practical alternative with exact stoichiometry
transfer, fast and flexible growth conditions, and a relatively low
substrate temperature needed to produce high-quality layered
crystals [43]. So far, to our knowledge, no reported result exists for
the vdW epitaxy growth of monatomic Sb thin films by PLD. In
addition to the vdW epitaxy of antimony on a lattice-matching
Sb2Te3 seed layer, we show the possibility of producing high-
quality layered Sb crystals on an amorphous substrate in a two-
step growth method. The quality of Sb thin films was monitored
in situ by a reflection high-energy electron diffraction (RHEED)
setup. The production of high-quality films is confirmed by atomic-
resolution imaging using scanning transmission electron micro-
scopy (STEM). In addition, the full coverage and smoothness of the
produced films were characterized using scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM). Our work
shows substantially improved quality antimony films and thereby
opens up several avenues from the production and application
perspective in the fields of phase change memory, nanophononics,
and optoelectronics.

2. Experimental methods

Sample preparation and thin film growth: For Sb2Te3eSb
heterostructure depositions, a seed layer of 200 pulses (3e4 nm
thick) of Sb2Te3 was deposited at room temperature. After the
deposition, the sample was annealed to 210 �C to crystallize and to
enable epitaxy with c-axis out-of-plane. The deposition of Sb2Te3 is
then continued at 210 �C. After the Sb2Te3 deposition, the process is
2

continuedwith Sb deposition. All depositionswere donewith a PLD
system using KrF excimer laser (wavelength of 248 nm). The
deposition parameters were optimized beforehand by varying
them during extensive tests across parameter space. A laser fluence
of 0.8 J/cm2, a repetition rate of 1 Hz, and a processing gas (Argon)
pressure of 0.12 mBar were used for Sb2Te3 depositions. Further-
more, a laser fluence of 1.5 J/cm2, a repetition rate of 3 Hz, and a
processing gas pressure of 10�3 mBar were used for Sb depositions.
After every deposition, the samples were capped by a 5e10 nm
thick LaAlOx (with x close to 3) layer to prevent surface oxidation
and chemical contamination. Before every deposition, the Si/SiO2
substrates were chemically cleaned. The cleaning steps include
sonication in isopropanol for 20min and flushing with ethanol. The
film growth and epitaxy were monitored by an in situ reflection
high-energy electron diffraction (RHEED) setup with an acceler-
ating voltage of 30 kV. The grazing incident (2e3� normal to the
substrate) electron beam provides information on the top few
atomic layers of the deposited film. RHEED images were collected
every 300 ms during depositions.

Morphological characterization using SEM and AFM: For
morphological and structural characterizations, a set of samples
were prepared on Si/SiO2 substrates and Si3N4 TEM membranes.
SEM (FEI NovaNanoSEM 650 and FEI Helios G4 CX) was used to
characterize the surface morphology of the deposited thin films. In
addition, AFM images were collected by a Bruker Multimode 8 in-
strument, and the images were analyzed by the Gwyddion
software.

Focused ion beam sample preparation: The FEI Helios G4 CX
dual-beam SEMefocused ion beam was used to prepare an e-
transparent sample. First, the protective EBID (electron beam
induced deposition) carbon(C) and platinum (Pt) were deposited
on the film before IBID (ion beam induced deposition) Pt protective
layer. Next, cross-sectional chunks (dimensions: 15 � 2.0 � 5 mm3)
were made and transferred using easylift™ needle to the copper
half-grid. Then the sample was thinned down to 80e100 nm
thickness using standard Ga-beam processing at 30 kV with an
opening window (6.0 � 5.0 mm2). The remaining chunk is left thick
to have a rigid frame tominimize the bending and stress released in
the e-transparent window. Finally, several low kV cleaning steps (5
and 2 kV) were used to clean the side surfaces of the lamella.

High-resolution STEM imaging: The focused ion beam pre-
pared sample and loaded to the TEM grid was transferred to the
TEM using a dedicated double tilt TEM holder optimized to collect
X-rays in the TEM. The microstructure imaging of plan-view and
cross-sectional layered antimony films were examined with a
double-corrected and monochromated Themis Z STEM (Thermo
Fisher Scientific) operating at 300 kV and equipped through high-
angle annular dark-field (HAADF) STEM and integrated differen-
tial phase contrast STEM using ~80% coverage of a 4-segmented DF
detector. The beam convergence angle was measured at ~24.0 and
~35 mrad mrad (for the thin sample with small grains) and the
probe current of 20 pA was used for STEM imaging. Energy-
dispersive X-ray (EDX) spectroscopy results were achieved with a
Dual X EDX system (Bruker) using two large area detectors,
capturing 1.76 steradians with a probe current of 100 pA. Data
acquisition and analysis were done using Velox software.

3. Results and discussion

In situ RHEED measurements can provide relevant information
about thin film morphology, quality, and crystallinity during de-
positions [14e16]. Fig. 1 shows RHEED images captured during Sb
thin film depositions on Sb2Te3 and Sb seed layers. The figures
provide information about individual interfaces in the hetero-
structures, starting from the initial SiO2 substrate to the final Sb
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layers. Fig. 1a presents a cloudy RHEED pattern of the starting
thermal oxide substrate. The deposition starts with a 3e4 nm thick
Sb2Te3 seed layer at room temperature. This first layer is amor-
phous, as confirmed by RHEED in Fig. 1b, since the deposition is at
room temperature. The idea here is to control the out-of-plane
epitaxy by the self-organizing nature of the seed layer upon heat
treatment [12]. Once the seed layer is annealed to the deposition
temperature, 210 �C in our case, the 3e4 nm thick seed layer
crystallizes in a fashion with self-alignment of specific crystallo-
graphic planes parallel to the surface. Here, the initial amorphous
Sb2Te3 layer crystallizes with the c-axis out-of-plane because the
quintuples blocks with vdW like bonding between them align
parallel to the surface. Fig. 1c shows the RHEED pattern of the seed
layer after annealing to 210 �C. A sharp, streaky pattern indicates a
smooth surface and high crystallinity. Note that although the seed
layer induced a purely c-axis out-of-plane epitaxy, the in-plane
orientation of the crystalline grains is random. Soon after the
Sb2Te3 seed layer's crystallinity and epitaxy are confirmed, Sb
growth is started at 210 �C. Fig. 1d shows the RHEED pattern after
20 nm Sb layer deposition. The streaky patterns progressed
throughout the Sb thin film thickness, indicating that in addition to
the surface smoothness, the c-axis out-of-plane epitaxy is
maintained.

Sb2Te3 is carefully selected as a seed layer for Sb growth for
several crucial reasons. The first reason is the similarity of the
crystal structures of both Sb2Te3 and Sb layers. The Sb2Te3 quintuple
layers crystallize in a trigonal crystal structure (space group R 3 m)
Fig. 1. RHEED pattern images of Sb deposition on Te- and Sb-terminated seed layers of Sb
substrates are shown. The SiO2 layers have a thickness of 300 nm. A few layers (3e4 nm thic
of Sb2Te3 (c) and Sb (g) were annealed to 210 �C to induce the c-axis out-of-plane texture. A
show the final film texture after Sb's heteroepitaxial and homoepitaxial growth consecutiv

3

where the two cation Sb atoms and the three anion Te layers are
stacked along the c-axis [33,44,45]. Monatomic antimony has the
same trigonal crystal structure, where bilayers of Sb are stacked
along the c-axis out-of-plane orientation (see the cross-section
images below in Fig. 3). Moreover, the Te termination of the last
quintuple layer in Sb2Te3 is ideal for the vdW epitaxy of Sb bilayers
for a layer-by-layer growth mode. Another reason is the nearly
perfect lattice match of the Sb2Te3 quintuple layers with the Sb
bilayers. The structure of Sb2Te3 (a ¼ 4.264 Å and c¼ 30.458 Å) and
Sb (a¼ 4.30 Å and c¼ 11.22 Å) have an in-plane lattice mismatch of
<1%, which can be considered as a perfect lattice match since the
slight mismatch can easily be accommodated (gradually) at the
vdW-like gaps in the Sb top layer similar to the strain relaxation
behaviors observed between all pairwise combinations of Sb2Te3,
Bi2Te3, and GeTe [14,15].

The heteroepitaxy growth of Sb on the Sb2Te3 seed layer pro-
duced smooth and high-quality films. Therefore, the same process
can be applied using directly Sb as seed layer for the subsequent Sb
growth. After optimization of the PLD conditions, we also in this
case grow crystalline Sb thin films in which all domains have their
c-axis out-of-plane, i.e. with the Sb bilayers parallel to the SiO2

surface. The RHEED pattern images collected during the homo-
epitaxy growth of Sb thin films on the Sb seed layer are presented in
Fig. 1eef. Here, similar to when the Sb2Te3 seed layer was used, the
complete interface information is presented in sequence starting
from the SiO2 substrate in Fig. 1e. In Fig. 1f and g, the Sb seed layer
deposition at room temperature and after annealing to the
2Te3 and Sb. In (a) and (e), the RHEED patterns of the starting thermally grown SiO2

k) of (b) Sb2Te3 and (f) Sb seed layers were deposited on the SiO2 substrate. Seed layers
fter annealing the seed layers, Sb growth continued. The RHEED patterns in (d) and (h)
ely.
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deposition temperature of 210 �C are shown, respectively. As ex-
pected, the room temperature deposited 3e4 nm Sb layer is
amorphous (confirmed by the cloudy RHEED image), and the
annealed layer is crystalline with a streaky RHEED pattern showing
the c-axis out-of-plane epitaxy formation. Furthermore, as
confirmed by RHEED in Fig. 1h, the c-axis out-of-plane epitaxy is
maintained when growth continues at 210 �C. The homoepitaxy
growth of Sb on the Sb seed layers is preferred compared to the
heteroepitaxy growth of Sb on the Sb2Te3 seed layer. In addition to
the ‘chemical consistency,’ the lack of strain from the exact lattice
template is a large advantage.

Fig. 2 shows the morphology and plan-view structural analysis
of Sb films on the Sb2Te3 seed layer, where the heterostructure
schematics are illustrated in Fig. 2a. During deposition, thermal
oxide and Si3N4 membrane were used to couple the large area SEM
and AFM characterizations to a local STEM characterization. Fig. 2b
and c show the images from the surface morphology character-
izations using SEM and AFM, respectively. The observed morphol-
ogies provide crucial information about film quality, grain size, and
surface roughness. Crystal domains ofz200 nm in size are stacked
together laterally. From the AFM scan in Fig. 2c, the root-mean-
square roughness of a 20 nm Sb film on a 12 nm Sb2Te3 layer is
determined to be 0.9 nm indicating a smooth surface. Although
PLD-grown amorphous films generally have a very smooth surface,
this is not the case for crystalline films. When transferring ablated
plasma plume to a substrate, multiple parameters determine the
type of growth for the formed crystal. From laser energy and
repetition rate to substrate temperature and processing gas pres-
sure, parameter optimization is necessary to access the desired
growth type. To achieve smooth crystalline Sb filmswith large grain
sizes and uniform coverage, combining a low Ar background
Fig. 2. Large and small area plan-view characterization of Sb grown on Sb2Te3 seed layer. (a)
amorphous substrates. (b) An SEM and (c) AFM scan images of 20 nm Sb thin film grown at 2
c-axis out-of-plane texture but with a random in-plane orientation. The root-mean-square
image of Sb grown on 3e4 nm Sb2Te3 seed layer. Crystal grains of z90 nm stacked laterally,
one of the crystal grains seen in (d), and (f) an enlarged image of the Sb atoms with a schem
force microscopy; FFT, fast Fourier transform; HAADF-STEM, high-angle annular dark-field

4

pressure with an increased laser repetition rate (from 1 Hz to 3 Hz
in this case) is required. The combined PLD optimization thus
produced for a heterostructure of 12 nm Sb2Te3 and 20 nm Sb thin
film a uniform surface coverage over cm sized area with low root-
mean-square roughness ofz0.9 nm andwith grains that have their
c-axis out-of-plane and have sizes of z200 nm. Supplementary
Information Fig. S1 provides a detailed explanation of parameter
optimization toward this layer-by-layer growth.

For high-resolution HAADF-STEM imaging of Sb thin films
grown on a Sb2Te3 seed layer, deposition has been done on a Si3N4
membrane. Here the Sb2Te3 layer thickness has been set to 3e4 nm
to minimize the seed layer effect for the plan-view imaging. Fig. 2d
presents a large area HAADF-STEM image showing multiple grains
covering the Si3N4 substrate surface. The average grain size here
is z 80e90 nm. The reduced crystal grain size is associated with
the thinner Sb2Te3 seed layer, i.e. the lateral domain size increases
when the Sb2Te3 film growth is continued at 210 �C. As a result,
larger crystals have been deposited with a thicker Sb2Te3 bottom
layer of 12 nm in thickness observable in the cross-section image of
a sample with about 20 nm Sb film on top (see Fig. 3a). A high-
resolution atomic image of a specific Sb crystal is provided in
Fig. 2e, with an enlarged image given in Fig. 2f. A clear hexagonal
periodicity corresponds to the [0001] zone axis of b-phase
antimony.

A cross-section atomic-resolution HAADF-STEM image of the
Sb2Te3eSb heterostructure is shown in Fig. 3a, with the enlarged
part in Fig. 3b. The cross-section image in Fig. 3a shows sharp in-
terfaces between the SiO2 substrate, the stacked quintuple Sb2Te3
layers, and the Sb bilayers. In HAADF-STEM mode, the atomic col-
umns are always the bright spots in a dark surrounding, and the
brightness of the spots scales with the average atomic number Z of
A schematic diagram shows Sb's c-axis out-of-plane growth on the Sb2Te3 seed layer on
10 �C on a 12 nm Sb2Te3 layer. Crystal grains with lateral sizes ofz200 nm have a sharp
(RMS) roughness of 0.9 nm indicates a smooth surface. (d) A large area HAADF-STEM
covering the entire Si3N4 substrate surface. (e) High-resolution HAADF-STEM image of
atic showing overlaying the hexagonal Sb lattice and the FFT in the inset. AFM, atomic
scanning transmission electron microscopy; SEM, scanning electron microscopy.



Fig. 3. Cross-section STEM results for an Sb film (z20 nm thick) on a z12 nm thick Sb2Te3 layer. The deposition started with a 3e4 nm Sb2Te3 seed layer on a silicon wafer covered
with thermal oxide. The growth direction in all images is from bottom to top. (a) STEMeHAADF images show a complete overview of the whole layer containing the Sb2Te3 bottom
layer and the Sb top layer. (b) Enlarged part of (a) showing the atomic structure and epitaxy of Sb on Sb2Te3 more clearly. In (c) and (d), STEMeEDX color map (based on spectrum
imaging, i.e. for each pixel an EDX spectrum is recorded) showing the distribution of Sb in blue and Te in red. (e) A combined (Sb and Te) elemental mapping with clear color
contrast near the Sb2Te3eSb interface, and in (f), STEMeEDX line profiles for Sb (blue line) and Te (red line). EDX, energy-dispersive X-ray spectroscopy; HAADF, high-angle annular
dark-field; STEM, scanning transmission electron microscopy.
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the columns. Due to the closeness of Sb and Te atoms in the periodic
table, their Z contrast is (unfortunately) negligible. Still, the Sb2Te3
quintuples (TeeSbeTeeSbeTe units) and the Sb bilayers can be
distinguished readily in Fig. 2a and b. Indeed, the layers are aligned
parallel to the substrate surface, and the Sb grows epitaxially on the
Sb2Te3. STEMeEDX elemental mapping of the SbeSb2Te3 hetero-
structure is presented in Fig. 2cef. From the elemental mapping
results, the Sb and Sb2Te3 layers are identifiable, and it can be
assured that there is a uniform Sb layer on top of the Sb2Te3 layer.

The HAADF-STEM images of the Sb2Te3eSb cross-section show
the lattice-matched epitaxy, where the Sb2Te3 layer is a suitable
template for Sb growth. However, a more intricate interesting effect
can be observed at the interface, where the last Sb2Te3 quintuple
layer and the first Sb bilayer couple (to form a new phase), see
Fig. 4. The last distinctly observable Sb2Te3 quintuple occurs at the
lower blue box, and the first clearly observable Sb bilayer occurs at
the upper blue box in Fig. 4a and in the magnified image of the
interface in Fig. 4b. In-between, inside the overlayed red box, there
is a vdW block of seven atomic layers which can be typified as a
Sb4Te3 layer (i.e. TeeSbeTeeSbeTeeSbeSb units) [46e48]. So, the
actual position of the interfaces is indicated by the interfaces of the
red and blue overlayed boxes. However, the interface is not formed
5

by a similar width vdW-like bonding, such as between the Sb2Te3
quintuples or between the Sb bilayers, but by a shorter and thus
stronger (more covalent/metavalent) bond. These distances can be
readily quantified based on direct measurements in the line scans
presented at the left side of Fig. 4a and the right side of Fig. 4b. The
vdW-like gaps between the Sb2Te3 have a size of 278 ± 4 p.m.
Similarly, the vdW-like gap between the Sb bilayer is 244 ± 4 p.m.
However, at the interface between Sb2Te3 and Sb, i.e. within the
Sb4Te3 layer, the gap between the last Te-plane and the first Sb
plane on top is 219 ± 4 p.m. So, this is even 10% smaller than the
vdW-like gap between the bilayers in Sb.

Another piece of evidence for the presence of a new phase at the
Sb2Te3eSb interface comes from the high-resolution image analysis
of Fig. 4a using the software tool Atomap [49]. Here, the interplanar
distance differences in vertical direction (parallel to c-axes of
Sb2Te3 and Sb) are extracted and plotted in Fig. 4c after the position
of each atomic column is accurately determined and horizontal
atomic planes are constructed. The color contrast gives the inter-
planar distance differences, yellow being the largest and blue the
smallest. As indicated by the red arrows, the vdW-like gaps are
readily visible with the highest distance difference as they should
be. The distance difference also holds for the gaps in the bilayers of



Fig. 4. A new phase of Sb4Te3 is formed at the Sb2Te3eSb interface. (a) Atomic-resolution HAADF-STEM image of the SbeSb2Te3 interface with the line profile overlayed on the left.
Lower blue box on the right shows the Sb2Te3 layer on the bottom, upper blue box the Sb bilayers on the top, and the red box the intermediate new layer of seven atomic planes of
Sb4Te3. (b) An enlarged image of (a), with the line profile on the right. (c) The color map of the monolayer distance difference from the Atomap software tool. The large distance
differences, i.e. the vdW-like gaps, are bright yellow. At the interface between the last Sb2Te3 and the first Sb, within the Sb4Te3, the vdW-like gap disappears. HAADF, high-angle
annular dark-field; STEM, scanning transmission electron microscopy.
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Sb atoms, alternating long and short distances between atomic
layers. When looking closer to the interface, the last Sb2Te3, and the
first Sb, we notice that the color contrast vanishes, indicating a
reduced distance difference. Therefore, strong evidence is provided
that a new phase, Sb4Te3, is formed at the interface with relatively
strong coupling between the last Sb2Te3 and the first Sb bilayer on
top, such that an excellent epitaxy of Sb on Sb2Te3 is achieved.

The more important novelty of this work, in addition to the
layer-by-layer growth of Sb on a lattice-matched Sb2Te3 template
layer, is the homoepitaxy growth of Sb. Instead of Sb2Te3, Sb can
also be used as a seed layer, and then pure and highly textured Sb
films can be grown. Again, films uniformly covering the substrate
can be produced where all domains have their c-axis out-of-plane.
Similar to the Sb2Te3 seed layer, the deposition starts with a
3e4 nm amorphous Sb thin film deposited on the SiO2/Si and
Si3N4 substrates at room temperature. In our previous work, we
Fig. 5. High-resolution plan-view imaging of Sb thin films produced using an Sb seed layer.
opening between grains and the FFT in (d) confirms the c-axis out-of-plane texture. The FFT s
the homoepitaxy growth of Sb is presented in (b). Here, the first 3e4 nm thick Sb layer was
crystal is shown in (c). The overlaying hexagonal Sb lattice confirms the production of b-phas
presented. The central peak corresponds to a d-spacing of 4.63 nm1, and from the central
corresponding to z6� spread. FFT, fast Fourier transform; FWHM, full width at half maxim
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showed how accurately we could produce smooth amorphous Sb
thin films with thicknesses ranging between 2.7 and 6.0 nm with
complete surface coverage over large areas [28]. Once the sample
is annealed to the deposition temperature of 210 �C, the amor-
phous Sb layer crystallizes in the trigonal crystal structure (the
same space group as Sb2Te3) with c-axis out-of-plane orientation
where Sb bilayers are stacked together with a vdW-like gap be-
tween them. After the c-axis epitaxy is induced in the seed layer,
Sb deposition is continued at 210 �C. The layer-by-layer growth
will then follow the initial Sb seed layer lattice. The RHEED pattern
images in Fig. 1eeh show the deposition process of Sb on the Sb
seed layer. After deposition, the morphology and structure of the
Sb thin films were investigated using HAADF-STEM. A plan-view
image of Sb thin film prepared on a Si3N4 substrate is shown in
Fig. 5, with the homoepitaxy ' heterostructure’ schematically
depicted in Fig. 5b.
A large area view of the film surface, with multiple Sb crystal grains, is shown in (a). No
pots in (d) have an angular spread ofz15� between all crystal grains. The schematic for
first used as a seed layer to promote texture. Atomic-resolution imaging of a single Sb
e Sb thin films. In (e), the average rotational intensity of the FFT pattern shown in (d) is
peak's Gauss fit, the FFT spots spread is expressed with a FWHM value of 0.52 nm1

um.
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A homogeneous coverage of Sb thin films with c-axis out-of-
plane orientation is seen in Fig. 5a and the inset fast Fourier
transform (FFT) pattern. Here, similar to Sb thin films deposited on
the Sb2Te3 seed layer, the in-plane randomly oriented crystal grains
are stacked together laterally without openings, creating a smooth
surface (see Supplementary Information Fig. S3). However, the
lateral sizes of the domains are substantially smaller in this case,
only 15e20 nm, and thus remain similar to the film thickness. It is
worth mentioning here that the linear correlation between laser
pulse number with thickness means we can also produce Sb films
ranging from a few bilayers to larger thicknesses.

From the FFT pattern in Fig. 5d, all grains within the field of view
of Fig. 5a are highly c-axis out-of-plane oriented, and the in-plane
orientation is limited to a slight angle rotation (z15� for all). The
limited aeb-axis rotation is evident in the FFT pattern where we
would have expected circular rings as seen in the Supplementary
Information Fig. S4 for random in-plane orientation, but here, the
spots do notmakeup rings. In turn, diffraction spots from individual
grains are close to each other with a slight orientation change.
Therefore, we can extract the approximate spread angle for most
crystal grains from the average rotational intensity and the full
width at half maximum of the intensity peak. As illustrated in
Fig. 5e, the start and end of the central intensity peak, z3.83 nm-1
Fig. 6. Sb thin films were grown using PLD, and a thin seed layer technique was used such
image of a few layers of Sb/antimonene on SiO2 substrate showing full surface coverage. (b
plane orientation. (c) Overview HAADF-STEM image showing the entire thickness of about
readily visible. (d) An intensity line profile for the indicated blue dashed region allowing qu
indicated by the red box in (c). (f) The FFT pattern was extracted from (e). FFT, fast Fourier
contrast; PLD, pulsed laser deposition; STEM, scanning transmission electron microscopy; B
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and z5.14 nm-1, with a difference of z1.31 nm-1, correlates to the
z15� measured in Fig. 5d. From the Gauss fit of the intensity peak
in Fig. 5e, the full width at half maximum value of z0.52 nm-1 is
extracted, which correlate with an average rotation angle of z6�.
Note that this is indeed dependent on the analyzed area where the
in-plane orientation change is limited for small areas (for example,
for an area in Fig. 5a), and the orientation is completely random for
large areas (as seen in the Supplementary Information Fig. S4).
Finally, high-resolution atomic imaging of a single crystal grain is
presented in Fig. 5c. Similar to what we imaged for Sb grown on
Sb2Te3, the hexagonal periodicity is seen, confirming the growth of
trigonal b-phase antimony.

As previously mentioned, the Sb growth on amorphous sub-
strates startswitha few layers of Sb (antimonene)withapreferredc-
axis out-of-planeorientation. Fig. 6a showsacross-sectional BF-TEM
image of the few layers of antimonene grown on SiO2 substrate. The
layer has a thickness of only 3e4 nm. Starting from an amorphous
phase and subsequently crystallizing, the thin layer induced a
crystalline phasewith a preferred of c-axis out-of-plane orientation.
This orientation is visible in Fig. 6b where an integrated differential
phase contrast-STEM image shows the Sb bilayers stacked together
when viewed in [11 20] zone axis. More details about the few layers
of antimonene production and characterization are provided in the
that the Sb bilayers were everywhere parallel to the SiO2 substrate surface. (a) BF-TEM
) The iDPC-STEM image of a single crystal of Sb/antimonene layers with c-axis out-of-
20 nm of the Sb film. The bottom SiO2 substrate and the top carbon capping layer are
antifying interplanar distances and vdW-like gaps and (e) a magnified view of an area
transform; HAADF, high-angle annular dark-field; iDPC, integrated differential phase
F-TEM, bright field mode transmission electron microscopy.
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Supplementary Information 2. The few layers of antimonene formed
on a SiO2 substrate have a complete full coverage and an extremely
smooth surface, suitable for use as a template. Fig. 6c shows a cross-
sectional HAADF-STEM image of homoepitaxially grown Sb film on
SiO2 substrate. Here, the layered Sb with c-axis out-of-plane orien-
tation (as viewed in [10 1 0] zone axis orientation) sandwiched be-
tween the bottomSiO2 layer and the top carbon capping layer can be
observed with clearly isolated interfaces. The crystalline Sb film has
an overall thickness of about 20 nm. A magnified view of an area
indicated by a red box is shown in Fig. 6e. The STEM images show a
vdW-like gap separating the Sb bilayers. In Fig. 6d, an intensity line
profile is plotted for the blue dashed rectangular area indicated in
Fig. 6c. Blue overlay boxes in Fig. 6d distinguish the separation for
SbeSb bilayers and the vdW-like gaps.Wemeasured an interplanar
separation distance of z1.40 Å between the Sb atoms within the
bilayer and a distance of z3.77 Å for the vdW-like separation be-
tween thebilayers (i.e. the vdWgap itself isz2.37Åwhich is close to
the 2.44 Å measured above for Sb bilayers on Sb2Te3).

Ourworkdemonstrated thepossibility of producing high-quality
Sb thin films using PLD. By fine-tuning the deposition parameters,
the c-axis out-of-plane growth of Sb thin films was achieved on
lattice matching Sb2Te3 and amorphous SiO2/Si3N4 substrates. The
qualityand textureof thedeposited thinfilmsweremonitored in situ
usingRHEEDandex-situ usinghigh-resolution electronmicroscopy.
The structural analysis of the thin films revealed the production of
the most stable allotrope b-phase antimony with a trigonal crystal
structure. Previously reportedworks,whereMBEandphysical vapor
depositionwas employed (since no reported work exists for Sb thin
filmproductionusingPLD), showthedifficultyof producing smooth,
high-quality Sb thin films. The reported results mainly show Sb
islands and flakes on crystalline substrates like graphene and sap-
phire [32,33,38e40,50,51]. In contrast, our Sb thin films show
smooth thin films with continuous and complete substrate
coverage. This can be seen from the SEM, AFM, and HAADF-STEM
results presented in this work. Even more interesting is our ability
to produce purely c-axis out-of-plane Sb thin films on any amor-
phous substrate. The thin films can also be relatively small in
thickness with only few layers of Sb stacked as seen in Fig. 6a and b.
Fig. S2a also shows the initial amorphous seed layer which has a
thickness of about 3 nm. In addition, we previously reported our
ability to produce high-quality Sb amorphous thin films with full
substrate coverage and smooth surfaces. Fig. 2b and Fig. S2 from the
study by Yimam and Kooi [28] clearly show the high-quality Sb thin
films of relatively small thicknesses.

4. Conclusions

In summary, our work shows the vdW epitaxial growth of
antimony thin films on a lattice-matched seed layer of Sb2Te3 and
on amorphous SiO2 and Si3N4 substrates using PLD. We show that
extremely smooth and continuous Sb thin films with full substrate
coverage can be produced by precisely controlling and fine-tuning
the deposition parameters. The homo- and hetero-epitaxial growth
of Sb thin films, starting from an amorphous seed layer and sub-
sequently crystallized in a preferential trigonal structure, was
confirmed to have a sharp c-axis out-of-plane texture. The texture
was unveiled by RHEED and local atomic-resolution HAADF-STEM
imaging. In addition, from the high-resolution atomic imaging
analysis, we confirmed the formation of an intermediate phase on
the SbeSb2Te3 tie line where the first Sb bilayer couples with the
last Sb2Te3 quintuple during Sb deposition on Sb2Te3. The inter-
mediate phase formation promoted an Sb-terminated surface,
leading to a 2D growth of Sb with excellent epitaxy. Given the
current interest in monatomic Sb thin films, our reported results of
smooth and high-quality Sb thin films produced by PLD will
8

stimulate further study on phase change materials and optoelec-
tronics fields. Moreover, the ability to produce full coverage films
with preferential orientation and texture control on any substrate
will find new and exciting applications for monatomic Sb thin films
and other layered materials.
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