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Group-V elemental nanofilms were predicted to exhibit interesting physical properties such as nontrivial topological
properties due to their strong spin—orbit coupling, the quantum confinement, and surface effect. It was reported that the
ultrathin Sb nanofilms can undergo a series of topological transitions as a function of the film thickness /: from a topological
semimetal (A > 7.8 nm) to a topological insulator (7.8 nm > & > 2.7 nm), then a quantum spin Hall (QSH) phase (2.7 nm
> h > 1.0 nm) and a topological trivial semiconductor (2 < 1.0 nm). Here, we report a comprehensive investigation on
the epitaxial growth of Sb nanofilms on highly oriented pyrolytic graphite (HOPG) substrate and the controllable thermal
desorption to achieve their specific thickness. The morphology, thickness, atomic structure, and thermal-strain effect of the
Sb nanofilms were characterized by a combination study of scanning electron microscopy (SEM), atomic force microscopy
(AFM), and scanning tunneling microscopy (STM). The realization of Sb nanofilms with specific thickness paves the way
for the further exploring their thickness-dependent topological phase transitions and exotic physical properties.
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1. Introduction

Two-dimensional materials show a good application
prospect in many application fields, such as electronics and
optoelectronics, sensors, photovoltaics, quantum dots, etc.!]
Recently, many single-element two-dimensional materials
have been successfully fabricated, including borophene,?!
germanene, ! silicene,* phosphorene,>~"! tellurene,® and
so on. Within these materials, the two-dimensional materi-
als made of heavy elements have been theoretically predicated
as exotic nontrivial topological materials due to their strong
spin—orbit coupling effect. In experiments, the fabrication of
antimonene, ! bismuthine, 19! stanne, 1 etc. have been real-
ized by different methods.

The Sb(111) single crystal is a topologically nontriv-
ial semimetal. In the early years, the topological state of
Sb(111) surface has been characterized by angle resolved pho-

12,131 and scanning tunnel-

toemission spectroscopy (ARPES)!
ing microscopy (STM).['*] Recently, it is theoretically pre-

dicted that the Sb (111) nanofilm undergoes a series of topo-
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logical transitions with thickness: it transforms from a topo-
logical semimetal to a topological insulator at 7.8 nm (22 lay-
ers), and then transforms into a quantum spin phase (QSH) at
2.7 nm (8 layers), finally at 1.0 nm (3 layers) becomes a nor-
mal semiconductor (topological trivial).!'3] Synthesis of high
quality Sb nanofilms of various thickness is the preconditions
for studying their thickness-dependent topological properties.
Until now, Sb nanofilms have been mainly obtained by mi-
cromechanical exfoliation,'®! liquid phase exfoliation,!'”! and
van der Waals epitaxy.!'3-22! In comparison, there are more ad-
vantages for the molecular beam epitaxy!>>~2! method in fab-
ricating high-purity ultrathin Sb nanofilms of specific thick-
ness. Recently, the epitaxial growth of Sb nanofilms on the lat-
tice matching substrates, such as Bi, Tes, szTe3,[27] PdTe,,!
Ge (111),?8 and Ag (111),! has been reported. The topo-
logical edge states of ultrathin Sb nanofilms deposited on Si
(111)13%) and Bi,Te;Sel*! have been observed by STM. The
ARPES measurements indicated that the intrinsic electronic
states of these films have been affected by the strong inter-
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facial interactions between the film and substrate.3>=%1 It is
an appropriate method to fabricate these Sb nanofilms by the
epitaxial growth on the inert substrates for investigating their
thickness-dependent intrinsic properties. [40—%]

In this article, we reported the successful fabrication of
the Sb nanofilms of different thicknesses by a combination of
epitaxial growth and controllable thermal desorption on the
inert highly oriented pyrolytic graphite (HOPG) substrates.
Firstly, we systematically studied the growth behaviors of
Sb on HOPG at different substrate temperatures. The well-
crystallized Sb nanofilms were obtained at 371 K with a thick-
ness of ~ 4-6 nm, and determined as -Sb nanofilms by
atomically STM measurements. The thinner Sb nanofilms of
~ 2.2-3.5 nm were obtained by the sequentially thermal des-
orption of the top Sb layer. Two different forms of Moiré pat-
terns on the Sb nanofilms were also observed by STM, which
is due to the interlayer rotation of the top Sb layers and the
introduction of thermal strain by the desorption process. The
AFM lateral manipulation and surface potential measurements
indicated that the Sb nanofilms on the HOPG substrate could
be considered as the quasi-freestanding films due to the weak
interfacial interaction and negligible charge transfer between

them.

2. Experimental methods

Sample preparation and STM measurements Our
growth experiment was carried out in an ultra-high vacuum
(UHV) chamber with a base pressure of 3.0 x 10719 Torr,
equipped with standard MBE capabilities. The HOPG sub-
strate was cleaved in air and immediately loaded into the MBE
chamber, then annealed at 673 K overnight to remove contam-
inants. During growth, high purity Sb (99.999%) was evap-
orated from a Knudsen cell onto the substrate kept at various
temperatures (from room temperature to 371 K). The growth
process and crystal structure of the Sb nanofilm were in situ
monitored and roughly revealed by the reflection high-energy
electron diffraction (RHEED). After the growth experiment,
the sample was first transferred to another UHV chamber with
LT-STM (PanScan Freedom, RHK) for the following STM
measurements and controllable thermal desorption at 473 K.
All STM measurements were performed at 9 K with chemi-
cal etched W tip. Gwyddion software was used for STM data
analysis.

AFM measurements AFM measurements were per-
formed on a commercial AFM system (MFP-3D Infinity, Asy-
lum Research), in combination with a dynamic signal ana-
lyzer (HF2LI, Zurich Instruments) in the atmosphere circum-
stance. The topography and surface potential images of the

Sb nanofilms were obtained with normal tapping and KPFM

modes. The AFM manipulation of the Sb nanofilms on HOPG
was realized with contact mode.

SEM measurements After growth, the sample was firstly
checked by SEM for the previous and convenient characteri-
zation of the sample morphology.

3. Results and discussion

In bulk, several allotropes exist for group V element at
ambient condition due to their large number of valence elec-
trons. According to the theoretical work by Wang et al., four
kinds of antimonene allotropes were confirmed, which are
termed as a-, B-, 7-, and §-Sb.*3! Only the a-Sb and -Sb
are relatively stable, which can be obtained by various ex-
perimental methods. The atomic structural configurations of
a-Sb and 3-Sb antimonene allotropes are shown in Fig. 1.
The structure of a-Sb monolayer is similar to that of black
phosphorus, which has a puckered rectangular lattice. The
lattice constants of a-Sb are a; = 4.77 A, ap = 4.28 A, and
01 = 94.6°, 6, = 103.5°, respectively. The multilayer o-Sb
is composed of AB stacked a-phase monolayer with a layer
distance of 6.16 A. The 3-Sb monolayer has a hexagonal lat-
tice with buckled bilayer structure with lattice constants of
a=4.12 A and 6 = 90.8°. The multilayer B-Sb is composed
of ABC stacked f-phase monolayer with a layer distance of
3.65 A.

O . 0.0 oRo o
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Fig. 1. Atomic structural models of antimonene allotropes. (a) Top
view and side view of -Sb. (b) Top view and side view of 3-Sb.

According to the theoretical calculations, the a-Sb is
structurally more stable than -Sb for the thickness of less
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than three layers, and will transform into 3-Sb when the
film thickness is larger three layers. The few-layered o-Sb
nanofilms can be experimentally epitaxial grown on the lattice-
matched substrate, like o-Bi substrate or film. The quasi-
freestanding Sb nanofilms can be fabricated through vdW epi-
taxial growth on the inert substrates, while the experimentally
obtained Sb nanofilms are relatively thick (~ 10 nm) due to
the high coherent energy of Sb. The a-Sb monolayer is a
topological trivial direct bandgap semiconductor with a band
gap of 0.28 eV, while 2 ML a-Sb nanofilms were predicated
to be topological non-trivial, belonging to the quantum spin
Hall state class.[**! Recently, Zhang ef al. have shown that
the 3-Sb nanofilms can undergo a series of topological transi-
tions with decreasing thickness: from a topological semimetal
to a topological insulator at 7.8 nm (22 layers), then a quan-
tum spin Hall (QSH) phase at 2.7 nm (8 layers) and a topo-
logical trivial semiconductor at 1.0 nm (3 layers).!!3! Here,
we will mainly focus on the epitaxial growth and thickness-
control of quasi-quasi-freestanding Sb nanofilms on the inert
HOPG substrate, which is a prerequisite step to investigate
their thickness-dependent topological properties.

Antimony was deposited by thermal deposition of the
solid material and condensation of the vapor onto the HOPG
substrate kept at different temperature. Figure 2 shows the
general morphology, structural details, and topography of the
Sb nanofilms with increasing substrate temperatures. When
the substrate was kept at room temperature (~ 304 K), the fin-

Tsubstrate = 304 K

Tsubstrate = 314 K

gerlike Sb structures were formed with lateral size of ~ 10 um,
as shown in Fig. 2(a). Figure 2(b) shows a magnified SEM
image of a typical fingerlike structure with six approximate 6-
fold symmetric main branches. This kind of 6-fold symmetric-
ity may result from the partially crystallization of the central
part of the fingerlike structure. The trunk part of branches
should also be crystalized, considering their similar contrast
with the central part in the SEM images. The average thick-
ness of these fingerlike structures is ~ 40 nm, as shown in
the AFM topography image of Fig. 2(c). The crystalized parts
of the fingerlike structures are several nanometers lower than
the round amorphous parts at the edges of the branches. This
kind of crystallization is driven by a size dependent amorphous
to crystalline phase transition, similar to ice crystal formation
from supercooled water droplets. [43-46]

When the substrate temperature was increased to ~
314 K, the flower-shaped Sb nanofilms were formed with lat-
eral size of 10-15 pm, as shown in Fig. 2(d). Figure 2(e)
shows a magnified SEM image of a typical flower-shaped Sb
nanofilm with smoothly curved edges, indicating their amor-
phous nature. The average thickness of these fingerlike struc-
tures is 8—10 nm, as shown in the AFM topography image
of Fig. 2(f). It is noted that there are many small triangular
nanofilms on their surface. We can conclude that the crystal-
lization process has been started from the surface layers of the
amorphous flower-shaped structures at ~ 314 K.

Tsubstrate = 355 K Tsubstrate =371 K

Fig. 2. Epitaxial growth of the Sb nanofilms on HOPG substrates at various temperatures. The HOPG substrate was kept at 304 K (a)—(c), 314 K
(d)—(D), 355 K (g)—(i), and 371 K (j)—(1) respectively during growth. (a), (d), (g), (j) Large-scale SEM images show the general morphology of
Sb nanofilms. (b), (e), (g), (k) The zoom in SEM images show more structural details of Sb nanofilms. (c), (f), (i), (1) AFM topography images

show the thickness of Sb nanofilms.
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When the substrate temperature was further increased
to ~ 355 K, the butterfly-shaped Sb nanofilms were formed
with various lateral sizes, as shown in Fig. 2(g). Figure 2(h)
shows a magnified SEM image of a typical butterfly-shaped Sb
nanofilm with both smoothly curved edges and straight edges,
indicating their further crystallization in comparison with
those at ~ 314 K. The average thickness of these butterfly-
shaped structures is 4-6 nm, as shown in the AFM topography
image of Fig. 2(i). The triangular nanofilms formed on their
surface become larger and more extensive, indicating the fur-
ther crystallization process at ~ 355 K. It can also observe that
the coverage of Sb nanofilms was relatively low, which is due
to the decreased adhesion coefficient of Sb at the higher sub-
strate temperature.

Sb source

(a) i (b)
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When the substrate temperature reached 371 K, the
triangle-shaped Sb nanofilms were formed, as shown in
Fig. 2(j). Figure 2(k) shows a magnified SEM image of typ-
ical triangle-shaped Sb nanofilms, indicating their complete
crystallization. It is also noted that these triangle-shaped Sb
nanofilms show various different orientations, which is due
to the weak interfacial interactions between the Sb nanofilms
and the inert HOPG substrate. The average thickness of these
triangle-shaped structures is 4-6 nm, as shown in the AFM to-
pography image of Fig. 2(1). The triangular Sb nanofilms pre-
fer to grow in a three-dimensional way, and form connected
thick islands. In the next part, these crystalized Sb nanofilms
will be mainly investigated, including their atomic structures

and thermal-desorption behaviors.
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Fig. 3. STM measurements of the -Sb nanofilm on HOPG. (a) Schematic of the deposition process. (b) STM topographic image (V; = 2.1V,
I, =400 pA) of the Sb nanofilm with the edges. (c) The height line profiles show the thickness (purple) and single step height (red) of the Sb
nanofilm, respectively. (d) RHEED pattern of the Sb nanofilm on HOPG. (e) Atomic resolution STM image (V; = —1.4 V, I; = 700 pA) of
Sb nanofilm with the overlaid atomic structural model. Inset: line profile along the blue line, showing the periodicity of B-Sb lattice (4.2 A).
(f) STM image of the Moiré pattern was occasionally observed (V; = 2.4 V, I; = 300 pA) in Sb nanofilms. The insert line profile presents the
period and amplitude of the Moiré pattern. (g) Atomic resolution image of (f) (V; =2.4 V, I; = 300 pA,). (h) Schematic structural model of (g).
The high symmetric sites are marked by the corresponding color circles in (h) and dots in (g): TOP (red), HCP (purple), BRIDGE (green), and

FCC (blue). (i) FFT of the atomic resolution image of (g).

The STM measurements were performed on the crystal-
lized Sb nanofilms, as shown in Fig. 3. Figure 3(a) is the

schematic of the deposition process of Sb on HOPG substrate.

Figure 3(b) shows a large-scale STM topography image of
Sb nanofilms on HOPG substrate with the edges. As shown
in Fig. 3(c), the thickness of the Sb nanofilm was 5.48 nm
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(marked by the purple line in Fig. 3(b)), which is within the
height range of topological insulator (7.8 nm > A > 2.7 nm).
The single step height of the Sb nanofilm is measured to be
0.37 nm (marked by the red line in Fig. 3(b)), which is con-
sistent with the theoretical thickness of a 3-Sb monolayer. In
comparison with the straight step edges of the top layer, the
thick edges of the nanofilms are corrugated, which should be
related with their special growth process, as shown in Fig. 2.
The RHEED pattern of the Sb nanofilm is shown in Fig. 3(d).
By a comparison with the RHEED pattern of HOPG sub-

strate, the ratio of the stripe spacing dsp/diopg = 1.833 is ob-
tained (the RHEED pattern of HOPG does not present here).
This value is roughly consistent with the theoretical result
dﬁ_Sb /dnopg = 1.706, indicating that the Sb nanofilms be-
long to 3-Sb. The atomic resolution image of the Sb nanofilms
is shown in Fig. 3(e), where the bright and dark balls of the
overlaid model represent the upward and downward Sb atoms
of the buckled honeycomb structure, respectively. The lattice
constant is measured to be ~ 0.42 nm, which is in agreement
with the parameter of previously reported 3-Sb. ("]

zigzag

L armchair

Fig. 4. Thermal desorption to control the thickness of Sb nanofilms. (a) and (b) SEM image and AFM image of the Sb nanofilm before
desorption, respectively. (c) and (d) SEM image and AFM image of the Sb nanofilm after desorption, respectively. The height line profile
shows the thickness of the desorbed Sb nanofilms at ~ 3.27 nm. (e) Large-scale STM topographic image of Sb nanofilm after thermal

desorption. The Sb nanofilm has been partially desorbed (V; =2.14 V, [, =
150 pA). STM images (g) and (h) reveal that many triangular holes are formed on the surface
2.0V, I; =100 pA). (i) Atomic resolution at step edge of the triangular hole. The atomic structural model of

form small triangular islands (Vi = —2.4 V, I =

of the desorbed Sb nanofilm (V; =
B-Sb is superimposed on the step edge (V; =

0.1V, I =800 pA).
The regularly arranged dot-like Moiré patterns can be oc-
casionally observed on the Sb nanofilm (Fig. 3(f)). The period
of the Moiré pattern is 2.4 nm, and the amplitude is 24 pm
(as shown by the overlaid line profile). It is noted that the
period of the supercell of Moiré patterns is close to 6 times
the size of Sb lattice constant (the lattice constant of 3-Sb is
0.42 nm). According to the previous work, this type of Moiré
pattern should be due to the small rotation between two top

300 pA). (f) During the desorption, the Sb atoms can redeposit to

layers of antimonene. The rotation angle of ~ 6° was further
determined by the atomic resolution of the Moiré pattern, as
shown in Fig. 3(g). Figure 3(h) shows the schematic structural
model obtained by stacking two 3-Sb monolayers with a ro-
tating angle of 6°. The structural details of the model are in
agreement with the atomic resolution image of the Moiré pat-
tern. The high symmetric sites of TOP, HCP, BRIDGE, and
FCC within one Moiré supercell were marked on the blue line.
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The height difference between ATOP (red dot) and HCP (pur-
ple dot) is 25 pm, between HCP and BRIDGE (green dot) is
3 pm, and between BRIDGE and FCC (blue dot) is 4 pm. Fast
Fourier transformation (FFT) of Fig. 3(g) presents two sets of
hexagonal reciprocal lattice points, as shown in Fig. 3(i). The
six points close to the center obviously correspond to the large
Moiré pattern, and the other set of points correspond to the lat-
tice of B-Sb. The rotation angle of ~ 6° was also calculated
by the two sets of FFT points, further confirming the proposed
model in Fig. 3(h).

By increasing the deposition time, the thicker crystalized
B-Sb nanofilms can be obtained, which is within the range of
topological semimetal (2 > 7.8 nm). While no thinner crys-
talized 3-Sb nanofilms can be obtained by a direct deposition
process in our experiments. In the next, we proposed a con-
trollable thermal desorption method!*’) to get the thinner
crystalized -Sb nanofilms. At low coverages, most of the
Sb nanofilms are amorphous or partially crystalized. During
the desorption process, no crystallization but direct desorption
process happened within these nanofilms. The thinner crystal-
ized nanofilms can only be obtained from the thicker crystal-
ized nanofilms through controllable thermal desorption.

Figure 4(a) shows the SEM morphology image with high
coverage Sb nanofilms before desorption. The triangular Sb
nanofilms grow in a three-dimensional way, and form con-
nected thick nanofilm islands, as show in Fig. 4(b). Figure 4(c)
shows the SEM morphology image after desorption at 513 K.
The coverage and thickness of the Sb nanofilms were clearly

strained moirg

decreased, some large regular holes can be observed within
the nanofilms. The thinner Sb nanofilms with a thickness of
~ 3.5 nm to 2.2 nm (6-10 layers of antimonene) were ob-
tained, as shown in Fig. 4(d), which is of great significance for
further studying the state transition from topological insulator
to two-dimensional quantum spin state.

STM measurements presented more structural details of
the desorbed Sb nanofilms. Figure 4(e) is a large-scale STM
topographic image of the Sb nanofilms after thermal desorp-
tion, where many triangular holes of different sizes are ob-
served on the top of the nanofilms. Both holes and islands
were observed on some Sb nanofims, as shown in Fig. 4(f),
indicating that the desorbed Sb atoms can redeposit back to
form many small triangular islands. These triangular holes
show straight edges and rough vertices, as shown in Fig. 4(g),
where these vertices should be the active desorption sites. The
depths of all these triangular holes are a single step height
of ~ 0.38 nm, as shown in Fig. 4(h), indicating a possible
mechanism of single top layer desorption. Figure 4(i) shows
the atomic resolution images of the triangular hole across the
edge, where the atomic structural model of B-Sb is overlaid
along the step edge. According to the model, the edges are de-
termined to be along the zigzag direction with buckled down
Sb atoms at the outmost. This kind of edges is relatively stable,
while the vertices are considered to be made of unstable edges
with buckled down Sb atoms at the outmost. So the vertices of
the triangular holes should be the active desorption sites.

Fig. 5. Strained Moiré superstructures of the Sb nanofilms after thermal desorption. (a) and (b) STM images of Moiré pattern by the thermal
strain during the desorption (V; = 2.4 V, I; = 200 pA). The grain boundaries (GBs) separate the strained Moiré area and unstrained flat area of Sb
nanofilms. (c) The magnified image at the grain step edge. (d) Atomic resolution image of the dislocation (V; = 0.2 V, Iy = 400 pA). (e) FFT of the
atomic resolution image of (d). (f) Schematic model of the dislocation of a 4° GB. (D = b/8, and 8 = tan~!(1/(+/3(2n+1))), n = 8 here).
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Another kind of huge Moiré superstructure was also ob-
served, which is due to the introduction of thermal strain dur-
ing the desorption process. The strained Moiré areas and
unstrained flat areas were observed on the nanofilms, which
were separated by through grain boundaries (GB), as shown
in Fig. 5(a). The period of the strained Moiré superstructures
is 75.4 nm (Fig. 5(b)), and the amplitude is 88.8 pm, which
is much larger than the Sb lattice constant. The Moiré super-
structures can span the steps of Sb nanofilms (as marked by
rectangle in Fig. 5(b)), indicating the effect of thermal strain
is not limited to the top layer of Sb nanofilms. The grain
boundaries were made of periodical dislocations (Fig. 5(c)),
indicating the in-plane rotation between the strained Moiré
area and unstrained flat area.® Figure 5(d) shows the atomic
resolution image of a typical dislocation. The angle () of
in-plane rotation can be directly determined from the FFT of
Fig. 5(d), which is measured to be ~ 4° between two sets of
B-Sb reciprocal lattice points in Fig. 5(e). Figure 5(f) shows
the schematic diagram of the dislocation model of a ~ 4° GB,
where D=5/ and 6 = tan~!(1/(v/3(2n+1))) (n = 8 here).
The in-plane strain around the dislocations could be used to

tune the topological states of Sb nanofilms, which is worthy of
further investigation.

The interfacial interaction between the Sb nanofilm and
HOPG substrate was further studied by lateral AFM manip-
ulation and surface potential measurements with KPFM. Fig-
ure 6(a) is schematic diagram of Sb nanofilms manipulated
by AFM tip in contact mode. Figures 6(b) and 6(c) show the
AFM images of the Sb nanofilm before and after the manipu-
lation. One branch of the Sb nanofilm was broken and moved
on the HOPG substrate, which indicates that the interfacial in-
teraction between the Sb nanofilm and HOPG substrate is rel-
atively weak. The corresponding surface potential image was
obtained by KPFM measurement, as shown in Fig. 6(d). The
surface potential of Sb nanofilms is ~ 120 mV higher that of
HOPG, as shown in Fig. 6(e). This difference is roughly con-
sistent with their work functions (HOPG: 4.6 eV, Sb: 4.55¢eV),
which means there is no significant charge transfer between
the Sb nanofilms and HOPG substrate. It can be concluded
that the Sb nanofilms grown on HOPG can be assumed at the

quasi-freestanding condition.

Potential/mV

Fig. 6. Interfacial interactions and surface potential of the epitaxial Sb nanofilm on HOPG substrate. (a) Schematic diagram of Sb nanofilms
manipulated by AFM tip in contact mode. (b) AFM image of the Sb nanofilm on HOPG. After the manipulation, the part of the Sb nanofilm
was broken and moved on HOPG surface, as shown in the following AFM image of (c). (d) The corresponding surface potential image of (b)
obtained by KPFM measurement. (e) The surface potential difference between Sb nanofilm and HOPG substrate is ~ 120 mV, as shown in the

line profile in (d).

4. Conclusion

In summary, the Sb nanofilms of different thicknesses
have been successfully fabricated by a combination of epi-
taxial growth and controllable thermal desorption on the in-
ert HOPG substrates. These Sb nanofilms can be assumed as
the quasi-freestanding films due to the weak interfacial inter-
actions. The in-plane strain can also be introduced to affect
the topography and properties of these nanofilms by the ther-
mal desorption. It will be our next work to further investigate
the thickness-dependent topological characteristics of these Sb
nanofilms.
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