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Featured Application: Two-dimensional (2D) featured antimonene has been directly grown on
sapphire substrates by molecular beam epitaxy. The van der Waals epitaxy growth can be promoted
through temperature control in the growth window. The competing mechanism between 2D and
three-dimensional (3D) growths and the effects of adsorption and cracking of the source molecules
are discussed.

Abstract: Monolayer antimony (antimonene) has been reported for its excellent properties, such as
tuneable band gap, stability in the air, and high mobility. However, growing high quality, especially
large-area antimonene, remains challenging. In this study, we report the direct growth of antimonene
on c-plane sapphire substrate while using molecular beam epitaxy (MBE). We explore the effect of
growth temperature on antimonene formation and present a growth phase diagram of antimony.
The effect of antimony sources (Sb2 or Sb4) and a competing mechanism between the two-dimensional
(2D) and three-dimensional (3D) growth processes and the effects of adsorption and cracking of the
source molecules are also discussed. This work offers a new method for growing antimonene and it
provides ideas for promoting van der Waals epitaxy.

Keywords: antimonene; molecular beam epitaxy; effective adsorption; sapphire; two dimensional
materials

1. Introduction

Nowadays, two-dimensional (2D) materials are popular in materials science research as a rising
star after Geim put forward the concept of graphene [1]. People have put great amount of efforts
to make large area graphene for practical applications. There have been some successes in growing
large area and high-quality graphene films by ultrafast growth techniques [2,3]. However, because
of limitations, such as the zero band gap, the broad application of graphene is still challenging.
Transition-metal dichalcogenides [4], such as MoS2, WS2, MoSe2, and WTe2, have drawn people’s
attention for their non-zero band gaps, but the electron mobility is not efficiently high. Novel 2D
materials of group V elements, such as black phosphorus [5–7], arsenene [8,9], antimonene [8,9], and
bismuthene [10], are gradually theoretically proposed and experimentally realized. Although black
phosphorus has a tuneable band gap from 0.3 eV to 2.0 eV and a high carrier mobility, it is not stable in
the air.
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Haibo Zeng [8] et al. first predicted antimonene, as the monolayer format of antimony. It is a
stable semiconductor with a tuneable band gap and high electrical mobility. Later more antimonene
characteristics were predicted [11], such as the effect of interfacial distance [12], heterostructures [13],
doping [14], thermal conductivity [15], optical properties [16,17], and so on. It has a wide indirect band
gap and its band edge can be tuned by applying strain [8]. It can endure higher strain due to its van
der Waals feature [18–20]. At the same time, antimonene growth has been attempted in a number of
works [21–23] through molecular beam epitaxy (MBE) or other growth methods. Until now, beside
β-antimonene, scientists have successfully grown honeycomb antimonene [24] and α-antimonene [25]
structures. As for the substrate choice, GaAs(111) [26], Ge(111) [27], c-plane sapphire [28], Ag(111), and
h-BN [24,29] have either been proposed or tried. However, experimental evidence is still insufficient in
this area. For example, although antimonene has been made [30], the size is only in the nanometer
level. Commonly available characterization methods, such as X-ray diffraction (XRD) and Raman
spectra, cannot provide strong enough evidences. A distinctive Raman shift of antimonene is yet to be
confirmed [25,28,31].

Based on this background, we decided to grow antimonene on c-plane sapphire substrates.
There are several reasons that we choose c-plane sapphire. Firstly, it is a stable, high-melting-point
insulator, which does not contribute to the electrical characterization of the antimonene. Besides,
it has a hexagonal structure that is similar to that of antimonene, and it can offer a 13.4% biaxial
strain, according to theoretical calculation [8]. More importantly, van der Waals epitaxy has more
opportunities to be achieved because of the absence of dangling bonds on the surface. During the
growth study, we found that growth temperature played an important role in modulating the surface
energy, therefore, to affect several key processes„ such as adsorption, cracking of the source molecules,
and the antimonene nucleation. Moreover, we have used high resolution XRD not only to obtain the
antimonene quality, but also to reveal the competition between 2D antimonene and three-dimensional
(3D) antimony growth processes. In addition, choices of Sb2 or Sb4 molecules could affect the electrical
properties of the grown samples. These results not only provide a potential method to grow antimonene
on more commonly available substrates, but also critical parameters that can promote the 2D growths.

2. Materials and Methods

Antimonene was grown on c-plane sapphire substrate in an ultrahigh vacuum (UHV) chamber by
molecular beam epitaxy (Veeco, GENxplor). The background pressure was 10−10 torr, the antimony
beam equivalent pressure (BEP) was maintained between 5.67 × 10−8 torr to 6.75 × 10−8 torr (measured
by a Beam Flux Monitor, BFM). Before the growth, we performed a substrate surface preparation in a
thermal annealing furnace that was filled with oxygen. Annealing was performed at 1200 ◦C for 8 h,
which would yield a clear terraced surface. We use 0.5◦ offcut angle c-plane sapphire that has about
40 nm wide terraces after annealing. While using an antimony (Sb) cracker cell, the forms of antimony
molecules (Sb2 or Sb4) can be controlled through changing the cracking zone temperature.

The electrical properties were measured on a Hall effect measurement system (Lakeshore, 8404)
using van der Pauw method. The samples were cleaved to a square shape (1 cm × 1 cm) and four
indium electrodes were made on the corners. The DC mode was used in this experiment.

For the XRD measurements, a Bruker D8 high resolution XRD system was used. The radiation
wavelength is 0.15406 nm (Cu Kα1). Continuous scan mode was used and the step sizes are 0.05◦ for
wide two-theta (20◦–50◦) scan and 0.006◦ for fine scans (23◦–24.5◦, 28–29.5◦), and the integration time
is 1 s. A HORIBA HR800 Raman measurement system was used and the 10 mW laser wavelength is
488nm with a spot size around 2 µm. The measurement range is 50 cm−1–8000 cm−1, and the spectral
resolution is 1 cm−1. Before each test, we used a silicon wafer to calibrate the Raman shift to exactly
521.7 cm−1 to ensure the accuracy of the following test results.
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3. Results

We have grown several groups of samples while using different growth conditions. Table 1
summarizes the growth details. The Group A samples were grown, while the Sb cracking temperature
was set at 700 ◦C so the evaporated beam was composed with mostly Sb4 molecules. Group B samples
were done with the Sb cracking temperature set at 1000 ◦C, so Sb2 molecules were the primary source
molecules in the evaporated beam (higher than 90%). The electrical properties are only measured on
the continuous films in our study, because most samples tend to form island structures, so the electrical
performance (insulating or conducting) is hard to obtain. Similarly, it is difficult to have good XRD
signals for the samples that are either too thin or no growth was done. In the following analysis, we
have only used the results that are reliable and reproducible.

Table 1. Sample list with the growth parameters and properties. Sb4 molecules were used in the growth
of group A samples and Sb2 molecules were used in the growth of group B samples. “\” means no data
were obtained.

Sample No. Growth
Temperature (◦C)

Growth Time
(min) Crystalline/Amorphous Electrical

Performance
Effective

Thickness (nm)

A-1 150 10 amorphous insulating 57.81 ± 4.38
B-1 150 10 crystal conducting ≈15
A-2 200 30 crystal conducting 32.01 ± 2.08
A-3 225 30 crystal \ 32.11 ± 9.40
A-4 250 30 crystal \ 10.48 ± 3.73
A-5 265 30 crystal \ 1.33 ± 0.37
A-6 270 30 \ \ 0
A-7 280 30 \ \ 0

At the beginning, we tried to understand whether there is a difference between Sb2 and Sb4 in
the growth. Figure 1a–c show the surface morphology. The antimony film of B-1 is a good conductor
(more accurately, semimetal) according to the Hall measurement results (Table 2), but for A-1, it is
an insulator. Another sample using Sb4 molecules (A-2) were grown under 200 ◦C, and the electrical
data can be seen in Table 2. It is obvious that sample A-2 is a semimetal with a carrier concentration in
the 1020/cm3 level. The higher growth temperature for A-2 sample seems to introduce Sb2 molecules.
Hence, we believe that there is a critical temperature (Tcritical) that is between 150 ◦C and 200 ◦C, when
Tgrowth < Tcritical, samples using Sb4 molecules are insulating and, on the other hand, conductive when
Tgrowth > Tcritical.
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Figure 1. (a–c) Atomic force microscope (AFM) images of sample A-1, A-2, and B-1. (d) X-ray diffraction
(XRD) diffractogram of sample A-1, A-2, and B-1. (e) Proposed cracking mechanism of Sb4 on the
surface, showing the difference when T < Tcritical and T > Tcritical.
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Table 2. Electrical properties of sample A-1, A-2, and B-1 resistances are measured from two orthogonal
directions of a square-shaped sample.

Sample No. Carrier Type Rsheet
(Ω/�)

Thickness
(nm)

Carrier
Concentration

(1/cm3)

µ

(cm2/V·s)

Resistances
(Ω)

R
‖
/R⊥

A-1 \ \ 57.81 ± 4.38 \ \ Insulating
A-2 p 75.04 32.01 ± 2.08 2.23 × 1020 74.62 21.85/12.23
B-1 p 147.1 ≈15 4.39 × 1020 64.44 39.81/26.08

The growth by Sb4 or Sb2 molecules might have different kinetic mechanisms, so the difference
in electrical properties indicates the transformation of Sb4 to Sb2 on the sapphire surface above the
critical temperature might introduce a different arrangement of the Sb2 molecules for the following
nucleation. Most Sb4 molecules exist in a tetrahedral structure [32,33]. They are flattened into a planar
structure when arriving the substrate surface. After that, they gradually change to a rectangle or
distorted rectangle structure and, finally, they split into two Sb2 molecules, i.e., Sb4 
 2Sb2 (Figure 1e).
When the growth temperature is below Tcritical, the surface energy cannot break the chemical bond of
Sb4, so they will deposit as the tetrahedral form. Hence, it tends to grow more randomly, which can be
proven by the XRD spectrum (Figure 1d). For A-1, it is amorphous, but, for B-1, it has a clear Sb (003)
peak, which indicates the crystal structure. As for A-2, it has a stronger Sb (003) peak and other Sb
peaks, which indicates it is polycrystalline feature.

From Figure 1d, we can see when we use Sb4 molecules, the Sb (012) peak can be observed, and,
from literature, we know that the Sb (012) peak may be a feature of antimonene [28,31]. Accordingly,
we chose Sb4 molecules to grow more antimonene samples. We tried to grow several samples with
different growth temperatures, as shown in Figure 2b–h. Figure 2a is the sapphire substrate that is used
in this study. Before each growth, we undertook pretreatment on the c-plane sapphire substrate, so that
terraces were formed on the surface. After annealing, Sb4 molecules were used to grow antimonene at
different growth temperatures in the MBE chamber. Table 2 shows the details. From A-1 and A-2, we
can see that the antimony covers the entire sapphire surface. However, when the growth temperature
rises, the surface energy is getting higher, so the grown antimony will change to a triangular prism
structure and cannot cover the entire surface. When the growth temperature rises to 265 ◦C, fewer
antimony structure can be seen, but when the growth temperature rises to 270 ◦C, it is hard to find the
grown antimony by atomic force microscope(AFM) scan. Hence, we are convinced that 270 ◦C is too
high for antimony molecules to stick and nucleate. A similar trend is observed by Raman spectroscopy
measurements. Raman data (Figure 2i) show that Raman peaks can be seen at 110 cm−1 and 150 cm−1,
which indicate the antimony structure [28]. Besides, under 265 ◦C, we can still see antimony Raman
peaks and triangle column structure, but under 270 ◦C, it shows no antimony. Accordingly, the highest
nucleation temperature on an annealed sapphire substrate in our study is between 265 ◦C and 270 ◦C,
which is similar to the value that was reported by Dura et al. [34,35].

In addition, we studied the stability of the grown samples. As we can see in Figure 2j,k, the AFM
images on the same sample show that similar surface morphology is observed one year later, which
means no apparent change occurred. Hence, we believe the antimonene samples are stable in the air
for at least one year [18].

Figure 3a shows the XRD data that were measured from group A samples. It can be seen that,
when the growth temperature is between 200 ◦C–250 ◦C, the grown antimony has preferentially
crystalized signals such as Sb (003) peak at 23.7◦and Sb (012) peak at 28.7◦. Figure 3b shows the
zoomed-in diffractogram in that region. We can calculate the integrated area of each peak and easily
obtain the ratio of Sb (012)/Sb (003) as a function of the growth temperature. Since Sb (012) peak is the
indicator of antimonene formation, this ratio can be used to find the preferred growth condition for
antimonene. We define a term to represent the total crystalline content, which is calculated as the sum
of the integrated areas of antimony (003) and (012) peaks, based on Figure 3b. As shown in Figure 3c,d
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(the blue curves), when growth temperature increases, the total crystalline content on the sapphire
surface decreases in the growth window until zero. It is worth mentioning that all of the XRD scans are
symmetric scans on the sapphire (0001) so only the crystal planes that are parallel to the surface can be
measured. This means the total crystalline content is underestimated and the detected signals indicate
the coherence of the crystals that are likely to have been epitaxially grown on the substrate. We also
introduce an effective adsorption coefficient to describe the adsorption process of Sb4 molecules on
c-plane sapphire, as shown in Figure 3c (the red curve). The effective adsorption coefficient is calculated
while using the ratio of the effective thickness at all growth temperatures (Table 1) and the effective
thickness of 150 ◦C. We assume that, under 150 ◦C, the effective adsorption coefficient is 1, because of
the low vapor pressure and high sticking coefficient of Sb at this temperature [36]. Calculation details
can be found in the Supplementary Materials.Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 9 
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Figure 2. (a–h) AFM images of a c-plane sapphire substrate and sample A-1 to A-7, showing the surface
morphology change due to the temperature increment. (i) Raman spectra of all the group A (Sb4)
samples. Peaks at 350 cm−1 to 450 cm−1 are from the c-plane sapphire, 110 cm−1 and 150 cm−1 are the
two signature vibrational modes of antimony. (j,k) AFM images of antimonene, being characterized
immediately after the sample is taken out of the vacuum and one year later.

We tried to fit the Sb (003) peak and Sb (012) peak using a multi-order Gauss function to further
determine the antimonene percentage more quantitatively in the grown samples. Subsequently,
we calculated the integrated area of each peak and got the ratio of Sb (012)/[Sb (003) + Sb (012)] to
estimate the antimonene percentage in the crystalline contents. Based on this calculation, we draw
the phase diagram of antimonene formation and crystalline content as a function of the growth
temperature on c-plane sapphire, as shown in Figure 3d. We can see that, when the growth temperature
is between 220 ◦C–260 ◦C, there is a clear trend showing the antimonene content increases, which
exceeds 50 percent. However, during the same temperature region, the total crystalline content
decreases, which indicates that the reduction of effective adsorption limits the yield of crystal growth.
This competing mechanism makes the preferential growth of antimonene very difficult. When the
growth temperature is either between 200 ◦C–220 ◦C or 260 ◦C–270 ◦C, the antimonene content becomes
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lower than 50 percent. When it is below 200 ◦C, the deposited antimony on sapphire is amorphous and,
when it is higher than 270 ◦C, no growth is observed, which is mainly due to the low sticking coefficient.
This phase diagram provides a competing mechanism during the antimony deposition on sapphire.
Unfortunately, the growth window is quite small and it cannot yield pure antimonene. We think a
possible growth process is that Sb4 molecules need to be adsorbed first and then cracked to Sb2 on
the surface since antimonene is a 2D growth mechanism and antimony is a 3D growth mechanism.
Subsequently, the Sb2 molecules need enough surface energy to rearrange and grow in 2D. A mixture
of 3D and 2D formats of antimony growth occurs since both Sb4 and Sb2 molecules are present on the
surface and the formation energies of 3D antimony and 2D antimonene are close. Within the growth
window, 2D growth can be promoted by a higher surface temperature, which makes us believe that
enough surface energy is the key to enhance van der Waals epitaxy over a typical 3D growth.

One of the characters of antimonene is that it can be grown on a substrate by van der Waals
epitaxy, but the energy of van der Waals force is at least one order of magnitude smaller than that of
a chemical bond, which makes antimonene growth more challenging. In addition to surface energy,
which can be tuned by controlling growth temperature, there are some other methods that may
improve the probability of van der Waals epitaxy. For example, we can try to enlarge the distance
between antimonene and substrate by depositing larger radius atoms (such as bismuth) as surfactant.
In addition, the substrate surface can be passivated by using hydrogen atoms. Graphene or h-BN
also can be used to be inserted between the grown antimonene and the substrate, since they are more
compatible with materials through van der Waals force, which was experimentally proven. Besides,
methods such as how to regulate the formation energy of antimonene and antimony to choose the
optimized growth conditions are also useful and prospective, but they need further exploration.
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Figure 3. (a) XRD diffractograms of some group A samples using Sb4. (b) XRD diffractograms
between 23◦–29.5◦, showing the antimonene features. (c) The effective adsorption coefficient of Sb4 and
normalized crystalline contents (integrated area of antimony (003) and (012) peaks. The maximum is 1
after normalized) as a function of the growth temperature. (d) Phase diagram showing the comparison
of the antimonene formation and total crystalline contents as a function of growth temperature,
indicating the competing mechanisms between the adsorption and nucleation of antimony molecules.
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4. Conclusions

In conclusion, we have shown that large-area antimonene can be grown on c-plane sapphire
and it can be characterized by XRD and Raman spectra. The growth window is small in terms of
growth temperature, which is 200 ◦C–265 ◦C. Below 200 ◦C, the deposited antimony is amorphous
andthere is no growth higher than 270 ◦C. We further refined the growth window for antimonene,
which is 220 ◦C–260 ◦C and discussed the competing mechanism between 2D and 3D growths. Besides,
we discussed the nucleation temperature of antimony growth and the critical temperature to explain
the electrical characteristics. This work provides a potential method to grow large area antimonene on
sapphire, which is important for further characterizations of thermal, optical, and electrical properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/2/639/s1,
Figure S1: AFM image of sample A-1 and the height profile cross the film and the substrate, Figure S2: AFM image
of sample A-4 and the profile of one line scan. (unit: nm).
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