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Nanocrystalline silicon on sapphire is one of a mul�
titude of structural modifications of silicon, in which
properties uncharacteristic of this indirect semicon�
ductor appear due to quantum�confinement restric�
tions. Nanocrystals can be formed in several ways. The
most widely used method for obtaining silicon nanoc�
rystals in which confinement effects of the electron
spectra are manifested consists in the formation of
nanocrystals by the implantation of Si atoms into a
dielectric matrix, followed by annealing [1]. This
makes it possible to create an effective emission system
[2, 3]. In another method, nanosize clusters are
formed directly during the course of layer growth. This
technique is based on the crystallization process by the
Stranski–Krastanov mechanism. The method for
obtaining an array of quantum dots (QDs) in a germa�
nium–silicon heterosystem by molecular�beam epit�
axy (MBE) has been well studied [4]. The QD sizes in
systems of this kind are comparatively large, 10 nm
and more, whereas their surface density is at a level of
109–1011 cm–2 [5].

Previously, we have shown that silicon nanocrystals
can be formed on the surface of sapphire by MBE [6].
In this case, the maximum density of the islands
reaches a value of 1011 cm–2, which is comparable with
the results obtained for the germanium–silicon het�
erosystem. In the present work, we discuss the growth
mechanism of islands in the silicon–sapphire hetero�
system. The data of the cross�sectional transmission
electron microscopy of silicon nanoislands on sap�
phire suggest that growth in the silicon–sapphire het�
erosystem occurs by the Stranski–Krastanov mecha�
nism [7]. In [8], the growth mechanism of islands for
a small degree of coverage is described in detail with
consideration for the presence of a wetting layer. This
mechanism disregards direct island hits by atoms of
the molecular beam. It is considered that the islands
grow due to the diffusion of atoms from the surface.
Then, two situations are possible: growth of islands

from a supersaturated vapor of atoms on the surface of
the wetting layer and that via consumption of the
material directly from the wetting layer.

During the course of island growth, the layer thick�
ness will remain constant in the first case and will
decrease in the second. Data on silicon�on�sapphire
structures are thus far insufficient for tracing the thick�
ness�variation dynamics of the wetting layer. The sili�
con–germanium heterosystem has been well studied,
and it was shown that, in this case, island growth dur�
ing the initial stage of MBE occurs via the consump�
tion of atoms from the wetting layer [8]. The same
behavior is observed in the GaAs–InGaAs system. In
what follows, we assume that, in the silicon–sapphire
system too, growth occurs by the same mechanism
and the motion of atoms over the surface of the wetting
layer only leads to the growth of the wetting layer itself.
A similar model is considered in [8], according to
which atoms diffuse from the wetting layer into an
island under the action of elastic stresses. In this case,
the following formula is used to find the growth rate of
islands with a supercritical size, di/dt (i is the number
of atoms in an island, and t is time):

(1)

where D is the diffusion coefficient of atoms of the
wetting layer for diffusion caused by the difference in
the elastic stresses in the wetting layer and in the
island,  is the gradient of the chemical potential at

the island boundary, P is the island perimeter, 1/  is
the concentration of adsorption sites on the surface,
T is temperature, and kB is the Boltzmann constant.

In the case of the silicon–sapphire heterosystem,
silicon islands are very close to each other. At an island
size of 5–7 nm, the distance between the islands is in
the range 5–10 nm. In this case, the contribution from
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direct atomic hits to island growth may be important.
We made an attempt to take this contribution into
account. In this case, the growth rate is expressed as

(2)

where S is the island�base area, and J is the atomic flux
of the substance being deposited. At a growth rate of
2 Å/s, J ≈ 10 nm–2 s–1 for Si (100).

It is convenient to calculate the island size, rather
than the number of atoms in an island. The island size
can be observed experimentally by atomic�force
microscopy (AFM) or transmission electron micros�
copy. Therefore, we replace the number of atoms in an
island in formulas (1) and (2) with its lateral size. Fig�
ures 1a and 1b show, respectively, the AFM image of a

di
dt
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typical silicon island on sapphire and cross�sectional
profiles in two perpendicular directions.

The island is well approximated with a spherical
segment of radius R (Fig. 1b), protruding above the
surface to a height h. Taking that a single silicon atom
occupies a volume of Vs = 0.036 nm2, we write the
island volume as V = πh2(3R – h)/3 = iVs. The perim�
eter of the island, P = πl, and its base area S = πl2/4,
where l is the lateral size (diameter) of the island. Fur�
ther, we express R and h in terms of l: R = h/2 + l2/8h.
During the course of growth, the l/h ratio varies, but
we can consider in the earliest stages of growth that
l = 3h, then R = 0.54l. Finally, we obtain an expression
for the island volume V = 0.47πl3 = iVs, whence we
express the number of atoms in the island as i =
0.47πl3/Vs. Substituting all these results into formulas (1)
and (2) and integrating, we obtain the time depen�
dence of the growth rate of the lateral sizes of the
islands:

(3)

for the island growth mechanism due to the supply of
material from the wetting layer, and

(4)

in the case of island growth via direct atomic hits.
Here, L is the critical nucleus size. L being very small
(as a rule, several atoms), it can be neglected in these
expressions. Let us now perform a simulation for a
growth temperature of 650°C. D and  are unknown
for the silicon–sapphire system, but, in the end, all the
unknown quantities can be reduced to a single one. In
this case, the expression for the lateral size of an island

will have the following form: l = . We are going to
choose coefficient A experimentally. Substituting the
necessary values into (4), we obtain expressions for the
size of an island upon its growth due to direct hits: l =
0.128t.

Figure 2 shows how the lateral sizes X and Y of the
islands depend on the growth time. Durign the initial
growth stages (at growth durations shorter than 30 s),
the experimental data correlate with the simulation
results. The best agreement between the experimental
and simulation results was observed at A = 3.8. It can
be seen in this case that growth by direct hits barely
gives any contribution.

At deposition times exceeding 30 s, strong dis�
agreement appears between the experimental and sim�
ulation results. The real island sizes substantially
exceed the calculated values, with the discrepancy
becoming more pronounced with increasing deposi�
tion time. The reason is that the suggested model dis�
regards the coalescence of islands, whereas this pro�
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Fig. 1. (a) AFM image of a typical silicon nanoisland on
sapphire. (b) (1, 2) Cross�sectional profiles of the given
island and (3) that of an approximating sphere with a
radius R = 17 nm.
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cess is observed in the earliest stages of MBE growth.
In the case of coalescence, the islands are combined
and their overall size sharply increases.

On the whole, the suggested model adequately
describes the growth of silicon nanoislands on sap�
phire during the course of molecular�beam deposition

and confirms the assumption that growth in the sili�
con–sapphire system is described by the Stranski–
Krastanov model.

The study was supported by the Russian Founda�
tion for Basic Research (project no. 12�02�31686).
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Fig. 2. Lateral sizes of the islands vs. the growth duration at
a growth temperature of 650°C and growth rate of 2 Å/s:
(1) experiment, (2) growth at the expense of the wetting
layer, and (3) growth due to direct atomic hits.


