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Interdiffusion in self-assembled Ge:Si�001� islands has been explained by models based on either thermo-
dynamic and/or surface kinetic considerations. In order to analyze the relevance of bulk and surface diffusion
on the final composition state, we performed a set of controlled x-ray diffraction experiments to study both
composition and atomic ordering in Ge/Si�001� islands grown by different methods. Surface diffusion strongly
enhances the overall interdiffusion during island growth by solid source molecular beam epitaxy while
chemical-vapor-deposited islands are closer to thermodynamic model systems. The growth conditions play a
crucial role on the appearance of atomic ordering. In particular, a remarkable correlation between atomic
ordering and surface diffusion kinetics is found.
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I. INTRODUCTION

Self-assembled semiconductor islands have gained a tre-
mendous interest over the last years. Novel nanoscale de-
vices based on such islands have been proposed1 and their
use as building blocks for such devices experimentally real-
ized recently.2 Furthermore, new possible applications in
quantum computing3–5 and spintronics6,7 were envisaged.
The island formation and subsequent evolution has been in-
vestigated thoroughly both experimentally and theoretically.
Different models based on partially or fully thermodynamic
or kinetic considerations have been proposed and are still a
matter of controversy.

Most of the studies have concerned Ge:Si�001� islands,
that follows Stranski-Krastanow growth mode with only two
elements involved. In this specific case, island shapes are
well described by thermodynamics8 while bimodal distribu-
tions �for instance� have been tackled by surface kinetics9,10

and thermal equilibrium arguments.8,11 Finally, shape transi-
tions observed in ultrahigh vacuum �UHV� growth
conditions12 were found to be associated with strong mass
transport effects of surface kinetic origin, referred before as
anomalous coarsening.9,10 Such finding for UHV deposition
is in contrast with chemical-vapor-deposition �CVD� studies,
in which the range of coexistence for different island shapes,
domes and pyramids, is considerably broader.11 Chemical
composition has been addressed in Ge:Si islands by using a
variety of techniques such as transmission electron
microscopy,13 anomalous x-ray diffraction,14 and selective
wet chemical etching.15

Besides morphological and chemical composition studies,
the microscopic organization of Si and Ge atoms after island
formation has been addressed by x-ray atomic order studies.

It was found that dome-shaped islands in which alloying take
place exhibit long-range order with the appearance of super-
structure reflections.16 Although the first study on the subject
was unable to elucidate the mechanism that lead to order, it
was demonstrated that the atomic arrangement followed the
in-plane organization observed in thin films.17

In this work we explore chemical composition and atomic
order measurements performed using x-ray diffraction tech-
niques to address the relevance of thermodynamic and sur-
face effects to the final state of Ge islands after growth on
Si�001�. It is found that CVD islands are much closer to
model thermodynamic systems while surface kinetics
strongly enhances interdiffusion18 during island growth by
molecular-beam epitaxy �MBE�. We show here how
Ge:Si�001� growth conditions play also a crucial role for the
appearance of the recently found atomic order in Ge
domes.16 Such phenomenon exhibits a remarkable correla-
tion with the degree of relevance of surface kinetics on island
composition.

II. EXPERIMENTAL

For a thorough investigation on SiGe interdiffusion and
on the appearance of spontaneous atomic ordering in Ge:Si
uncapped nanostructures, six samples were studied in this
work. The first one, grown by liquid-phase epitaxy �LPE�,
can be considered a reference for stoichiometric alloy islands
since Ge0.5Si0.5 was nominally deposited on a Si�001� sub-
strate. A second sample, grown by CVD, was obtained by
depositing nominally pure Ge via germane precursor �GeH4�
on Si. The other four samples were grown by solid source
MBE at different temperatures, also with deposition of a pure
Ge nominal coverage. The growth parameters for all samples
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are summarized in Table I.19 It must be noticed that LPE
islands assume a truncated pyramid geometry with �111� side
facets.20,21 Such morphology indicates that LPE growth takes
place very close to bulk thermal equilibrium conditions
while MBE- and CVD-grown samples exhibit multifaceted
dome islands.8,9

It is worth to state at this point that the aim of our work is
not to directly compare punctual details of samples grown by
different techniques in different machines, but to show how
strong changes in interdiffusion and resulting atomic order-
ing arise from growth conditions, ultimately related to a pre-
dominance of bulk thermodynamic or surface kinetic mecha-
nisms. As mentioned before, the apparent contrast found in
the literature has been a reason for extensive debate10 and
can be better understood under the general framework illus-
trated by this work.

The ability of quantitatively depicting strain and chemical
composition in Ge islands by anomalous grazing incidence
x-ray diffraction �GID� methods14,22 has continuously devel-
oped over the last few years, with several works focusing on
the reconstruction of lattice parameter profiles,22 composi-
tion gradients14,23,24 and ultimately atomic ordering.16 The
GID experiments performed for this work were carried out at
the ID01 beamline at the ESRF �Grenoble, France� and at the
XRD2 beamline at the LNLS �Campinas, Brazil�. In GID
geometry the diffraction takes place on atomic planes per-
pendicular to the Si�001� substrate surface, i.e., the in-plane
lattice parameter is probed. All samples were illuminated at a
grazing angle of 0.15°, below the critical angle of total ex-
ternal reflection for Si near 11 keV photon energies. This
condition establishes a penetration depth of few tens of na-
nometers, allowing for a partial suppression of the signal
from the Si substrate, and a relative enhancement of the sig-
nal diffracted by the Ge islands.14,22

Chemical composition in Ge:Si nanostructures can be re-
trieved from reciprocal space data by performing measure-
ments in the vicinity of the Ge K edge �11 103 eV�. The
intensity contrast obtained from measurements in different
energies can then be directly correlated with the average Ge
content, as depicted in Refs. 14 and 23.

A survey of the real-space reconstruction method using
the anomalous-GID measurements performed on sample
MBE-b is presented in Fig. 1. Figure 1�a� shows two longi-
tudinal ��-2�� scans near the Si�400� reciprocal space posi-

TABLE I. List of Ge:Si samples used in this work, with growth parameters, average island dimensions
and morphology �Ref. 19�.

Sample name
Growth temperature

�°C� Coverage
Growth rate

�ML/s�
Island width/height

�nm� Type of island

LPE 600 31.4 ML 0.007 81/40 Truncated pyramids

Si0.5Ge0.5
a

CVD 600 11.2 ML Ge 0.05 32/14 Domes

MBE-a 620 6.7 ML Ge 0.05 87/19 Domes

MBE-b 700 11 ML Ge 0.05 143/36 Domes

MBE-c 750 11 ML Ge 0.05 170/34 Domes

MBE-d 840 6 ML Ge 0.05 338/37 Domes

aThe monolayer thickness here is considered as 0.1413 nm for Ge, and 0.1385 nm for Si0.5Ge0.5.

FIG. 1. �Color online� �a� Longitudinal ��-2�� scans in the vi-
cinity of the Si�400� reflection for sample MBE-b at two energies:
11 103 eV �Ge K edge� and 11 040 eV. �b� The solid line repre-
sents the vertical Ge concentration profile obtained from �a� as a
function of the local in-plane lattice parameter �Ref. 14�. The dots
represent laterally averaged local compositions from the analysis of
transversal scans. �c� Selected transversal ��� scans performed at the
positions labeled 1, 2, and 3 in �a�. The open dots are measured data
while the solid lines are fits with a lateral composition model �Ref.
24�. �d� Lateral composition profiles used for fitting transversal
scans in �c�. �e� Local lattice parameter map for MBE-b islands
�Ref. 14�. �f� Lateral concentration profile map for MBE-b islands.
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tion. For both scans it is possible to notice a sharp peak at the
H=4 position, corresponding to the diffraction from the Si
substrate. A broad intensity profile is observed for H�4,
corresponding to regions with larger lattice parameter, inside
the Ge islands.14 The spanning of such diffracted intensity is
a direct indication that a lattice parameter gradient takes
place inside Ge domes. For uncapped islands it is known that
the scattering intensity closer to the substrate peak is origi-
nated from the bottom of the islands while the scattering at
the lower H values �large in-plane lattice parameter� comes
from partially relaxed regions on the island apexes.14,22

By comparing the two measurements presented in Fig.
1�a� obtained at 11040 and 11103eV one observes an inten-
sity reduction for lower values of H which is related to the
presence of Ge atoms. Following Refs. 14 and 25, the Ge
concentration was extracted, and is represented by the solid
line in Fig. 1�b�. The concentration profile obtained is still a
function of the in-plane lattice parameter. It shows indirectly
that the average Ge content at regions of the island with
lattice parameter close to bulk Si �island base� reaches al-
most zero while a SiGe alloy with average 0.5 Ge concen-
tration is found at regions with larger lattice parameter
�island top�.

In order to match lattice parameter and concentration in-
formation from reciprocal space and real space one must
perform transversal scans at selected positions of the longi-
tudinal scan of Fig. 1�a�. Figure 1�c� shows three scans, cor-
responding to positions labeled 1, 2, and 3 in Fig. 1�a�. The
comparison of lateral widths from several transversal
scans—obtained fitting the curves with appropriate form
factor22,24—with atomic force microscopy �AFM� profiles of
the statistically average island allows to correlate the height
in real space of a region with fixed lattice parameter.14 A map
of lattice parameter distribution for a representative island of
the ensemble is then built, as shown in Fig. 1�e�.

Transversal ��� scans also provide information on the lat-
eral concentration profile of the islands. Using a lateral gra-

dient of composition allows to fit each of these scans �solid
lines in Fig. 1�c��, extracting the lateral Ge composition.24

Parabolic concentration profiles used to fit the scans of Fig.
1�c� are shown in Fig. 1�d�. The method is finally able to
fully depict concentration gradients inside the islands by
plotting the profiles of Fig. 1�d� matching the lattice param-
eter positions in Fig. 1�e�. A concentration map including
lateral and vertical gradients is then obtained, as shown in
Fig. 1�f�.24,26,27 It is important to emphasize that the horizon-
tally averaged lateral composition obtained here is fully con-
sistent with the vertical gradient obtained directly from lon-
gitudinal scans,14 as shown by the solid dots in Fig. 1�b�.

III. RESULTS AND DISCUSSION

A. Composition profiles and interdiffusion mechanisms

The composition profile of Fig. 1�f� is in agreement with
recent findings using chemical selective etching procedures,
as explored in Ref. 15. For such MBE grown samples a
considerable Si diffusion is observed in the island bottom
with an increasing Ge concentration observed toward the is-
lands facets. However, the Ge concentration at the island
surface/interface spans from 0.4 at the island bottom until 0.6
at the island surface.25 This evidences that alloying takes
place at the island bottom, as well as on facets, which are
being continuously exposed to an incoming flux of Ge at-
oms. Such scenario points out the existence of a fast and
efficient surface kinetic diffusion component that leads to a
pronounced interdiffusion at the facets while the role of bulk
diffusion is not significant for the resulting profile.

For LPE and CVD islands the composition profiles shown
in Fig. 2 reveal a very different behavior. The average Ge
concentration at the top of SiGe LPE islands is found to be
0.48, with a steplike gradient at the island bottom, as shown
in Fig. 2�a�. By applying only the vertical concentration pro-
file one observes that the Ge content at the island bottom

FIG. 2. �Color online� �a� Vertical �solid line� and laterally averaged �dots� Ge concentration profiles extracted from anomalous diffrac-
tion measurements on LPE islands. The concentration profiles are graphically represented as a function of height in �b� vertical only and �c�
lateral. �d� Ge Vertical and laterally averaged concentration profiles for CVD islands �Ref. 24�. These profiles are represented as a function
of island height in �e� and �f�, respectively.
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decreases to about 35% �Fig. 2�b�� while the lateral concen-
tration shows a more localized Si-rich core with only 20%
Ge at the island center �Fig. 2�c��. Similar plateaulike pro-
files ranging from the LPE island bottom until one third of its
height have been obtained before from strain modeling.20,21

Most of the material inside LPE islands has the nominal
alloy content with a reduced interdiffusion from Si atoms
from the substrate. This scenario points out that the 50/50
Si-Ge mixture is thermodynamically favorable due to the
low enthalpy of mixing. No phase segregation is observed if
Figs. 2�b� and 2�c�. The Si interdiffusion at the island bottom
arises from a slow bulk diffusive process that minimizes the
chemical gradient between island and substrate and consists
therefore in a thermodynamic driving force for bulk diffu-
sion. Since deposition involves a liquid precursor the process
does not allow for quick changes among incoming atoms
deposited on the surface and those from the substrate. Thus,
with the surface growth front surrounded by the heated pre-
cursor stoichiometric alloy liquid, a suppression of any ef-
fective surface kinetic diffusion mechanisms is achieved.

For the CVD islands—the smallest of all nanostructures
analyzed in this work—a smoother average vertical Ge con-
centration gradient is obtained �Figs. 2�d� and 2�e��. How-
ever, when such gradient is analyzed by the lateral composi-
tion procedure24 a Ge-rich shell is observed �Fig. 2�f��. The
pronounced composition gradient with a large Si diffusion at
the island base is a result from its reduced height and the
continuous flux of Ge atoms from the CVD precursor gas.
Since a residual passivating hydrogen-rich atmosphere re-
mains at the growth chamber a partial suppression of the
kinetic Si interdiffusion mechanisms take place at the island
facets �growth front�. If the Ge precursor inflow is inter-
rupted, maintaining the growth temperature, the island facets
become more Si rich mainly due to bulk diffusion, as shown
in Ref. 27 and corroborated by selective chemical
etching.24,28 By introducing a modified atmosphere in the
growth chamber Si and/or Ge surface diffusion can be
enhanced/suppressed. In particular, H2 environment strongly
reduces Si and Ge surface diffusion, as evidenced experi-
mentally in Ref. 27.

The average vertical composition data extracted from lon-
gitudinal scans in anomalous GID is generally a good ap-
proach to the local lateral concentration profiles for islands in
which the lateral Ge composition gradient is less pro-
nounced, as in MBE and LPE samples. In these islands the
local composition is fairly similar in the vertical and three-
dimensional profiles. For small islands grown in a surface
kinetic limited technique such as CVD the lateral composi-
tion gradients are more pronounced and the average vertical
concentration profile cannot be regarded as an adequate ap-
proximation to the local three-dimensional composition pro-
file. In all cases the vertical averaged and the total Ge con-
centration obtained by the three-dimensional or by the
vertical concentration analysis is the same.

In order to settle the discussion above into a more general
and quantitative framework the vertical Ge composition pro-
files for MBE samples a, c, and d are depicted in Figs.
3�a�–3�c�, following the results from Ref. 25. From selective
etching experiments in this previous work it was shown that
islands are strongly alloyed, with a considerable Si content at

their facets, as can be inferred from the vertical composition
profiles.25 By using vertical composition profiles it is pos-
sible to explore the volume fraction of alloyed material with
respect to nominal deposition values as a function of the
growth temperature for all islands. Figure 3�d� shows a rep-
resentation of the ratio between the measured volume of
Ge—or Si0.5Ge0.5 in the LPE case—observed in each island
and the actual island volume. Figure 3�d� shows that in MBE
grown islands a strong deviation with respect to the expected
Ge nominal composition is observed for all samples, follow-
ing a decreasing tendency with respect to temperature. Em-
ploying the same evaluation for the LPE sample one ob-
serves that the deviation from nominal composition in LPE
islands is extremely reduced, which is compatible to a bulk
diffusion scenario. For such case the incorporation of Si at-
oms from the substrate by a slow process results in a much
less effective interdiffusion compared to MBE samples. Fi-
nally, the CVD grown domes are situated in between MBE
and LPE islands, representing a growth condition where both
surface or bulk diffusion may take place �depending on re-
sidual atmosphere�. For these islands the surface kinetic dif-
fusion activity will become clearer by analyzing atomic or-
dering, discussed in the following paragraphs.

For the MBE samples an Arrhenius plot based on the
volume of Si atoms incorporated into the islands can be built,
as shown in Fig. 3�e�. We obtain an activation energy of
0.073eV for the Si adatoms. Such value is much smaller than
the usual activation energies for bulk diffusion, which are on
the order of a few electron volt29 but compatible with kinetic
atom step flow energies.30,31 This kinetic behavior becomes
clearer by studying the atomic order of the SiGe-alloyed ma-
terial inside the islands.

B. Atomic ordering and surface kinetics

SiGe atomic ordering has been observed in thin films and
multilayers grown by MBE and CVD,17 and more recently in

FIG. 3. �Color online� Representation of Ge vertical concentra-
tion profiles for islands of samples �a� MBE-a, �b� MBE-c, and �c�
MBE-d. The ratio between integrated Ge volume fraction and nomi-
nal Ge concentration inside the islands studied in this work is
shown in �d�. The line plotted across solid dots for MBE islands is
a guide to the eyes. An Arrhenius plot for Si volume inside the
MBE samples is seen in �e�.
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Ge:Si�001� islands.16 In this case Si and Ge atoms are found
to be periodically arranged in one �or more� crystallographic
axis, giving rise to superstructure reflections that are not ob-
served in elemental pure crystals or disordered alloys. The
main evidence of ordering in Ge:Si islands is related to the
appearance of nonzero intensity in basis-forbidden Ge/Si re-
flections such as �200� and �420�.16 For a pure Si or Ge
crystal as well as for a completely disordered alloy of both
materials the structure factor of these reflections is zero,
whereas for an ordered alloy the structure factor of such
reflections is proportional to the difference of atomic scatter-
ing factors, i.e., F�200��S2�fGe− fSi�2, where fGe and fSi are
the Ge and Si atomic scattering factors and S is the Bragg-
Williams order parameter, discussed in the following para-
graphs. Such superstructure reflection was found for all
samples studied here. Reciprocal space maps in the vicinity
of the Si�400� and �200� reflections are shown in Fig. 4 for
selected samples.

The �400� maps of Figs. 4�a� and 4�c� corresponding to
the LPE and MBE-b samples, respectively, exhibit diffrac-
tion intensity up to H�3.92, showing that the alloy material
inside both islands relax to approximately the lattice param-
eter of a Si0.5Ge0.5 alloy. Such composition matches the
nominal SiGe content of the LPE grown alloy and is in
agreement with the maximum Ge concentration of the
MBE-b domes obtained in Fig. 1�b�. The diffracted intensity
at the �400� map obtained for the CVD sample—shown in
Fig. 4�b�—spans up to H�3.87, indicating that the CVD
islands have a higher Ge content if compared to the LPE and
MBE-b samples. The intensity data in all �400� reflection
maps was normalized to unity at the island peak position of
each sample.

On the �200� maps of Figs. 4�d�–4�f� one observes a
double-peak feature along the K �transversal� direction. As

reported in previous works intensity from ordered alloys in
SiGe islands exhibit a particular reciprocal space imprint
with a two-peak structure along the transversal �K� direction,
generated by the existence of antiphase boundaries.16 It is
worth to compare the extent of the �200� intensity maps
along the H direction relative to the extent of the �400� maps.
For the LPE sample the �200� intensity �Fig. 4�d�� spans to a
minimum H value of 1.975 while the �400� map �Fig. 4�a��
exhibits considerable diffracted intensity up to H�3.905 �or
2�1.952�. It is expected, therefore, that ordered alloys can
be found only in regions of the islands where the local lattice
parameter correspond to strained conditions. For the CVD
sample, the reciprocal space extent of the �200� map reaches
H�1.95, still limited with respect to the extent of the �400�
intensity, that reaches H�3.87 �or 2�1.935�. Finally, for
the MBE-b sample the �200� intensity spans until H�1.96 a
value comparable to the extent of the �400� reflection H
�3.91 �2�1.955�.

The quantification of the degree of order in the alloys of
the samples studied here can be drawn by evaluating the
intensity ratio between the �200� superstructure reflection
and the �400� fundamental reflection. This ratio is shown in
the different color scales of Figs. 4�d�–4�f�, where the inten-
sity normalization for each map was performed with respect
to the maximum of diffraction intensity in the island position
of �400� maps. Since Si, Ge, and SiGe alloy crystals have the
diamond unit cell the Bragg-Williams order parameter S can
be obtained from the ratio of intensities32 as

I�200�

I�400�
=

S2�fGe − fSi�2

4��fGeSi��2 , �1�

where fGe and fSi are the Ge and Si atomic scattering factors,
respectively, and �fGeSi�=CGefGe+CSifSi is the local effective

FIG. 4. �Color online� Reciprocal space maps of �400� ��a�–�c�� and �200� reflections ��d�–�f�� for ��a� and �d�� LPE, ��b� and �e�� CVD,
and ��c� and �f�� MBE-b samples. The vertical H axis of �d� and �e� are equivalent. Intensity color scales in the �400� maps were normalized
to the unit—taken at the island peak position—and to the intensity ratio relative to such maximum at the �200� maps.
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atomic scattering factor for a SiGe alloy. Typical S values
range from zero to unity as the superstructure reflection is
measured from a fully disordered alloy �S=0� until a com-
pletely ordered crystal �S=1�.16,32

All reciprocal space maps of Fig. 4 are composed of
transversal scans. Transversal scans for the CVD islands ob-
tained from Fig. 4�b� at H=3.95 and from Fig. 4�e� at H
=1.975 are depicted in Fig. 5�a�. For each transversal scan in
a �400� map an equivalent transversal scan was performed to
build the �200� map, allowing to integrate the diffracted in-
tensity at each reciprocal space position along the map and
evaluate the local order parameter on each sample. Finally, in
order to express S as a function of the island height the
procedure adopted is an extension of the procedure em-
ployed to build the maps of Fig. 1�e�. Each transversal cut
from the �400� map represents a local strain status inside the
island that can be directly related to a region in real space by
the lateral dimension extracted from the width of the trans-
versal scan. Such width is then compared to a real space
AFM profile and the height above the substrate for an isolat-

tice parameter region obtained. We assume, therefore, that a
region with a given lattice parameter in the �200� map is
located at the same height from the substrate in the island as
a region assigned to the equivalent strain status in the �400�
map. This assumption is valid since a monotonic vertical
lattice parameter relaxation takes place in all islands and
such vertical gradient is much more pronounced than pos-
sible lateral strain gradients inside these nanostructures.22

The lateral position of the ordered domains inside Ge:Si is-
lands could not be addressed by our model.16 For this reason
we follow our analysis exploring the vertical dependence of
S.

Applying Eq. �1� for the integrated area of transversal
scans at �400� and �200� maps one can obtain S and express
it as a function of the island height. Since islands analyzed in
this work have different heights a quick visualization proce-
dure of the order degree in each case can be performed by
plotting S as a function of the normalized island height, as-
sumed to be unity at the apex of each island. Figures 5�b�
and 5�c� show these results for the LPE, CVD, and all MBE
islands. As shown in Fig. 4, �200� maps for all samples ex-
hibit a very low intensity at the vicinity of the Si reciprocal
space position, in contrast to a strong substrate peak at the
�400� reflection. Since this condition is also related to Si-rich
regions at the islands basis, the evaluation of S at such recip-
rocal space positions lead to very small values. For this rea-
son graphs of Figs. 5�b� and 5�c� show S=0 for all island
basis. Such values are reasonable for MBE samples where
the Si diffusion is more severe at the islands bottom but
certainly deviate from the expected in the LPE and CVD
cases. S values obtained for corresponding positions in the
�400� map where the island diffraction signal is predominant
�H�3.99� are accurate.

A first look to the S profile obtained for the LPE sample
shows that a very reduced order is found in these alloyed
islands. By evaluating the size of ordered regions by the
procedure of Ref. 16 one finds an average domain size of
45 Å. Since the diffracted intensity from a superstructure
reflection is proportional to the volume of ordered material,
independently from the number of existing ordered
domains32 such result indicates that a very small amount of
material relative to the total islands volume is ordered from
the LPE growth. In this system, in which the alloying pro-
cess is much closer to expected thermodynamic behavior, the
enthalpy of mixing for an ordered alloy is extremely high33

and mixing entropy is maximized, leading to an almost fully
random SiGe alloy. The ordered regions are mainly present
at the island bottom part where the local strain has a maxi-
mum value. As shown in the S map of Fig. 6�a� the observed
ordering is roughly limited to one-third of the island height.

CVD domes exhibit larger S values if compared to the
LPE Si0.5Ge0.5 truncated pyramid islands. This result is rather
unexpected for islands that have grown from the deposition
of a pure Ge precursor �GeH4�. It is clear, therefore, that the
incorporation of Si atoms by bulk and/or surface kinetic dif-
fusion is responsible for generating the necessary stoichio-
metric conditions for alloying and ordering. As pointed out
in Ref. 24 the incoming Ge atoms play a crucial role to the
final concentration profile observed in CVD islands by pro-
ducing a Ge-rich outer cap at the island, indicating that sur-

FIG. 5. �Color online� �a� Transversal scans at H=3.95 and H
=1.975 for the �400� and �200� reciprocal space maps, respectively,
measured for the CVD sample. �b� Bragg-Williams order parameter
S as a function of the normalized height for LPE and CVD islands.
�c� Values of S for all MBE samples measured in this work.
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face kinetic diffusion—that would be responsible for alloy-
ing at the island facets—is reduced with respect to MBE
samples �as also discussed for the results of Fig. 3�d��. CVD
islands behave, therefore, as systems in a condition much
closer to thermodynamic equilibrium,8 due to partial hydro-
gen passivation of the surface, but with a non-negligible in-
fluence from surface kinetic phenomena. The proximity to
thermal equilibrium leads to a pyramid-to-dome transition in
which anomalous coarsening is much less effective than in
MBE growth. Such transitions are related to the appearance
of large island facets that differ from the expected equilib-
rium �111� or �100� Wulff construction symmetry, allowing

for surface reconstructions at the �113� and �15 3 23� facets
that may be crucial for an increase in surface atomic mobility
at multifaceted dome islands. These facets are steeper than
those of shallow �105� faceted pyramids also obtained by
MBE and/or CVD and will be hereafter referred as “steeper
facets.” The resulting composition profile exhibits a verti-
cally limited Si interdiffusion at the island center as a result
from the combination of the slow Si bulk diffusion process
and the continuous Ge atom flux. However, the incorporation
of Si atoms is much stronger laterally—although a thin Ge-
rich cap is still present—indicating that some small degree of
surface Si-Ge diffusion takes place at the domes steeper fac-
ets. If Ge deposition is interrupted the steeper facets become
more Si rich while the composition evolution at the island
center is slower. This indicates the existence of a surface
kinetic alloying mechanism for this growth method.27 From
the CVD S profile of Fig. 5�b�, represented in the CVD S
map of Fig. 6�a� one observes that ordered alloying is limited
to the regions of the islands with steeper facets. This is also
in agreement with the vertical extent of the Ge-pure region at
the island top of Fig. 2�f�. The average ordered domain size
was found to be of 75 Å for CVD islands.

Finally, all MBE islands measured here exhibit S values
much larger than for samples grown by other methods. From
Fig. 5�c� one observes that S reaches considerably high val-
ues, having a maximum around 40% of the island height, and
lower S values closer to the island top �except for sample
MBE-b�. Islands grown at 700 °C have shown an exception-
ally high value of S, which results from matching the center
of the temperature window in which order is more favorable
with the conditions that provide a 50% Ge content into the
islands. The nonvanishing S behavior for this growth tem-
perature can be explained by the reciprocal space broadening
of both �200� and �400� profiles along H due to finite size of
isolattice parameter regions and ordered domains. Most no-
tably for the MBE-b sample, for H values of transversal
scans that correspond to the island apex at the �400� reflec-
tion, there is always diffracted intensity above the back-
ground at the equivalent transversal scan at the �200� map.
For temperatures higher than 700 °C entropy of mixing in-
creases, leading to lower values of S as shown in Fig. 5�c�.
Although islands may not be completely ordered from bot-
tom to apex the values shown in Fig. 5�d� are more accurate
at the middle height of these structures.

The difference in almost 1 order of magnitude for S val-
ues in the MBE islands with respect to LPE alloy islands is
in clear contrast with the optimum composition for ordering
since MBE islands exhibit stronger composition gradients.
Such condition implies the existence of regions in which the
stoichiometry deviates from 50/50. One can assume, there-
fore, that the mixing entropy is maximized in the LPE alloy
system, as a tendency from thermodynamic equilibrium be-
havior, while another mechanism is responsible for the larger
ordering in the MBE islands.

An alternative way to compare SiGe ordering in all is-
lands can be established by evaluating the ratio S /Smax,
where Smax is the maximum value of S that can be reached
for a given local Ge/Si composition. Smax can be defined as
Smax=1− �CGe−CSi�, where CGe and CSi are the local Ge and
Si concentrations. This definition is in agreement with the

FIG. 6. �Color online� �a� Representation of Bragg-Williams or-
der parameter S and the S /Smax ratio �see text� for LPE and CVD
islands. The color scale for these maps is the same for both samples.
�b� Maps of S and S /Smax for all MBE islands. The color scales for
these four samples are shown in the bottom of the figure.
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definition of S,32 and leads to Smax=1 for CGe=CSi=0.5 and
Smax=0 for a pure material. Therefore, using the S /Smax ratio
it is possible to evaluate in which regions of the islands
atomic order is more effective. Similar to the behavior of S,
S /Smax tends to be inaccurate at the island basis, where small
finite S values are found in very Si-rich regions. For island
regions where CGe is larger than 0.1 the S /Smax ratio is more
accurate and also indicates that order is more effective at the
region of the islands where steeper facets are found.

IV. CONCLUSION

As discussed before, surface kinetic diffusion is strongly
related to the larger incorporation of Si atoms in MBE
growth in comparison with CVD and LPE. In this case, the
surface reconstruction that takes place at the island facets is
probably responsible for alloying Si and Ge atoms during the
deposition process. The larger mobility obtained by UHV-
MBE growth can, therefore, generate conditions that favor Si
and Ge adatom bonding at the steeper island facets. Ordering
would be, then, a result of alloying at the �113� and
�15 3 23� dome facets. An indication of this facet mediated
mechanism is observed by the presence of maximum S on
the equivalent island height for these facets observed for the
MBE and CVD samples in Figs. 6�a� and 6�b�.

In conclusion, Ge:Si atomic ordering was evidenced in
dome-faceted islands, with a remarkably strong signal from
MBE-grown samples. Although the precise mechanism of
ordering remains unclear we have shown that surface diffu-
sion plays a key role in this phenomenon by comparing dif-
ferent growth methods. The poor degree of ordering mea-

sured for an alloyed LPE sample suggests that surface
reconstruction at the domes steeper facets is the key for
atomic ordering. We hence suggest that in situ scanning tun-
neling microscopy experiments at islands steeper facets �on
the edge of a substrate� can shed some more light into the
kinetic mixing that takes place in these regions. Although
such kind of experiment cannot distinguish among Si and Ge
atoms, it can surely provide the configuration of the surface
atoms at the facets. The exact knowledge of such surface
reconstruction and its energetic balance in dome islands will
certainly improve the understanding of both kinetic diffusion
and atomic ordering mechanisms in this system. CVD and
MBE �105� faceted pyramids were also measured for this
work and have shown no sign of ordering, corroborating the
influence of dome facets on GeSi order. By assuming that
steeper facets are responsible for atomic ordering one can
explain the fourfold symmetry obtained when observing
similar antiphase boundary diffraction profiles in all �100�
orientations used to measure in-plane �200� reflections. In
particular, measurements of the superstructure �200� reflec-
tion for Ge:Si islands have shown to be able to indicate and
quantify relatively the existence of kinetic diffusion behavior
during growth. Finally, the atomic order previously observed
for the wetting layer formed on the �001� Si substrate surface
is very reduced with respect to the order obtained in Ge
domes, suggesting that different mechanisms are responsible
for each of these phenomena.34
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