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Abstr act—Atomic-force microscopy is used to study the behavior of an array of Geidandsformed by molecular-
beam epitaxy on an S (100) surface in the presence of an antimony flux incident on the surface. It is shown that,
asthe Sh flux increases to a certain critical level, the surface density of the idlands increases; however, if this crit-
ical level is exceeded, nucleation of theidandsis suppressed and mesoscopic small-height clusters are observed
on the surface. This effect is explained qualitatively in the context of akinetic model of theidands formationin
heteroepitaxial systems mismatched with respect to their lattice parameters. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

A large number of publications have been devoted to
the physical properties and formation methods of nan-
odimensional Ge inclusionsin an Si matrix. The inter-
est of researchers in this field is caused, to a great
extent, by the potential of using these inclusions as
active elements of light-emitting and detecting devices
based on silicon. For device applications, it is necessary
to obtain a dense array of nanodimensional Ge islands
on the Si surface, which can be accomplished, for
example, using epitaxial technologies, in particular,
molecular-beam epitaxy (MBE). An array of elastically
stressed islands with nanometer-scale sizes is formed
according to the Stranski—Krastanov mechanism as a
result of the deposition of several Ge monolayers onto
the surface of asingle-crystal Si substrate using MBE.
In general, the disadvantages of this method consist in
a fairly large spread of the islands in relation to their
shape and size. For example, in a temperature range
from 550 to 600°C, two types of islands can be formed,
i.e., multifaceted dome-shaped islands and pyramidal
hut-shaped idands [1]. It has previoudly been shown [2]
that, in growing the Ge islands on an Si substrate in a
temperature range of 550-600°C, one can reduce the
spread in the idands' sizes by exposing the surface
simultaneoudly to fluxes of Sb, moleculesand Ge atoms.

In this paper, we report the results of experiments
with the growth of Geislands at various Sh, fluxesinci-
dent on the substrate surface. The results obtained are
discussed from the standpoint of the kinetic theory of
formation of idands in systems that are mismatched
with respect to their lattice parameters.

2. EXPERIMENT AND RESULTS

We used atomic-force microscopy (AFM) to exper-
imentally study the effect of Sb surface concentration
on the properties of an array of Ge islands on the
Si (100) surface of the samples obtained as a result of
growth experimentsin an MBE system.

The samples under study were grown in a Riber
SIVA-45 epitaxial system. A 100-nm-thick Si buffer
layer was grown on the Si (100) surface for each sam-
ple. A Ge layer with an effective thickness of 0.8 nm
was then deposited onto the Si buffer layer at a sub-
strate temperature of 550°C; in al the cases, the depo-
sition of Ge was accompanied by exposure of the sur-
face to an antimony flux. The Ge growth rate was
0.016 nm/s. The Sh, flux was varied by adjusting the
temperature of the antimony effusion source in a range
from 450 to 550°C. In the course of the Ge deposition,
the state of the surface was monitored using a system for
reflection high-energy electron diffraction (RHEED).
For samples 14 (see table), the RHEED pattern
changed (the line reflections were replaced by point
reflections) in the course of the formation of the Ge
islands. This observation indicates that the elastically
stressed Ge layer transformsinto a system consisting of
islands and a wetting layer. For sample 5, grown at the
highest temperature of the antimony source, the
RHEED pattern remained mainly linelike, and thelines
corresponding to the most important refl ections became
thicker. Upon completion of the growth process, the
samples were cooled to room temperature, removed
from the growth chamber, and exposed to air. The sam-
ples surfaces were then studied in a contactless mode
using a Digital Instruments Inc. (USA) atomic-force
microscope (AFM). NSC15/NoAl tips, produced by
MicroMasch, were used in the AFM measurements.
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The results of AFM measurements
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The main parameters of the growth experiments and
the results of the AFM measurements are listed in the
table.

In Fig. 1a, we show the AFM image of sample 1.
It can be seen that pyramidal islands are present on the
sampl e surface; the dome-shaped islands, which are not
observed on other samples, are also present. This cir-
cumstance indicates that the effect of Sb on the forma-
tion of Geidlandsisinsignificant at a Sh source temper-
ature of 450°C. Furthermore, the distributions in the
shape and size of theislands are bimodal, asin the case
of the deposition of pure Ge on the Si (100) surface[1].
Comparing this result with those reported in [2], we
note that, in the case of the deposition of pure Ge on the
Si surface at a substrate temperature of 450°C, the for-
mation of the dome-shaped islands is accompanied by
the formation of hut-shaped islands with rectangular or
square bases; at the same time, the presence of even a
small amount of Sh on the surface leads to the disap-
pearance of the hut-shaped islands with the rectangular
bases. In Fig. 1b, we show the AFM image of a surface
area for sample 4. In this case, the size distribution of
the idlands is more uniform, their density is much
higher, and their sizes are smaller than for sample 1. As
the temperature of the Sb source is further increased to
550°C (sample 5), the structure changes radicaly. It
followsfrom Fig. 1c that mesoscopic surface roughness
with a characteristic height of less than 1 nm is
observed for sample 5. This observation is consistent
with the RHEED pattern obtained in situ. Thus, the
nucleation of the islands at the surface becomes sup-
pressed at a certain threshold value of the antimony
flux. Experimental dependences of the surface density
and the average lateral size of the islands on the temper-
ature of the antimony source are shownin Fig. 2. Ascan
be seen, theformation of islandsin a Ge/Si(100) system
exhibits threshold behavior in the presence of anti-
mony; i.e., as the Sb concentration increases, the den-
sity of the islands' array first increases and then tends
to zero as a certain threshold value of Sb concentration
is exceeded. At the highest antimony flux used in this
study, the suppression of the islands' formation and a
transition to two-dimensional growth are observed.
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Thiseffectistypically related to adecreaseinthe system’s
surface energy (the surfactant-mediated growth) [3]. In
order to clarify the origin of the observed effect, we
undertook an additional theoretical study of Ge/Si
growth processes with the involvement of Sh.

3. THEORETICAL MODEL AND DISCUSSION
OF THE RESULTS

Aswas shown in [4-7], the kinetic stage of the for-
mation of quantum dots, according to the Stranski—
Krastanov mechanism in heteroepitaxial systems, can
be described in terms of classical nucleation theory [8].
The following expression was derived for the critical
layer thickness that corresponds to a transition from
two-dimensional to three-dimensional growth on the
basis of the model suggested by Dubrovskii et al. [5]
for the free energy of theislands' formation:

B Df_)_ Te |:|1/2
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Here, hy, is the equilibrium thickness of the wetting
layer (he, is determined from the balance between the
elastic and wetting forces [9] and is independent of the
growth kinetics); T is the substrate temperature during
the growth of the layer with quantum dots (this temper-
ature is assumed to be constant); T, is a quasi-equilib-
rium parameter that has the dimensions of temperature
and is controlled by the surface energy, the islands
shape, and the lattice mismatch; and Q is adimension-
less kinetic parameter that depends on the conditions of
epitaxial growth. As was shown in [5—7], the physical
meaning of the parameter Q is the following: Q is the
ratio between the characteristic time for the deposition
of amateria onto the surface and that for the growth of
coherent islands from the atoms of the wetting layer. As
a consequence, the dependence of Q on temperature T
and the deposition rate V of the material is given by

1 E
QUTexp E_I%_?IH’ )

where kg isthe Boltzmann constant. The activation bar-
rier E, affects the rate at which the atom diffusion,
caused by elastic stresses[4] and directed from the wet-
ting layer to the islands, occurs.

We now consider the most important results of the-
oretical studies concerned with the formation kinetics
of supercritical quantum dots (at an effective deposited-
layer thickness H, that appreciably exceeds h,). These
results were reported in [5-7]. The nucleation of the
islands occursin the time period from t. — At to t, + At,
where t. = h/V is the timeinterval for growing a criti-
cal-thickness layer under the given conditions of hete-
roepitaxial growth. Upon completion of the nucleation
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Fig. 1. AFM images of the surfacefor (a) sample 1, (b) sam-
ple 4, and (c) sample 5. The scanned areais 2 x 2 pm? for
al the samples.

stage (att >t + At), the surface density of theislands N
attains the constant value

_ N, LOnQ™
Here, N, isaknown constant that is independent of the
growth conditions. Upon completion of the nucleation
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Fig. 2. Experimental dependences of (1) the average lateral
size and (2) the density of islands on the Sb source temper-
ature for samples 1-5.

stage, alonger stage sets in during which relaxation of
the islands’ sizes occurs. The average lateral size L of
the islands increases to its quasi-stationary value Ly at
t= t; + 3tg, where ty is the characteristic time of the
isands' size relaxation. The quasi-stationary average
size of the islands depends on their surface density and
a so on the effective thickness of the deposited layer:

h 13
gackeitpg @

LR=C0D N O

Here, C, is a dimensionless constant controlled by the
shape of the idands. This shape is assumed to be inde-
pendent of the growth conditionsin the kinetic stage of
theislands' formation.

In the case where the structure was not exposed to
the antimony flux (for example, if the surface was
immediately cooled or the structure was overgrown at a
low temperature after interruption of the growth of the
layer with quantum dots), the experimental value of the
islands’ average size can be much smaller than L. The
time dependence of the average size is given by L =
Lef(t —t)/tg], where f(x) is an ascending function of x
(this function was defined in [7]; it is important that
f(0) = 0 and f(3) = 1). In the absence of exposure of the
surface to the antimony flux, the idands' size L(t,) at
the instant (t, = Hy/V) when the growth was interrupted
after the deposition of the H, Ge monolayersisgiven by

-h
L) = Lef oD ©

An analysis of recent results [5—7] suggests that the
dependences of the characteristic durations of the
nucleation stage and the stage in which the size relax-
ation on Q occurs can be written as

1
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Fig. 3. Dependences of (1) the surface density of islands N
and (2) their quasi-stationary lateral size L on the parame-
ter Ep/kgT; this parameter increases as the Sb flux
increases.

Further evolution of the system requires a long-term
exposure of the structure and occurs at time instants
that appreciably exceed t, + 3tx.

The condition for the applicability of classical nucle-
ation theory consists in the smallness of the thermody-
namic fluctuation in the subcritical region: exp(F) > 1,
where F is the nucleation-activation barrier height
expressed in thermal units[10]. In the model under con-
sSideration, it is this condition that makes it possible to
derive arelation between the lowest activation barrier for
the idands' nucleation at the largest thickness h = h, of
the wetting layer and the kinetic parameter Q [5]:

F(h) = (5/2)InQ. @)

Formula (1), describing the critical thickness, is a con-
sequence of expression (7), which represents a specific
form of the free energy for coherent-island formation.
Evidently, the condition for the applicability of nucle-
ation theory is satisfied with confidence in the case of
Q> 1, which was analyzed in detail in [5-7].

However, as follows from expression (2), the value
of the kinetic parameter Q decreases exponentially as
the surface temperature T decreases and the height of
the activation barrier E for the diffusion of atomsfrom
the wetting layer to an island increases. The physical
cause of this phenomenon is a retardation of the diffu-
sion processes at the surface dueto either a decrease in
temperature or the use of impurities that restrict the dif-
fusive motion. As has been shown recently (see, for
example, [2]), one such diffusion-restricting impurity
for a Ge/S system is Sh. In the context of a smplified
model, we assume that an increase in the Sb source
temperature and the corresponding increases in the Sb
concentration on the surface appreciably increase the
effective barrier height E, for the diffusion of Ge atoms
from the wetting layer into an island (the quantity Eg
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appears in Q in formula (3) for N) and affects, to a
lesser extent, the surface energy of the system (this
energy appearsin T, in the same formula). Considering
N and L as functions of Q for the constants T, T, and
H,, we ascertain that, in accordance with formulas (3)
and (4), the density of the idands invariably exhibits a
maximum, whereas their quasi-stationary size exhibits
aminimum at Q = e. At the instant of growth interrup-
tion t,, the islands’ size L(t,), in accordance with for-
mula (5), decreases progressively in comparison with
Lr. This decrease is caused by both an increase in the
critical thicknessh, (seeformula (1)) and anincreasein
the size-relaxation time ti (see formula (6)). Thus, as
Q decreases to the threshold value Q ~ e, the suppres-
sion of nucleation in the heteroepitaxial system setsin.
The height of the activation barrier for nucleation is
small according to formula (7); consequently, there are
no thermodynamic obstacles to the formation of
islands. However, in this case, the nucleation rate and
the islands’ surface density are profoundly affected by
the preexponential kinetic factor in the corresponding
expression [8], which is proportiona to the diffusion
rate. Theislandsjust cannot form, since the mechanism
by which materials are transported from the wetting
layer to an island is lacking under the conditions of an
almost complete suppression of diffusion; at the same
time, the probability of atomsarriving directly fromthe
molecular flux is low. Theoretical dependences of the
islands’ surface density N and their lateral size Ly upon
completion of the relaxation stage on the height of the
diffusion-activation barrier, expressed in the thermal
units Ep/kgT, are shownin Fig. 3.

We should note the satisfactory qualitative agree-
ment existing between the experimental data (Fig. 2)
and the results of the theoretical calculations (Fig. 3) in
the context of the application of the model under con-
sideration to an interpretation of the reported experi-
mental data on the dependences of the density and aver-
age size of quantum dots in a Ge/Si(100) system on a
Sb flux. Figures 2 and 3 both indicate that the depen-
dence of the islands formation on Sb concentration is
of a threshold type. However, owing to the following
reasons, we should not expect good quantitative agree-
ment between the theory and experiment. First, aquan-
titative relation between the Sb source temperature and
the surface concentration of the adsorbed Sb atoms is
not clear. The sameisalso true for the relation between
the Sb concentration and the value of the activation-
barrier height for the diffusion of Ge atoms. Second, an
increase in the Sb concentration brings about an
increase in the surface energy of the islands' lateral
faces and, consequently, also affects the height of the
activation barrier for nucleation. Finally, nucleation
theory itself is on the verge of the applicability domain
at small values of the parameter Q ~ €; therefore, this
theory holds only qualitatively in this case.

2005
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4. CONCLUSION

The results obtained in this study indicate unambig-
uoudly that the behavior of the structural characteristics
of quantum dotsin a heteroepitaxial Ge/Si(100) system
is nonmonotonic and threshold-like as the antimony
concentration on the surface increases. This effect can
be qualitatively explained as follows. At first, asthe Sb
flux increases, the surface density of the Ge islands
increases significantly while, smultaneously, their |at-
eral sizes decrease. This behavior is completely consis-
tent with the mechanism that was outlined in [10] and
described theoreticaly in [5—7]. The presence of Sb
retards the diffusive supply of Ge atomsto the growing
islands; asaresult, the size of theislands decreases. The
height of the activation barrier for the isands nucle-
ation also decreases; consequently, the nucleation rate
for theidlands and their surface density increase. How-
ever, afurther inhibition of diffusion leadsto quenching
of the isdlands' nucleation in the system; therefore, the
islands’ density decreases drastically after a certain
maximum value of this density has been attained. The
time required for the nucleation and growth of the
islands increases appreciably, and, as aresult, their lat-
eral size cannot attain the corresponding quasi-equilib-
rium value. As was shown, the threshold effect of
guenching for nucleation can be qualitatively explained
in the context of the kinetic model of coherent-island for-
mation in heteroepitaxia systems[5-7]. However, quan-
titative studies require further devel opment of the theory;
in addition, more detailed experiments are needed.
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