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ABSTRACT

We determined the enthalpic and entropic contributions to the thermodynamics of coherently strained nanocrystals grown via deposition of
pure Ge on Si(001) surfaces at 600 and 700 °C by analyzing their composition profile and local strain. We found that the free energy associated
with the entropy of mixing, which drives Ge xSi1-x alloy formation, was significantly larger than the relaxation enthalpy that produces the
islands. Thus, entropy plays a significant role in the evolution of the size and shape of the islands during growth through the strong
thermodynamic drive to form an alloy.

For many lattice-mismatched systems, a small amount of one
material deposited onto a single-crystal surface of another
will yield coherently strained heteroepitaxial nanocrystals that
can have atomic-like electronic properties. Over the past
several years, many theoretical and experimental investiga-
tions have interpreted this nanocrystal formation and evolu-
tion as either a thermodynamic or kinetic process.1-7 In most
cases, the driving force for island formation and shape change
is considered to be the relaxation of the elastic energy that
arises from the lattice mismatch between the nanocrystals
and the substrate. The stability of an island ensemble has
been discussed in the context of elastic, surface, and line
energy components. In the thermodynamic scenario, a
preferred island size exists that is metastable with respect to

Ostwald ripening;1 subsequent forced growth by continued
deposition results in a shape change2-6 that can be reversed
by annealing to induce alloy formation in the islands.7 In
the kinetic scenario, observed increases in the average island
size over time are ascribed to Ostwald ripening,8 and shape
changes occur because of discontinuities of the island
chemical potential, producing an anomalous coarsening
process,3 or because of island-island interactions.2,6 In most
studies, the islands were implicitly assumed to have a
constant and uniform composition over time. The role of
the island composition was believed to be secondary; the
average size of an island ensemble was determined by the
strain, which in turn depended on the island chemical
composition through Vegard’s law (the island radius displays
a dependence on the strainε asR ∝ 1/ε2).9 However, if the
composition and thus the strain are time-dependent, they will
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have a major impact on the evolution of the island size
distribution.

More recently, several groups have discovered that the
island composition was not only different from the nominally
deposited material, but it was also nonuniform.8,10-12 The
observed composition profiles have been associated with
different mechanisms that produce particular composition
configurations, which may provide a clue to the island
formation mechanism.12-14 If the formation mechanism can
be controlled, it may be possible to tailor the composition
profile and thus the electronic confining potential. Here we
show that the free energy that determines the nanocrystal
size, shape, and composition includes mechanical energy and
entropy terms, with the latter being significantly larger for
typical island growth temperatures.

The system analyzed here is Ge on Si (001), which
displays the full range of behavior for coherently strained
nanocrystal islands. Two samples were grown under two very
different conditions: sample C was grown at 600°C by CVD
at a rate of 3 ML/min. Sample M was grown at 700°C by
MBE at a rate of 1 ML/min. For both samples, the total
amount of deposited material was 12 equiv ML of Ge (1
eqML of Ge ) 6.3 × 1014 atoms/cm2). Atomic force
microscope (AFM) and anomalous X-ray diffraction (AXRD)
experiments were performed15 to obtain 3D structural and
chemical maps of the highly monodisperse islands. The
average island radii were 32( 4 and 51( 4 nm with heights
of 14 ( 2 nm and 19( 2 nm for samples C and M,
respectively.

Figure 1 shows the composition profile for samples C and
M grown at different temperatures as well as the correspond-
ing composition histogram as determined from AXRD.15 The
average Ge mole fractionx for samples C and M determined
from the AXRD data are 77( 5% and 70 ( 5%,
respectively. Examination of the size and composition data
yields the following observations: (1) the island surface and
top are Ge rich for both samples, (2) there is a significant
amount of Si within the island base, (3) the dome M to C
radius ratio (∼1.6) is larger than that predicted from the
simple 1/ε2 dependence that results from their average
compositions (∼1.2), and (4) the composition inside the
domes is not uniform, in contrast to the predictions for an
equilibrated dome by several Monte Carlo simulation
studies.16-18

To understand the observed composition profiles, both the
thermodynamics of mixing19 and mechanical energies15

should be evaluated. The Gibbs free energy isG ) H - TS,
whereH is the enthalpy,T is the growth temperature, andS
is the entropy. The enthalpy of formationH has two
components:H ) Eelastic + Echemical. The elastic component
Eelastic includes island bulk, surface, and edge strain as well
as island-island interactions,1,4 which at the atomic scale
modify the bond angles and lengths. Table 1 lists the elastic
energy stored in 2D films on unrelaxed substrates calculated
by elasticity theory as well as the average experimental
values evaluated for samples C and M.15 As a reference, for
an unstrained Si0.5Ge0.5 random alloy 2D film,Eelasticis ∼2.4
meV/atom, which arises from the bond angle and length

variations.20 For the case of a 2D Si0.5Ge0.5 layer coherently
strained onto unrelaxed Si,Eelastic is ∼8 meV/atom.20 An

Figure 1. (a) Composition profiles as obtained from AXRD data.15

The black lines correspond to isoconcentration contours at 40%
and 60% Ge content. (b) Composition histogram inferred from the
composition maps (a) for both samples. The bin that corresponds
to nearly pure Ge is primarily surface material.

Table 1. Average Energies for Islands Grown under Different
Conditions (meV/atom)

average free energy
contributions

600 °C,
x ) 0.77

(meV/atom)

700 °C,
x ) 0.70

(meV/atom)

enthalpy of mixing (Echemical)a 2.4 ( 0.1 2.8 ( 0.1
entropy of mixing (-TSmix)b -35 ( 7 -44 ( 6
free energy of mixing (Gmix) -33 ( 7 -41 ( 6
elastic energy in domec 8 ( 1 5.3 ( 0.5
elastic energy in substrated ∼8 ∼5
total elastic energye ∼16 ∼10
elastic energy of an alloy filmf 22 20
relaxation energy of domeg ∼-6 ∼-10

a Calculated fromEchemical(x) ) w × x × (1 - x), wherew ) 4 ×
Echemical(0.5) ∼ 4 meV/atom.b Calculated from-TSmix(x) ) kT(x ln x +
(1 - x) ln(1 - x)). c Determined from experimental AXRD data (ref 15)
and elastic constants of alloys.d Estimated to be equal to the elastic energy
stored in an island.e Estimated total strain energy in dome and substrate
per atom in the dome.f Calculated from elasticity theory for an uniform
layer constrained to a Si substrate with a composition derived from that of
a film with the same mixing entropy of that of the average dome.g Estimated
average relaxation energy for Domes compared to an uniform film of a
composition that exhibits the same average entropy.
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important issue to be considered is that, in real systems, the
substrate is relaxed and thus also stores elastic energy.21

These strain fields are tensile directly under an island and
then become compressive in the region outside the outer edge
of the island. By equipartition, the strain fields in the substrate
should contain about the same amount of energy as the strain
in the islands themselves. However, because the volume over
which the strain extends is so large, the magnitude of the
substrate strain is much smaller than in the islands, and
moreover, it changes sign depending on the position in the
substrate. Thus, it is very difficult to determine this strain
and the energy associated with it experimentally. We will
approximate the substrate strain energy by setting it equal
to the measured island strain energy.

The enthalpy of mixingEchemicalcomes from charge transfer
between the atomic species, and this contribution can be
evaluated by first-principles total-energy pseudopotential
calculations for SiGe alloys.20-23 Such a treatment is well
approximated by the regular solution model

where the interaction parameterw ) 4 × Echemical(0.5) ≈ 4
meV/atom andx is the mole fraction of Ge in the alloy.20,22-24

Becausew > 0, bulk Ge and Si should phase-separate in
bulk alloys at equilibrium below a critical temperature of
about 170 K.22 Interestingly, ordering in islands has been
reported for samples grown at temperatures as high as 840
°C,25 despite reports showing that, at temperatures above 700
°C, no ordering could persist in 2D films.26 The issue of
ordering is important because it lowers the entropy compared
to a random alloy, and depending on the order parameter,
which was not measured for the samples reported here, could
have a 10-20% effect. This is not large enough to effect
our conclusions in this paper.

The total enthalpy contours where the strain contribution
was taken from the experimental measurement and the
chemical contribution from the calculations based on the
compositions of samples C and M are displayed in Figure
2. The main observation to be made is that, for both systems,

the perimeter of the island stores the largest amount of
enthalpy, which is dominated by the elastic component. The
average values for each component,Echem(x) andEelastic(x),
are represented in Table 1.

The entropic contribution to the Gibbs free energy of
random alloys is given by19

where we assume the activities for Ge and Si are well
approximated by the mole fractionsx and 1- x, respectively,
becauseEchemicalis small. Figure 3 shows the spatial contours
of the mixing entropyTSmix for samples C and M. The
regions in the islands that are nearly pure Ge or Si have
TSmix ≈ 0, and the region withx near 0.5 has the largest
TSmix.

Summarized in Table 1 are the average thermodynamic
quantities determined from Figures 2 and 3, along with
calculations for uniform films of Ge alloys. Comparing these
values allows us to understand the magnitude of the
thermodynamic drivers for both alloy and island formation.

The free energy of mixing for Ge and Si contains a large
negative entropy contribution and a much smaller positive
enthalpy contribution and is independent of the geometry of
the alloy. We chose uniform alloy 2D films as a reference
for our comparisons. The composition for those films was
chosen to produce the same mixing entropy as samples C
and M. That allows us to determine the difference in enthalpy
between a 2D film and a dome population, e.g.,∆Hdome. This
is the elastic energy stored in the domes and the substrate
(which we approximate with twice the experimentally
measured elastic energy in the dome population) minus the
elastic energy in the film (which was calculated for an
unrelaxed substrate, so all of the energy is stored in the film).
The values of∆Hdome, which are averages, are-6 and-10
meV/ atom for dome populations C and M, respectively.
These values are negative, as they must be, because the
domes are more stable than uniform films, and they depend
strongly on the mole fraction of Ge. There is also a

Figure 2. The enthalpies for domes C and M on a per atom basis.
Regions of maximum strain are at the periphery of the islands near
the substrate.

Echemical(x) ) w × x × (1 - x) (1)

Figure 3. Entropy contribution to the Gibbs free energy per atom
in the alloyed domes.

TSmix(x) ) -kT(x ln x + (1 - x) ln(1 - x)) (2)
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configurational entropy associated with the population of
domes, but it is negligible compared to the enthalpy.

For both populations, the free energy of mixing is about
4-5 times larger in magnitude than∆Hdome. The lower
enthalpy of the dome population with respect to a uniform
film determines the morphology of the alloy on the Si
substrate. However, the fact that the free energy of mixing
is so much larger means that the thermodynamic drive to
form an alloy is much stronger. Because the size of a dome
is primarily determined by its composition, this means that
mixing entropy plays a major role in the evolution of island
sizes and thus also shape transitions in heteroepitaxial island-
forming systems. This issue has not been explicitly recog-
nized until now.

In summary, we evaluated the enthalpy of formation and
the free energy of mixing for two populations of epitaxial
GexSi1-x alloy domes on a Si(001) substrate. We found that
the mixing entropy term in the free energy (averaged over
the dome population) is several times larger in magnitude
than the dome enthalpy of formation. Thus, the chemical
drive to form an alloy is much stronger than that to form
the population of domes, and this should be explicitly
considered in the evolution of island populations during
growth and annealing.
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