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Abstract—Temperature dependence of the critical thickness of the transition from two-dimensional to three-
dimensional growth of the Ge, _ 5,Si4,Sn, films grown on Si (100) by molecular-beam epitaxy in the tempera-
ture range 150—450°C has been experimentally determined. This dependence is nonmonotonic and is similar
to that of the critical thickness for the transition from two-dimensional to three-dimensional growth in the
case of the deposition of pure Ge on Si (100) and is caused by a change in the mechanism of two-dimensional
growth. Data on the average size and the density of islands, and the ratio between the height of the islands
and their lateral size are obtained by the methods of atomic force microscopy and scanning tunneling micros-
copy. As the growth temperature is increased from 200 to 400°C, the average size of the nanoislands increases

from 4.7 to 23.6 nm.
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1. INTRODUCTION

The microelectronic and optoelectronic applica-
tions of materials from Group IV of the periodic Table
are limited due to a mismatch between the lattice con-
stants of elemental semiconductors Si, Ge, and of
their compounds, and also due to a small shift of the
conduction band as a result of a variation in the com-
position in heterojunctions for these materials.
Attempts directed at attaining the ability to inde-
pendently control the band gap and strain caused by
differences between the lattice parameters of the film
and those of the substrate stimulated efforts toward the
development of new semiconductor compounds.

Recently, ternary Si—Ge—Sn solutions have been
studied. They feature interesting electronic and trans-
port properties. In particular, independent control of
the band gap and the lattice parameter was demon-
strated in the family of ternary compounds Si—Ge—Sn,
the lattice parameter of which coincides with that of
elemental Ge [1, 2]. These data were obtained first for
Group-IV semiconductors and made it possible to
fabricate new optoelectronic devices compatible with
silicon technology and covering the range of applica-
tions from communications [3—6] to high-efficiency
solar cells [7]. In addition, due to a decrease in the
band gap, the optical sensitivity of p—i—n photodetec-
tors based on GeSn compounds is increased in com-
parison with germanium detectors [8]. Some studies
have indicated that Si—Ge—Sn compounds can
behave as direct-gap semiconductors [9, 10].

Epitaxial growth of Si,Sn Ge, _, _ , semiconductor
compounds is complicated by the difference between
the lattice constants of Sn and Ge (15%), Sn and Si
(19%), by the low equilibrium solubility of Sn in Si and
Ge (< 1%), and also by the instability of the diamond-
like structure of a-Sn and the tendency to Sn surface
segregation [11]. However, using nonequilibrium
methods for growth, for example, low-temperature
molecular-beam epitaxy (MBE), it is possible to grow
single-crystal SiGeSn films with a Sn content as high
as 25% [12]. Success in fabricating such compounds
becomes possible as a result of the considerable degree
of the replacement of Ge and Si atoms with Sn atoms
under nonequilibrium conditions at low growth tem-
peratures of 100—350°C.

The lattice constants of diamond-like Si—Ge—Sn
alloys are consistent with Vegard’s law; therefore, lin-
ear interpolation of the lattice constants between Si,
Ge, and a-Sn makes it possible to obtain the lattice
constant of the Si,Sn,Ge, _, _ , ternary solution equal
to that of elemental Ge. This circumstance is used in
this study in order to investigate the initial stages of
growth of Si,Sn,Ge, _ , _ , ternary alloys with the lat-
tice constant of Ge. Previously, data were obtained on
the initial stages of growth of GeSn binary alloys on Si
(100) [13]. In this case, the growth of GeSn, as also the
growth of pure Ge on Si (100), follows the Stranski—
Krastanov mechanism.

In this study, we obtained the growth-temperature
dependences for the critical thickness of the 2D—3D
transition for Si,Sn,Ge, _, _ , ternary alloys with a lat-
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Fig. 1. Dependence of the width of the direct band gap for
the SiGeSn ternary compound the lattice constant of
which is equal to that of Ge.

tice parameter equal to that of elemental germanium;
we also obtained statistical data on the size and density
of Si—Ge—Sn islands in relation to the alloy composi-
tion in the range of growth temperatures 150—450°C.

2. EXPERIMENTAL

Heterostructures based on Si—Ge—Sn materials
were grown under ultrahigh vacuum conditions
(1077 Pa) in a Katun’ MBE installation equipped with
an electron-beam evaporator for silicon and two
Knudsen effusion cells for obtaining molecular beams
of germanium and tin. Analytical equipment of the
growth chamber includes a mass spectrometer, a
quartz thickness meter, and a diffractometer of high-
energy electrons (20 keV). We used p-Si (100) sub-
strates. After chemical cleaning, the substrates were
placed into the growth chamber, where the substrates
were irradiated with a low-intensity flux of silicon at a
temperature of 800°C for ~5 minutes until the (2 X 1)
superstructure appeared. Then, a silicon buffer layer
with a thickness of 40 nm was grown at a temperature
of 700°C. The deposition rate of silicon amounted to
~0.35 A/s. Growth of the Si—Ge—Sn layers on silicon
was carried out at substrate temperatures in the range
of 150—450°C. The rate of growth of germanium
amounted to 0.09 A/s, whereas the rates of silicon and
tin varied from 0.018 to 0.072 A/s and from 0.0045 to
0.018 A/s, respectively.

The main in situ method for controlling the varia-
tion in the surface morphology was based on reflection
high energy electron diffraction (RHEED). The
RHEED patterns were recorded using a video camera
during growth; after that, a profile along one of the
crystallographic directions [110] or [100] was chosen
and a variation in the intensity in space—time coordi-
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nates was made. The 2D—3D transition from a smooth
surface to a surface with SiGeSn islands was deter-
mined from the variation in the profile-intensity dis-
tribution [14].

The morphology of the grown films was studied
using the ex situ methods of scanning tunneling
microscopy (STM) and atomic-force microscopy
(AFM).

3. RESULTS AND DISCUSSION

The behavior of the lattice constant of ternary
Si,Sn,Ge, _, _, alloys can be estimated from available
data on binary systems [15]. In the case of the ratio of
the silicon concentration to the tin concentration
equal to four, the lattice constant of a ternary alloy
equals the lattice constant of elemental germanium.
We studied such ternary Si—Ge—Sn compounds
whose lattice constant coincides with that of Ge.

We calculated the composition dependence of the
electronic structure of the ternary Si,Sn,Ge,_, _,
alloy using data reported in [16]. The dependence of
the direct band gap in the Si,Sn,Ge, _, _ , ternary alloy
on the germanium concentration at values of silicon
and tin concentrations such that the lattice constant of
the ternary alloy equals that of germanium is shown in
Fig. 1. The calculated values of the direct band gap
vary in the range of 0.8—1.35 eV. Thus, it is shown that,
at the same value of the lattice constant for the SiGeSn
ternary alloy, one can obtain values of the band gap,
which differ by more than 0.2 eV.

Films of the Siy,Sn,Ge,_s, ternary alloy (the
allowed values of y vary from 0 to 0.2) were grown by
the method of low-temperature MBE at temperatures
in the range of 150—450°C. The RHEED method was
used to study the growth of these films. The diffraction
patterns of the growth processes of germanium and the
Siy,Sn,Ge, _s, films are similar. A diffraction pattern
from the flat surface of the wetting layer was observed
first, then we observed the RHEED pattern corre-
sponding to the onset of three-dimensional growth.
We used the RHEED method during epitaxial growth
to determine the critical thickness of the transition
from two-dimensional to three-dimensional growth of
the Si, Sn,Ge, _5,/Si(100) structures as a function of
the growth temperature.

The temperature dependence of the critical thick-
ness of the 2D—3D transition at germanium concen-
trations of 60 and 80% is nonmonotonic and features
a maximum. Qualitatively, such behavior can be
accounted for by a change in the mechanism of two-
dimensional growth. Figure 2 schematically represents
variations in the mechanisms of two-dimensional
growth; also, for the sake of comparison, we show the
temperature dependence of the critical thickness of
the 2D—3D transition for the growth of pure germa-
nium on a Si (100) surface [17]. At low temperatures,
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Fig. 2. Temperature dependence of the critical thickness
corresponding to the 2D—3D transition in the case of the
epitaxial growth of Sig,Sn,Ge; _ 5, on Si (100).

adatoms, due to their low mobility, cannot reach the
edge of 2D islands, which grow further and fill the next
layer on the surface of the island. Then, multilevel
islands are transformed into three-dimensional
islands and give rise to a high surface roughness. As the
growth temperature is increased, the density of multi-
level islands (and, as a consequence, the surface
roughness) decreases; as a result, the critical thickness
of the 2D—3D transition increases. Figure 3 shows the
variation in the intensity profile of the diffraction pat-
tern in the [110] azimuth along the direction of mirror
reflection during the course of growth of the
Sij 1650, 04Ge, g layer at a temperature of 150°C. In this
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Fig. 3. Variation in the intensity of the mirror reflection in
the RHEED pattern during growth of the
Sig 16Sng 04Ge g structure at a temperature of 150°C.
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case, we observed oscillations in the intensity of the
mirror reflection. The presence of oscillations con-
firms that epitaxial growth proceeds according to the
two-dimensional island mechanism.

As the growth temperature is increased, the critical
thickness of the 2D—3D transition decreases as a
result of a decrease in the degree of film relaxation.
A transition of the mechanism of growth occurs due to
the motion of atomic steps, which is confirmed by a
lack of oscillations of the mirror reflection during
growth.

The transition between growth mechanisms for ter-
nary Si, Sn,Ge, _ s, compounds occurs at a lower tem-
perature compared with the process of growth of Ge
on Si (100). As the tin concentration is increased in the
ternary compound, the critical thickness of the 2D—3D
transition increases. A decrease in the temperature of
the transition between growth processes and an
increase in the critical thickness for the 2D—3D tran-
sition are related to the presence of tin, which acts as a
surfactant, promotes the surface diffusion of adatoms,
and segregates at the surface of the growing film [18].

The process of the heteroepitaxial growth of Ge
films on Si (100) qualitatively corresponds to the
growth process of the ternary Siy,,Sn Ge, _s, alloy. The
features of variations in the diffraction pattern indicate
that the morphologies of the surface layers of the ter-
nary Siy,Sn,Ge, _ s, alloy and of Ge qualitatively coin-
cide. The known morphological states were observed:
a wetting layer and 3D islands on this layer. The (2 X 1)
and (2 X N) superstructures are present in both cases
on the surface of the wetting layer. The period N varied
in relation to the composition of the ternary alloy and
the thickness of the epitaxial film. During the course
of deposition of the Si,Sn,Ge,_s, the period N
changed from 14 to 6; simultaneously, the (2 x 1)
superstructure disappeared, which was not observed
in the case of the growth of Ge on Si (100) (apparently,
this is related to the accumulation of tin on the sur-
face). As the thickness of the epitaxial film is further
increased, the (5 X 1) superstructure is formed on the
surface of the wetting layer. Such a reconstruction was
observed [19, 20] for the Sn/Si (100) system. As the
growth temperature is decreased from 350 to 200°C,
the (5 X 1) structure degenerates and the (2 X 1) and
(2 X N) superstructures appear. Such behavior of the
surface structure is possibly indicative of a decrease in
the effect of tin segregation as the growth temperature
is lowered.

The STM and AFM methods were used to obtain
images of the surface of ternary Si,,Sn Ge, _ 5, com-
pounds; we analyzed these images in the region of
three-dimensional growth. SiGeSn islands are
observed on the surface. We obtained the dependences
of the average size and density of islands at various
growth temperatures and for different compositions of
the ternary Si,,Sn,Ge, _s, alloy. Figure 4 shows the
STM image of the Sij3,Sn;03Geg¢ film grown at a
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thick grown at a temperature of 250°C. (b) The distribu-
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temperature of 250°C.

temperature of 250°C and the distribution of the num-
ber of islands in relation to the size of the island base.

In order to determine the effects of the composi-
tion and growth temperature on the properties of an
array of SiGeSn nanoislands, we constructed the
dependence of the island sizes on the growth tempera-
ture and the composition of the Siy,Sn,Ge, _5; this
dependence is presented in Fig. 5. It is shown by anal-
ysis of the AFM and STM images that, as the growth
temperature is increased, the size of the island base
becomes larger and, correspondingly, the island den-
sity decreases. The increase in the island sizes is
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Fig. 5. The distribution of sizes of Siy,Sn,Ge, _ 5, islands
in relation to the growth temperature.

related to the fact that, as the growth temperature is
increased, the diffusion of atoms over the surface is
stimulated; the same is true for the incorporation of
atoms into the islands. It is worth noting that the sizes
of the islands grown at temperatures of 250 and 300°C
are practically identical, in spite of the fact that the
germanium concentration in the ternary alloy differs
by 20%.

The STM data were used to obtain the ratio of the
island height to the transverse size in relation to the
transverse size for the Si,,Sn,Ge, _ s, alloys grown at a
temperature of 250°C. Such a ratio (however, for ger-
manium quantum dots) was widely described in avail-
able publications [21]. For pre-pyramids and hut-
clusters, the ratio of the sizes equals approximately
0.05—0.15. GeSiSn islands grown at a temperature of
250°C feature a similar relation of sizes (0.06—0.14).

4. CONCLUSIONS

It is established in this study that the process of
growth of thin films of Ge, _5,Si;Sn, on Si (100)
occurs via the Stranski—Krastanov mechanism. We
determined the specific features of the growth of
Ge, _5,Si,Sn, layers whose lattice constant coincides
with that of elemental germanium. In contrast to Ge
and GeSn films, in the case of the epitaxial growth of
the ternary Ge, _, _,Si,Sn, compound on Si (100), we
observed the decay of the (2 X 1) superstructure with
its further disappearance and a change in the period-
icity N in the superstructure (2 X N) from 14 to 6 and
the formation of the (5 X 1) superstructure.

We analyzed variations in the intensity of reflec-
tions in the RHEED pattern during the growth of
Ge, _5,Siy,Sn, ternary alloys on Si (100) and obtained
the temperature dependence of the critical thickness
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corresponding to the 2D—3D transition in the range of
growth temperatures 150—450°C. This dependence at
germanium concentrations of 60 and 80% is non-
monotonic, is similar to that in the case of the growth
of pure Ge on Si (100), and is caused by a change in
the mechanism of growth (from the two-dimensional
island mechanism of growth to the mechanism of
growth by atomic steps). The change in the growth
mechanisms is confirmed by the presence and absence
of oscillations in the mirror reflection during the
growth of the Sij ,Sn,4Gey g ternary compound at
temperatures of 150 and 350°C, respectively. The
observed shift of the extremum point to lower tem-
peratures is attributed to the effect of tin (as a surfac-
tant) stimulating surface diffusion.

Using STM and AFM methods, we obtained the
dependence of the average size of the nanoislands in
the region of three-dimensional growth on the com-
position of a ternary alloy and growth temperature. As
the growth temperature is increased from 200 to
400°C, the average size of the nanoislands increases
from 4.7 to 23.6 nm. The ratio of the height to the lat-
eral size of the Ge(gSij Sny s and GegSig 3,50 o5
nanoislands synthesized at a substrate temperature of
250°C is in the region of 0.06—0.14, which corre-
sponds to the size distribution for hut-clusters of Ge
upon its epitaxy on the surface of Si (100).
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