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Abstract

Antimony islands of different shapes and dimensions were grown on highly
oriented pyrolytic graphite (HOPG) at room temperature in ultrahigh vacuum.
Three-dimensional (3D) spherical, 2D thin films and 1D nanorods of Sb on
graphite were studied using in sifu scanning tunnelling microscopy. Sb was
evaporated in the form of Sby, which interacts with HOPG weakly and exhibits
a high surface mobility, resulting in preferential nucleation of 3D spherical
islands at defect sites. Surface diffusion and aggregation lead to the formation
of nanoparticles with various shapes and sizes. The shape and size of islands
depend on growth parameters, i.e. flux and deposition time. The 3D and 2D
structures of Sb on graphite have the same bulk crystalline rhombohedral (c-
Sb) structure, but the 1D nanorods show a highly compressed structure different
from the «-Sb lattice.

1. Introduction

In nanotechnology, nanoparticles are important due to their physical and chemical properties
which can be rather different from those of bulk materials. The study of the growth of
nanostructures and thin films on different substrates has let us discover new methods for the
synthesis of new materials with interesting properties. In many cases, the interaction between
over-layer and substrate is very strong so the structures grown are far from the ‘free-standing’
state [1, 2]. However, studies of nanostructures on inert substrates have attracted significant
attention in recent years, since nearly free-standing nanostructures can be formed on such
substrates. These types of nanostructures can be used as catalysts [3, 4], quantum dots [5],
and single-domain magnets [6], among others. Inert substrates used in such growth experiments
include SiO; [7], SizNy [8, 9] and graphite [10—12]. In the case of graphite, a lot of experimental
and simulation works have been done on the deposition of metals for obtaining microscopic
parameters [13, 14]. Highly oriented pyrolytic graphite (HOPG) is a non-reactive substrate
with a perfect atomically flat surface over dimensions of a few 100 nm. Investigation of the
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growth process on HOPG reveals the interplay between the different elementary processes in
initial nucleation and later growth [15].

There have been several reports on experimental studies of the surface morphology
of Sb on HOPG using different ex situ characterization techniques such as atomic force
microscopy (AFM) [16], transmission electron microscopy (TEM) [17-19], and scanning
electron microscopy (SEM) [20]. Various types of structures such as fractal, flower-shaped
islands as well as compact islands of Sb on graphite were observed in these studies. The
mechanisms behind the formation of different types of Sb structures on graphite are difficult to
be revealed from ex situ characterization. The film growth mechanism and surface morphology
are expected to be understood in more detail by using in sifu scanning tunnelling microscopy
(STM). STM is a powerful tool that images the surface topography in real space with atomic
resolution, and it is thus quite effective for studying irregular clusters and islands in the early
growth stage.

Here, we report our investigations of the nucleation and growth of Sb on HOPG in ultrahigh
vacuum (UHV) using in situ STM at room temperature (RT). We observed three types of
structures, namely three-dimensional (3D), 2D and 1D crystalline islands on HOPG. The shape
and size of the islands depend on a variety of growth parameters, i.e. flux and deposition time.
Most of the nucleation and growth of spherical 3D islands occurs at low flux and RT. With a
moderate flux, all three types of structure grow initially, but further deposition leads to mostly
2D and 1D crystalline islands at RT. The main focus of this paper is to identify the detailed
atomic structures of these three different types of Sb nanostructure on HOPG. We found that
the 3D and 2D Sb structures have basically the same crystalline structure as the bulk, but the
1D structure shows a significant deviation from the bulk Sb lattice. The formation of 3D, 2D
and 1D islands offers great potential to prepare nanostructures for different functions.

2. Experimental details

The experiments were conducted in an Omicron UHV system (base pressure ~1 x 1071 mbar)
equipped with STM and Aiiger electron spectroscopy. After cleaving in air, the HOPG
substrate was transferred into the chamber immediately and degassed at ~800 K for a few
hours before using. In our experiments, the Sb flux was produced from a W-boat evaporator in
the temperature range 600—700 K measured using a chromel-alumel thermocouple. For source
temperatures less than 800 K, Sb mostly evaporates as Sby. The Sb, and Sb; vapour pressure
in this temperature range can be neglected because they are about two orders of magnitude less
than that of Sby [21]. Before deposition, the Sb source was extensively degassed at 550 K in
order to remove contamination. The flux was calibrated by measuring the volume of Sb islands
on HOPG in STM images (assuming a sticking probability near 1). The deposition amount and
coverage are measured in units of monolayer (ML). 1 ML is equivalent to an atomic density
of 1.0 x 10" cm™~2, which is the number of atoms in a sheet of thickness 3.1 A (the average
bond distance in @-Sb) in bulk density. In the results presented here, the sample was kept at
RT during deposition and STM measurements. Additional x-ray photoemission spectroscopy
measurements indicated no interaction or intermixing between Sb and graphite. After Sb
deposition on HOPG with different fluxes and/or deposition times, samples were transferred
to the STM stage without breaking the vacuum. All STM images were acquired in constant
current mode with electrochemically etched tungsten tips. Typical sample biases ranging from
+0.3 to +0.7 V, and tunnelling currents between 0.2 and 0.6 nA were used. The finite tip
size and multiple-tip effects often make the 3D islands appear bigger than their real size, and
generate artefacts in the STM images. Great care was taken in our experiments to minimize
these effects.
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Figure 1. (a) 3D-view STM image after 2.9 ML Sb deposition on HOPG surface at RT with a
flux of 1.8 A min~'; (b) height profile along the dotted line indicated in (a). (c) STM image of
HOPG surface after 5.8 ML Sb deposition at a rate of 1.8 A min~!; the arrows indicate coalescence
islands; (d) height profile across 3D islands along the dotted line in (c). (e) 3D-view STM image
of a1l um x 1 um area of HOPG after 31 ML Sb deposition at RT with a flux of 4 A min~';
(f) height profile along the dotted line scan in (e). (g) Small-area (8 nm x 8 nm) image taken on the
top region of 3D island. In figure (g), the imaging conditions are: Vi = 4-0.63 V, I; = 0.6 nA, and
a 2D Fourier transform filter has been applied in order to minimize noise.

3. Results and discussion

3.1. Amorphous and crystalline 3D island formation

After depositing ~2.9 ML Sb on a clean surface of HOPG at low flux (~1.8 A min~!) at
RT, we obtained only spherical 3D islands located mostly along step edges, as shown in
figure 1(a). The compact spherical shape of these 3D islands is thermodynamically most
favourable, and indicates a sufficiently high mobility at the island edges. These islands were
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formed by diffusion and coalescence of Sby on the graphite surface, in agreement with previous
investigations of Sby mobility and aggregation on HOPG [18, 19]. We observed a broad size
distribution of 3D Sb islands on the graphite surface. A cross-section of 3D islands shown
in figure 1(a) is given in figure 1(b). The average height of these 3D islands is 41 & 5 nm
and the lateral size is in the range 70-300 nm. After 5.8 ML deposition at the same rate, we
obtained more islands with increased average heights (52 & 5 nm) and lateral size range from
70 to 380 nm, as shown in figure 1(c). This indicates that newly deposited molecules join
existing islands as well as forming new islands. Line profiles indicate that some large islands
are formed by the coalescence of a few smaller ones, such as those pointed out by the arrows in
figure 1(c). Figure 1(d) displays the cross-section profile of one of such island as well as some
small islands nearby. We have not observed any facet formation and ordered atomic structures
on these 3D islands at low deposition amounts. STM normally cannot resolve internal features
of an object directly. Thus we are not able to verify whether these 3D islands are amorphous or
crystalline. Previously, TEM investigations by Stegemann et al [22] showed that 3D spherical
Sb nanoparticles are amorphous whereas fingerlike particles are crystalline. The parallel TEM
and STM investigations of Sb particles on graphite obtained in cluster-beam deposition also
showed that they are amorphous [23]. These observations indicate that the smooth-curved 3D
islands are most likely amorphous in nature.

Increasing the deposition amount of Sb leads to a change in the surface morphology of
the 3D islands. In addition, 2D and 1D islands start forming. After 31 ML Sb deposition on
HOPG at a flux of ~4 A min~! at RT, we obtained a faceted 3D island, which indicates a
crystalline structure inside, together with crystalline 2D islands, as shown in figure 1(e). Some
surface area, such as that near the lower left corner of figure 1(e), remains the bare HOPG
substrate. In the next section, we will give more details about the formation of the crystalline
2D islands of Sb. The lateral size and height of the 3D island in figure 1(e) are ~150 nm and
~45 nm from graphite surface, respectively, as shown in figure 1(f). Also the cross-section of
the top of the 3D island shows a smooth profile, indicating a crystalline structure inside. The
hexagonal facet observed on top of this 3D island is similar to those observed by Kaiser et al
using SEM [20]. Further zoom-in scans on the flat top facet of the 3D island reveal a hexagonal
ordered structure, as shown in figure 1(g), with a lateral period 4.28 4= 0.05 A. Comparing
with the lattice parameters of a-Sb(111) [24], our measured lateral period agrees well with
the expected lateral period (4.31 A). From these experimental observations, it is confirmed
that these 3D islands have crystalline structure and the phase transition from amorphous to
crystalline depends on adequate deposition amount. Similar results were also observed by
Savage and Lagally [25] in the case of Sb on GaAs. In their reflection high-energy electron
diffraction studies, an amorphous to crystalline phase transition of Sb occurs on GaAs(110)
after a deposition of 20 ML Sb at RT. In the case of Sb on HOPG, Stegemann et al [22] also
found that the phase transition from amorphous to crystalline occurs at 40 ML Sb deposition
on HOPG.

The dependence of the number density of 3D islands on coverage of Sb on HOPG at a
flux of 1.8 A min~! is depicted in figure 2(a). The density peaked at ~1.7 x 10° cm~? after
5.8 ML Sb deposition. With more Sb deposition, the island density decreased and reached
~1.3 x 10° em™2 after 14.5 ML Sb deposition on HOPG. This indicates that at the initial
stage of deposition, the density of 3D islands increases due to the dominance of the nucleation
process. With further deposition, the coalescence process coexists with nucleation and growth,
and later dominates over the nucleation process. We also performed experiments at different
fluxes to obtain further details about the variation of number density of 3D islands. It was
observed that the number density of 3D islands at a flux of 4 Amin~! is less than that at a
flux of 1.8 A min~! with nearly the same deposition amount. We observed some big and
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Figure 2. (a) Evolution of 3D island density as a function of coverage at a flux of 1.8 A min~;
(b) variation of 3D island average height with coverage of Sb at different fluxes.

distorted spherical 3D islands (pointed out by the arrows in figure 1(c)); they were formed by
the coalescence of smaller spherical islands. The decrease of 3D island number density is due
to the formation of 2D and 1D structures later on besides the coalescence of 3D islands. With a
comparative deposition flux, Kaiser et al [20] observed dendritic structures due to aggregation
and insufficient coalescence of Sb clusters and small 3D islands, whereas no such types of
structure were observed in our repeated runs. This could be due to different step densities on
the HOPG used. In [20, 22], the step spacing is at least a few um, and there is often no step in
an area of several um? where dendritic islands form. On our HOPG samples, the step spacing
is mostly less than 1 pum, so the steps act as nucleation/trapping sites for compact 3D islands.
Yoon et al [18] showed that intermediate-size Sb clusters (Sb, with n ~ 90-500) deposited on
low-defect-density HOPG form extended ramified islands, whereas relatively compact islands
are formed on samples with relative high defect density. The extremely low step density
may lead to the accumulation of intermediate-size Sb clusters to a sufficient density, and the
aggregation and partial coalescence of these Sb clusters result in the dendritic structures.

The variation of the average height of 3D islands as a function of coverage of Sb on HOPG
at different fluxes is plotted in figure 2(b). Ata flux of 4 A min~', the 3D island height increases
with deposition time initially and later saturates at 50 &£ 5 nm. This is because, after the initial
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stage, the nucleation and growth of 3D islands are suppressed due to the effective growth of 2D
and 1D islands. At a lower flux (~1.8 A min~'), initially the height of the islands increases
quickly and later it increases slowly with deposition amount. The average height of 3D islands
after 14.5 ML Sb deposition at a flux of ~1.8 A min~! is 59 + 5 nm, whereas at a flux of
4 A min~!, the average height of islands saturates at 50 + 5 nm after 31 ML Sb deposition, as
plotted in figure 2(b). From this observation, it is confirmed that the growth of 3D islands is
favoured at a low flux.

3.2. Crystalline 2D island formation

In figure 1(e), we observed 2D island formation in addition to one 3D island on a 1 um? area
of HOPG after 31 ML Sb deposition at a rate of ~4 A min~' at RT. Most wetting-layer-
like triangular 2D islands have thickness >6.5 nm. It is highly desirable to find conditions to
preferably grow nanostructures of one type and suppress others. Figure 3(a) displays an STM
image taken on an HOPG sample after 130 ML deposition of Sb at a high flux (~20 A min~!)
at RT. In this condition, only multilayer 2D islands were observed on the 1 um x 1 pum area of
HOPG. Comparing figures 1(e) and 3(a), it is confirmed that the higher flux is more favourable
for 2D structures rather than 3D structures. A zoom-in scan on the 2D islands reveals atomic
steps, as shown in figure 3(b). The average height of atomic steps is 3.85 £ 0.35 A. A
further zoom-in scan on the flat terrace reveals a hexagonal ordered structure of Sb, as shown
in figure 3(c), with a period 4.22 4= 0.16 A. Within experimental uncertainty, our measured
step height and lateral period values agree with the bulk «-Sb(111) values [24] of step height
(3.76 A) and lateral period (4.31 A).

3.3. Crystalline nanorod formation

Figure 4(a) displays an STM image taken on a HOPG sample after 3.9 ML Sb deposition with
a flux of 4 A min~! at RT. In addition to the 3D and 2D islands, we see a 1D nanorod with
height of about 22 nm and width of ~35 nm in the upper part of figure 4(a) as shown in the
line profile in figure 4(b). Besides this relative long Sb nanorod, there are two short rods near
a 3D island in the lower half of the image. The heights of these rods are about 13 nm. After
depositing 14.5 ML Sb at RT, we obtained bundles of 1D nanorods with width of ~15 =4 nm
as shown in figure 4(c). These rods are folded by nearly 90°. We have observed bundles
of nanorods on several samples which were prepared at moderate high flux or after a large
amount of Sb deposition. Only at the initial stage of growth were individual nanorods observed
on the bare graphite surface. The lengths of nanorods are from a few 100 nm to more than
1 pwm. Our results also indicate that the Sb rods are not necessarily formed along step edges of
HOPG surface.

Figure 4(d) displays an STM image of a scan area (9 nm?) taken on top of the turning
corner of Sb nanorods, showing atomic steps and lateral periodic structures. After measuring
on many steps we got an average step height of 2.97 + 0.31 A on 1D structures. Figure 4(d)
reveals a square ordered structure with a period of 4.15 4 0.11 A on the nanorod. These 1D
structures show a different crystal structure than the bulk «-Sb. Although the exact growth
mechanism of this quasi-1D Sb structure and its crystalline structure are not very clear, it
is an allotropic modification of Sb on graphite at the nanometre scale. It is well known
that group V elements show rich allotropic transformation with changing temperature and/or
pressure [26, 27]. Recently, some reports [28, 29] have described a new allotrope of these
group V elements by tuning the thickness of the film at the nanometre scale. Bernhardt et al
studied the allotropic modification of Sbs molecules in thin films and obtained nearly cubic
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Figure 3. 3D-view STM images of 130 ML Sb deposited HOPG at RT with a flux of ~20 A min~!.
Scan sizes are (a) (1000 nm)2; (b) (150 nm)2. (c) Small-area (10 nm x 10 nm) image taken on the
top region of a 2D island. In figure (c), a 2D Fourier transform filter has been applied in order to
enhance the well-ordered structure. Imaging conditions for figure (c): Vs = 40.63 V, I; = 0.6 nA.

lattice structure instead of rhombohedral Sb on MoS,(0001) and AuSb,(001) [28]. Nagao et al
[29] also found that an ultrathin film of Bi on Si(111) shows an allotropic transformation as a
function of thickness in the range of several atomic layers.

Our proposed model for the crystal structure of 1D Sb islands is shown in figure 5.
Here we considered the simple cubic (sc) structure of 1D Sb nanorods with lattice constant
deay = 2.98 A based on the result of Vereshchagin et al [30]. They reported a phase transition
of Sb from rhombohedral to sc under high pressure, and found an sc lattice constant of 2.98 A,
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Figure 4. (a) 3D-view STM image after 3.9 ML Sb deposition on HOPG with a flux of 4 A min~!
at RT. Scan size: (1000 nm)2; (b) line profile across 1D, 3D and 2D structures as indicated by
dotted line in (a). (c) 3D-view STM image with scan area 300 nm x 300 nm of HOPG surface after
14.5 ML Sb deposition at RT; (d) small-area (9 nm x 9 nm) image taken on the top region of a 1D
structure. Imaging conditions: Vg = +0.63 V, I; = 0.6 nA.

slightly larger than the Sb—Sb bond length (2.91 A). The step height (2.97 £ 0.31 A) of the
observed 1D Sb structure is approximately equal to the distance between two neighbouring
(100) lattice planes (2.98 A) of the sc structure. Figure 5 shows the (100) surface of the sc lattice
with the dashed-line square representing a (/2 X 1/2) R45° cell. Our experimental lattice period
of 4.1540.11 A is consistent with the proposed model lattice period (/2 x 2.98 A = 4.21 A).
There should be another atom at the centre of the unit cell. In our STM image, the centre atom
is invisible. In a previous study of ultrathin Bi film on Si(111) [29], one atom in the unit cell
on the rhombohedral (110) face, which is the pseudo-cubic (100) face, is also invisible in the
STM images and this is explained on the basis of a puckered layer structure in which the centre
atom could recede by 0.5 A. Since Sb and Bi are both group V elements with similar lattice
relaxation behaviour, it is not surprising that they show the same phenomena.

Chang and Cohen [27] studied the structural stability of the rhombohedral and sc phases
for the group V elements. They predicted an atomic volume 0.86 V; for the sc phase of Sb
under high pressure, where V, = 30.21 A’ [24] is the atomic volume at normal pressure. In

our model, the atomic volume of the sc structure is V = 26.46 AS. The ratio V/Vy = 0.88 is
in fairly good agreement with the predicted value of 0.86.
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Figure 5. 2D representation of (100) sc crystal structure with lattice period (acyp = 2.98 A) based
on [30]. Dashed lines describe a (/2 x 4/2) R45° cell.

Previously, some reports [30, 31] have described the phase transition of Sb from
rhombohedral structure to cubic structure after applying a pressure ~5-7 GPa. The phase
transition in the case of the 1D structure can be explained in terms of surface stress induced
pressure during nucleation. Based on nanothermodynamics [32], the surface stress induces an
additional pressure A P in the nucleus with AP = 20/r, which is known as Laplace—Young
equation. In this equation, o and r are the surface stress and the radius of nucleus, respectively.
If we consider o ~ 0.6 J m~2 (approximately the surface energy of Sb [33]) and » ~ 1 nm then
the induced additional pressure is ~1.2 GPa, which is a quite high pressure that could favour
the sc phase. However, to fully understand the formation of a 1D structure of different phase,
further theoretical modelling and calculations are needed.

4. Conclusion

In summary, we have investigated different morphologies exhibited by Sb on HOPG at RT in
UHYV using in situ STM. Various kinds of shapes and sizes of Sb islands like spherical and
triangular islands were observed. Most nucleation and growth of spherical 3D islands occurs
at low flux and RT. In the initial stage, amorphous 3D islands were observed on the graphite
surface. As the deposition increases, crystalline 3D islands are obtained even at RT. With a
moderate flux, three types of structures grow initially but further deposition leads to mostly 2D
and 1D crystalline islands at RT. The detailed atomic structures of these three different types
of Sb islands on HOPG have been measured. The 3D and 2D structures of Sb on graphite have
the same bulk rhombohedral structure, but the 1D structure shows a sc crystalline structure.
This system offers the possibility to obtain different types of nanostructures by selecting proper
growth conditions like flux and exposure time.
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