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ABSTRACT
Structures with tin-rich island arrays on silicon pedestals were obtained by molecular beam epitaxy using Sn as a catalyst for the growth of
nanostructures. A tin island array was used further to study the growth of nanostructures in the process of Si deposition on the surface with
Sn islands. It was established that, during the growth on the vapor-liquid-crystal mechanism, tin-rich islands are formed on faceted pedestals.
A nanostructured cellular surface was formed between the islands on pedestals. The analysis of the elemental composition of the obtained
nanostructures was performed by the methods of energy dispersive X-ray spectroscopy and photoelectron spectroscopy. It is shown that
tin-rich islands can contain up to 90% tin, whereas the pedestal consists of silicon. The transmission electron microscopy data demonstrated
a distinct crystal structure of tin-rich islands and silicon pedestals, as well as the absence of dislocations in the structures with island arrays
on the faceted pedestals. The facet tilt angle is 19○ and corresponds to the (311) plane. The photoluminescence signal was observed with a
photoluminescence maximum near the wavelength of 1.55 μm.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5139936., s

I. INTRODUCTION

Ge-Si-Sn materials have attracted great attention of scien-
tists due to the possibility of obtaining a direct bandgap mate-
rial by adding Sn to the GeSi matrix. In recent years, the direct
bandgap GeSn material has been demonstrated,1 and photodetec-
tors,2 LEDs,3,4 and lasers5–7 based on Ge-Si-Sn materials have been
presented. Besides, the prospects of creating a direct bandgap mate-
rial are found in the adjusting of electrophysical properties by
including deformations and changing the bandgap. The implemen-
tation of type I heterostructures allows controlling the charge carrier
limitation.8 Such structures will find the application in transistors
with high carrier mobility, LEDs, quantum well lasers, and also
solar cells. The reduced dimensional systems based on the Ge-Si-Sn

materials, such as quantum wires and quantum dots, demonstrate
new perspectives and properties that are not observed in the bulk
material.9

Recent advances in the field of the device development using
nanowires cover the fields from nanoelectronics (field effect tran-
sistors) up to superconductivity.10–12 The direct bandgap emitting
structures, which operate in the mid-IR range and contain a GeSn
nanowire array with the high Sn content, were obtained.13 The
next promising candidate exhibiting quantum-size effects is quan-
tum dots. New optical and electronic properties arise due to the
limitation of charge carriers in all three motion directions. Since
the huge interest is observed relative to the quantum dots in the
field of the display creation, investigations are mainly aimed at
the search of approaches and materials with improved luminescent
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properties.14 Recently, the photoluminescence in the visible range
has been demonstrated in the contributions,15,16 which are devoted
to the GeSn quantum dots. By changing the composition and size
of quantum dots, one can control the photoluminescence spectrum.
The orange-red photoluminescence was observed for the quantum
dots in the size range from 1 to 3 nm. The tin content ranged
from 1.8% to 23.6%. Despite the fact that quantum dots contain-
ing Cd are currently used in the manufacture of displays, alterna-
tive materials are being sought. The quantum dots based on group
IV materials (Ge, Si, and Sn) can become nontoxic, stable, and
cost-effective.

The main objective of this contribution was to study the SiSn
nanoisland growth on a silicon pedestal, using Sn as a growth cat-
alyst by using the molecular beam epitaxy method. The SiSn island
formation occurred on the vapor-liquid-crystal (VLC) mechanism.
In addition to the array of islands on pedestals, a nanostructured cel-
lular silicon surface, which can be promising for creating the dense
quantum dot array based on Ge-Si-Sn materials, was observed.

II. EXPERIMENTAL DETAILS
The Sn islands and Sn-rich islands with Si pedestals on the

Si(100) substrate were obtained by the molecular-beam epitaxy
(MBE) technique at ultrahigh vacuum conditions of 10−7–10−8 Pa.
The MBE chamber is equipped with the electron beam evaporator
for Si and the Knudsen effusion cell for Sn. The Sn and Si layer
growth rates were varied from 0.012 to 0.02 nm/s and from 0.53 to
1 nm/s, respectively. The growth and annealing temperatures were
changed in the range of 300–600 ○C. The Sn film on the Si surface
was formed on the first step and then annealed to create the Sn island
arrays, which were applied as nanoobject growth catalysts. The fur-
ther Si deposition on this surface with the Sn islands resulted in the
appearance of Sn-rich islands with Si pedestals. The main method
of the morphology and surface structure control was reflection of
high energy electron diffraction (RHEED). The transition from the
two-dimensional to three-dimensional film (2D–3D transition) dur-
ing the Sn island growth was observed in the RHEED patterns.
The appearance of the Sn-rich islands with Si pedestals was also
monitored on the RHEED patterns. The film morphology includ-
ing the Sn islands and Sn-rich islands with pedestals was analyzed
by using a scanning electron microscope (SEM) (Hitachi SU8220)
and a scanning tunneling microscope (STM) (Omicron-Riber). The
SEM system allows carrying out the element analysis of the grown
samples since it additionally includes the EDX (Energy-dispersive
X-Ray spectroscopy) Bruker detectors. The XFlash 5060F QUAD
detector included in the SEM equipment was used for the analysis
of the X-Ray spectrum emission energy of the structures obtained
by the MBE technique. The morphology and atomic structure of
the SiSn islands on the Si substrate were investigated by means of

high-resolution electron microscopy (HREM) of cross section (110)
using a Titan 80–300 (FEI) transmission electron microscope with a
point to point resolution of 0.08 nm, operated at 300 kV. The anal-
ysis of the material chemical state both in its initial state and after
the exposition with Ar+ ions was carried out using the SPECS X-Ray
photoelectron spectrometer (Germany). The spectrometer consists
of three main vacuum chambers: a loading chamber, a preparation
chamber, and an analyzer chamber equipped with manipulators for
the sample transfer. The base pressure in the preparation chamber
is 5 × 10−9 mbar and is maintained by a turbomolecular pump. The
analyzer chamber is meant to record photoelectron spectra and is
equipped with the hemispherical analyzer PHOIBOS-150-MCD-9,
the FOCUS-500 X-Ray monochromator, and the XR-50M X-Ray
source with the double Al/Ag anode. The base pressure in the ana-
lyzer chamber is about 5 × 10−10 mbar. In this work, the character-
istic monochromatic radiation AlKα1,2 (hν = 1486.74 eV, 200 W)
was used to excite the spectra. The preparation chamber of this
spectrometer is equipped with an argon gun, which allows the soft
etching of the investigated sample surface in order to remove sur-
face impurities and oxide films. The sample optical properties were
studied by photoluminescence (PL) spectroscopy. To excite the pho-
toluminescence, a YAG:Nd laser with the wavelength of 527 nm
and the maximum power of 170 mW was used. The photolumi-
nescence was registered by the spectrometer based on the double
diffraction monochromator equipped with the Ge detector (the sen-
sitivity range of 0.8–1.7 μm). The PL measurements were carried out
at the nitrogen (77 K) and room (300 K) temperatures.

III. RESULTS AND DISCUSSION
The SiSn nanostructure growth was studied at the Si deposition

on the surface with a Sn island array. A series of structures with dif-
ferent thicknesses in the range from 0 to 20 nm was obtained. At the
first step, the Sn film was deposited on the Si surface either at room
temperature or at 100 ○C. The surface morphology was controlled
on the RHEED pattern. The polycrystalline Sn film was formed, and
it was confirmed by the presence of rings on the RHEED pattern
[Fig. 1(a)]. Then, the Sn films were annealed. The annealing process
was also observed on the RHEED patterns. During the annealing, the
disappearance of the rings corresponding to the polycrystalline film
took place, and the transition from the polycrystalline film to the film
with the Sn island array was observed. The occurrence of 3D reflexes
was controlled on the RHEED pattern [Fig. 1(b)]. The broadening
of reflexes and the increase of their brightness were observed during
the Si deposition on the surface with a Sn island array. It is asso-
ciated with an increase in the island size [Fig. 1(c)]. The initial Sn
island array is shown in the scanning electron microscopy (SEM)
image in the secondary electrons [Fig. 2(a)]. The tilted surface sites

FIG. 1. (a) RHEED pattern from the poly-
crystalline film during the Sn deposition;
(b) RHEED pattern from Sn islands after
annealing; and (c) RHEED pattern from
SiSn islands after the Si deposition on
the Sn island array.
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FIG. 2. SEM sample surface images: (a) for the Sn island
array after annealing the polycrystalline Sn film (the Sn
island increased by a factor 40 as shown in the inset) and
(b) for the SiSn island array with the Si pedestal obtained
after the Si deposition over the Sn island array (the SiSn
island increased by a factor 15 as shown in the inset).

in the SEM image of the secondary electrons look brighter, com-
pared with the surface perpendicular to the primary incident beam.
The increase in the secondary electron yield occurs near the acute
edges and angles of the sample. It is connected with a possibility of
the yield through several surfaces. Sn gives an additional contribu-
tion to the secondary electron emission as it has a more complicated
electron configuration than that of Si. In the inset of Fig. 2(a) is the
Sn island enlarged by a factor of 40. The SEM surface image with
the island array, obtained during the Si deposition over the film
with a tin island array, is presented in Fig. 2(b). The distribution
histograms for the number of islands on the base size and density
for the Sn island arrays, also for the islands with a pedestal, are pre-
sented.17 It is possible to see that the island is formed on the pedestal
in the enlarge island image [inset of Fig. 2(b), enlarged by a factor
of 15]. The pedestal is faceted by a distinct facet. One can identify
the facet from the island array on the pedestal by using either the
RHEED pattern or the TEM image. The RHEED pattern with the
faces from the pedestals is shown in Fig. 3. The facet tilt angle equals
19○, and it corresponds to the facet (311). The same result is con-
firmed by the STEM (scanning transmission electron microscopy)
data (Fig. 4). The pedestal-faceting planes are clearly seen in the
STEM image. They also correspond to the facet (311). Besides, it is
possible to conclude from the investigation results obtained by TEM
that our structures do not have any dislocations (Fig. 5). There are no
dislocations observed at the (tin-rich) island-Si border in the cross-
sectional image. The island merging process leads to the appearance

FIG. 3. RHEED pattern formed from the surface with the Sn-rich island array on
the pedestals. The facet angle, at which the pedestal is faceted, corresponds to
the face orientation (311).

of faceted pits. The distinct faceting of the pits shaped as a reverse
pyramid with the ⟨110⟩ type base rib direction can be observed in
the SEM images (Fig. 6, Table I). The Sn deposition at the temper-
ature of 300 ○C is a considerable difference of the sample presented
in Fig. 6 from the previous samples. The Sn island array was formed
without using any additional annealing. The Sn islands self-organize

FIG. 4. Cross-sectional STEM image for one of the Sn-rich islands with the Si
pedestal. The facet angle equals 19○.

FIG. 5. Cross-sectional TEM image from the sample containing the SiSn island
array with the Si pedestals. It shows the absence of dislocations in the structure.
The Si thickness of 15 nm corresponds to the upper Si layer deposited on the
surface with the Sn island array.
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FIG. 6. SEM images of the surface for samples A1 (a), A2
(b), A3 (c), A4 (d) (see Table I).

at the temperature exceeding the Sn melting temperature. Return-
ing to the issue on the appearance of pits, we assume that pits are
formed during the Si deposition in the presence of a Sn island array.
As the Si deposition temperature exceeds Sn melting temperature,
the initial Sn islands are liquid drops. As a result of the tin-rich
island merging, part of the islands disappears, forming a pedestal
with a pit in the center or near it. Silicon builds in, primarily, close
to the base, thus forming pedestals. Moreover, a solid SiSn solution
should form at the Si-Sn border. The element composition of the
obtained structures with the island array on the pedestals with the
methods of EDX and XPS is described below. The interisland sur-
face on the pedestals and large faceted pits is cellular. The samples
with a cellular surface structure can serve as a nanostructured sub-
strate. The rise of the Si deposition temperature leads to a density
decrease in the islands with pedestals (Fig. 6). The Si growth temper-
ature changes from 450 up to 600 ○C. The cells become more distinct
with a temperature increase, but they can increase in their size. The
element composition was analyzed by the EDX spectroscopy built in
the SEM-system and XPS spectroscopy. The element composition
map obtained by the method of EDX spectroscopy is presented.17

One can conclude that the pedestal is silicon-rich based on the

analysis by mapping the element distribution. The islands on the
pedestals are tin-rich. A preliminary analysis of the chemical com-
position in the plan-view geometry (top view) shows the island tin
content to 90%. The study of the chemical state of materials for
the Sn island array and the Sn-rich droplet with the pedestal was
performed by X-Ray photoelectron spectroscopy as well. The pho-
toelectron spectra of the Sn3d5/2 and Si 2p regions for the sample
with the Sn islands are shown in Fig. 7. The Sn island array was
obtained after the 5 nm thick Sn film deposition and annealing at the
temperatures of 100 ○C and 400 ○C, respectively. The Sn3d5/2 region
decomposition shows the presence of peaks, corresponding to dif-
ferent Sn oxidation degrees of 0 (metal), +2 (SnO), +4 (SnO2). The
binding energy value for Sn0 is 484.8 eV. Moreover, the photoelec-
tron spectra of the wet-etched sample S4 (Table II) were measured
and are shown in Fig. 8. The wet etching realized for 2 min in the
1:2 HNO3:HCl mixture was carried out before X-Ray photoelec-
tron spectroscopy. The analysis of Sn3d5/2 photoelectron spectra for
the fresh sample [Fig. 8(a)] and the sample after the Ar+ ion etch-
ing for 20 min [Fig. 8(b)] was performed. The sharp Sn0 line is
observed after the Ar+ ion etching and corresponds to a value of
about 485.1 eV. The difference between the Sn0 binding energy for

TABLE I. Sample description.

Sn Sn growth Sn annealing Si Si growth
Number of thickness temperature temperature thickness temperature
the sample (nm) (○C) (○C) (nm) (○C)

A1 5 300 . . . 100 450
A2 5 300 . . . 100 500
A3 5 300 . . . 100 550
A4 5 300 . . . 100 600
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FIG. 7. Photoelectron spectra of Sn3d5/2 (a) and Si 2p
(b) regions for the sample with Sn islands. The Sn island
array was obtained after the 5 nm thick Sn film deposition
and annealing at the temperatures of 100 ○C and 400 ○C,
respectively.

TABLE II. Sample description.

Sn Sn growth Sn annealing Si Si growth
Number of thickness temperature temperature thickness temperature
the sample (nm) (○C) (○C) (nm) (○C)

S1 5 100 400 100 350
S2 5 100 375 100 350
S3 5 Room temperature 400 100 400
S4 20 Room temperature 400↑450 150 400
S5 20 Room temperature 350 100 350
S6 20 100 350 100 350

FIG. 8. Photoelectron spectra of the Sn3d5/2 regions for wet-
etched sample S4: (a) the photoelectron spectrum from the
fresh sample and (b) the photoelectron spectrum from the
sample after the Ar ion etching for 20 min.
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FIG. 9. Photoluminescence spectra: (a) from sample S4 before and after wet etching and (b) from samples S1, S2, S3, S4, S5, and S6 (see Table II).

the sample with the Sn islands (Fig. 7) and the wet-etched sample S4
after the Ar+ ion etching [Fig. 8(b)] equals 0.3 eV. This may be the
evidence in favor of the SiSn solid solution formation. The similar
shift effects were registered in the bimetallic alloys.18,19

The optical properties of the tin-rich island arrays on the
pedestals were studied with the methods of photoluminescence spec-
troscopy. The photoluminescence spectra for sample S4, before and
after etching, are shown in Fig. 9. As it turned out, the photolumi-
nescence signal grows for the postetched sample. Therefore, photo-
luminescence is, definitely, not connected with tin-rich islands. The
photoluminescence spectra for the series of the samples described
in Table II are presented in Fig. 9(b). Two sets of the spectra,
almost two times different in their photoluminescence intensity, are
observed. The samples which differ in the initial tin thickness (5
and 20 nm) correspond to the above sets of the spectra. The solid
SiSn solution, which is formed at the tin-rich (to 90% Sn) island-
silicon pedestal, can mainly contribute to the photoluminescence.
This assumption is proved by the band diagram calculation for the
SiSn/Si heterotransition and also by the X-ray photoelectron spec-
troscopy data. The calculation was carried out using the approach of
model solid theory.20 A Sn content of about 15% corresponds to the
transition close to the photoluminescence maximum (wavelength
of about 1.55 μm). This value significantly exceeds the equilibrium
solubility limit of tin in silicon and, probably, can be reached in
the structures we obtained (at the tin-rich island–silicon pedestal
border).

IV. CONCLUSION
The work aimed at studying the morphology and structure of

thin tin films, as well as creating a tin island array on the Si surface
during the Sn deposition by molecular beam epitaxy at room tem-
perature and 100 ○C with a subsequent annealing or the Sn growth
at 300 ○C. The growth and annealing of tin films for thicknesses
from 0 to 20 nm were controlled by reflection high energy electron
diffraction. The appearance of tin islands was accompanied by the
occurrence of three-dimensional reflexes in the diffraction pattern.
A Sn island array was used further to study the growth of nanostruc-
tures in the process of Si deposition on the surface with Sn islands.

It was established that, during the growth on the vapor-liquid-
crystal mechanism, tin-rich islands are formed on faceted pedestals.
A nanostructured cellular surface is formed between islands on
pedestals. An increase in the Si deposition temperature leads to a
decrease in the density of islands and the appearance of a distinct
surface structure shaped as nanosized faceted cells, which have the
shape of a reverse pyramid. The analysis of the elemental composi-
tion of the obtained nanostructures was performed by the methods
of energy dispersive X-ray spectroscopy and photoelectron spec-
troscopy. It was shown that tin-rich islands can contain up to 90%
of tin, whereas the pedestal consists of silicon. In addition, based on
the results obtained by photoelectron spectroscopy, it was concluded
that a SiSn solid solution layer is formed on the tin-rich island-
silicon pedestal border. The transmission electron microscopy data
demonstrated a distinct crystal structure of tin-rich islands and sili-
con pedestals, as well as the absence of dislocations in the structures
with island arrays on pedestals. The silicon pedestal facet orienta-
tion was determined by reflection high energy electron diffraction
and transmission electron microscopy. The facet tilt angle is 19○ and
corresponds to the (311) plane. The optical properties of structures,
including tin-rich island arrays on silicon pedestals, were studied by
the photoluminescence method. The photoluminescence signal was
obtained at the temperature of 77 K and was observed in the range
of 1.3–1.7 μm with the photoluminescence maximum close to the
wavelength of 1.55 μm. Since the structures including island arrays
on pedestals do not contain dislocations, it can be concluded that
the photoluminescence signal is observed from the solid solution
layer.
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