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Direct evaluation of composition profile, strain relaxation, and elastic energy of Ge:Si„001…
self-assembled islands by anomalous x-ray scattering
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The growth of strained epitaxial self assembled nanocrystals is comprised of a variety of kinetic and
thermodynamic factors that determine their morphology and size. Some of the significant factors to their
stability are strain and interdiffusion. Here we directly measure the gradient of composition and strain in Ge
nanocrystals grown on Si~001! using anomalous x-ray scattering. By combining our x-ray results, where we
relate strain, interdiffusion, and shape with atomic force microscopy measurements, we have been able to
determine the complete strain configuration of these islands. We show that the amount of elastic energy in
pyramids and domes can be evaluated. The transition from pyramids to domes is accompanied by an increase
of lattice parameter and enhancement of interdiffusion, both leading to a drastic decrease of the elastic energy
stored per atom.
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t
ep
or
a
uc
no
he
l
b
o
it

ex
-
g
ar
e
y
:S
in

b

nc
u
:S
ng
te
o
s
ra

o
is
t

ge-

or
-
a
alu-
ds.
in-
of
still

m-
ray
os-
he
how
pa-
ese
r as
n-

nds

on
f. 7.

s
t
e
per
e

ys-

ly,
in
I. INTRODUCTION

There has been a considerable debate regarding
growth mechanisms of self-assembled islands in hetero
taxial growth of lattice mismatched systems. Most imp
tantly, the stability of nanocrystal size and shape is import
should one desire to control the electronic properties of s
systems in a systematic way. Basically, the growth of na
crystals may proceed via Ostwald ripening processes w
no stable size1 or shape exist,2 or they can represent a loca
minimum and therefore correspond to a metasta
structure.3–5 In the first scenario islands can grow with n
restriction, and moreover, the size distribution worsens w
time. Experimental evidences favoring Ostwald ripening
ist in the work of Rosset al.,2 where real time growth mov
ies of Ge on Si~001! were performed and the continuin
growth of island size persisted during the experiment. Co
ening nevertheless has been observed in situations wher
terdiffusion is severe.6 Favoring the thermodynamic stabilit
of nanocrystals, experiments performed in a variety of Ge
samples provided statistically significant results that fail
verifying the ripening models.7 More recently,8 simulations
have shown alternate possibilities for island ensemble sta
ity against coarsening.

Strain and interdiffusion are key parameters that influe
island growth and therefore essential in discerning the iss
of coarsening and stability. Earlier x-ray studies of Ge
~001! grown at high temperatures and under anneali9

qualitatively revealed the change in island lattice parame
Later on10 the composition profile indicating the presence
Si in Ge:Si~001! islands was confirmed via scanning tran
mission electron microscopy and energy-dispersive x-
analysis, as well as x-ray-absorption fine structure11 and
x-ray photoelectron spectroscopy.12 Electron microscopy
studies13,14 and modeling revealed the average strain
Ge:Si ~001! islands, and their composition was also cons
tent with previous results. High intensity x-ray experimen
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performed with synchrotron sources in grazing incidence
ometry ~GIXRD! started earlier on,15 revealing the lattice
parameter distribution of Ge:Si hut clusters. Also f
InAs:GaAs ~001! surface islands16 the strain and composi
tion profile was extracted by GIXRD experiments utilizing
scattering model. However, no elastic energy data was ev
ated and the method can only be applied to III-V compoun
Therefore a general tool for the study of the stra
composition interplay during growth and the evaluation
elastic energy of heteroepitaxial self assembled dots is
lacking.

In this paper, we simultaneously profile the lattice para
eter and composition by a single probe, anomalous x-
scattering. Combining these data with atomic force micr
copy ~AFM! allowed us to directly evaluate and compare t
elastic energy stored in Ge pyramids and domes. We s
that the transition from one shape to the other is accom
nied by a decrease of the elastic energy per atom of th
islands, induced both by an increase in lattice paramete
well as in interdiffusion. These quantitative results are co
sistent with the assumption that higher aspect ratio isla
store less elastic energy.

II. EXPERIMENT

Germanium was grown by chemical vapor deposition
Si~001! substrates; the growth details are described in Re
For sample A~pyramids!, 5.9 monolayers~ML ! of Ge were
deposited at 0.1 ML/s, for a total deposition time of 60
whereas for sample B~domes!, 11.2 ML were deposited a
0.05 ML/s for a total deposition time of 240 s. Although th
growth rates were different, 0.1 ML/s represents the up
limit for low supersaturation conditions for the growth of G
at 600 °C.

Figure 1 summarizes the main characteristics of both s
tems studied, as obtained by AFM statistics.~a! and~b! show
1003100-nm AFM scans on samples A and B, respective
along with their corresponding line scans. The grayscale
©2002 The American Physical Society12-1
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the AFM images is keyed to the angle between the nor
and the growth direction, white corresponding to flat are
and dark to steep facets. The facets that these islands co
are indicated in the line scans as well as by the shade
gray in the AFM scan. The two island shapes portrayed in
AFM scans, pyramid and dome, are representatives of
measured ensembles. Figure 1~c! shows the statistical analy
sis performed in 4-mm2 areas on samples A~empty symbols
and bars! and B~filled symbols and bars!. The first observa-
tion is that the ensembles are monodisperse for both sam
comprised of islands of different shapes, with pyramids
height 3.061.0 nm and radius 23.966.5 nm and domes o
height 14.261.9 nm and radius 32.364.0 nm.

The x-ray scattering experiments were performed at
beamline XD2 at the Brazilian National Synchrotron Lig
Source. This beamline is equipped with a double-crys
Si~111! monochromator with the second crystal being sa
tally focused to the center of a standard four-circle Hu
diffractometer. The in-plane structure of the islands was

FIG. 1. AFM experiments and analysis performed on sample
~pyramids! and B~domes!. ~a! top image: 1003100-nm AFM scan
of a typical pyramid on sample A, displayed as the local slope w
respect to the substrate, with the corresponding scale. The gray
is keyed to the angle between the normal at each point and
growth direction@001#; bottom: line scan taken along the@010#
direction; the facets are~105!. ~b! top image: 1003100-nm AFM
scan of a typical dome on sample B, with the same grayscale
vention; bottom: line scans taken along@010# and @110# directions.
~c! Upper: island density as a function of radius. Lower: radius
height size distribution for both pyramids~triangles! and domes
~circles!. The lines are fitted Gaussian functions that yielded the s
distributions given in the text.
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termined by grazing incidence angular and radial x-ray sc
performed near the~220! Si reflection, all done at an inciden
angle of 0.35°, where the scattering was collected integra
the exit angle from 0° up to 1.5°. The relationship betwe
the lattice parameter and local radius of the islands w
inferred from angular scans at a fixed radial positi
@qr5(4p/l) sin(2u/2)# @Figs. 2~a! and~b!#.16 Angular scans
correspond to measurements where the scattering angleu is
kept constant and the angleu between the x-ray beam an
the Bragg planes perpendicular to the sample surface is
ied. This measurement essentially probes regions of the c
tal with a specific lattice parameterd given by Bragg’s law
l52d(sin 2u/2). In momentum transfer space, only the a
gular momentum transferqa5(4p/l) sin(u22u/2) is varied,
while the radial momentum transferqr is kept constant. In
this case the scattering profile is essentially the square o
Fourier transform of the shape function of a section of
island with a specific lattice parametera85d* (h21k2

1 l 2)1/2, whereh, k, and l are the indices of the reflection.
For the determination of the Si/Ge interdiffusion insid

the islands, anomalous x-ray radial scans well belowE
511 000 eV) and at the GeK absorption edge~11 103 eV!
were performed. These radial scans correspond to con
tional u-2u scans, where the fraction of the islands with
specific lattice parametera8 contribute to the scattering at
specific 2u position, also given by Bragg’s law. The compa
son between the scattered intensity at the same value oqr
for two different energies near the Ge edge allows us to in
the Ge concentration as a function of lattice parametera8
5(2p/qr)(h

21k21 l 2)1/2.

III. RESULTS AND ANALYSIS

In Fig. 2 we show angular x-ray scans along the@1–10#
direction of pyramids for selected lattice parametersa8.
Least-square fits were performed assuming that the isla
have a square section of sideL, i.e., I (qa)
}usin(qaL/2)/qau2, with L as a fitting parameter. From thes
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e

FIG. 2. ~a! Angular x-ray scans along the@1-10# direction of
pyramids for selected lattice parametersa8, together with least-
squares fits~see text!. The fits included the size distribution ob
tained from the AFM data.~b! Same measurements for domes, w
a broader range of lattice parametera8.
2-2
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data a relationship between the local lattice parametera8 and
the outer diameterL for several regions of pyramids an
domes was obtained. The fits included the size distribu
obtained from the AFM data as well as the experimen
resolution of the diffractometer, which broadens out the
tensity maxima usually observed in these fits. By correlat
these data@Figs. 2~a! and ~b!# with the AFM line scans
~which gives us the relationship between diameterL and
height, see Figs. 1~a! and ~b!, we obtained the variation o
the lattice parameter as a function of height.

Figures 3~a! and ~b! show the pyramid and dome AFM
line profiles and their lattice parameter to radius relation@in-
ferred from Figs. 2~a! and ~b!#. For the pyramids~empty
triangles—sample A! this relationship is monotonic, indicat
ing a smaller lattice parameter for increasing radii. As for
domes~filled circles—sample B!, a more complex depen
dence is revealed and, most importantly, the fact that it is
longer monotonic. The reason for the decrease in radius
decreasing lattice parameters around 5.46 Å is that we h
reached the island base. Therefore it means that we are p
ing regions of constant lattice parameterunder the island,
which have smaller radii than the island base. Therefore b
comparison between the x-ray results and the AFM profil
is clearly possible to determine the strain created by
domes in the substrate. These results are consistent wi
nite element as well as molecular-dynamics calculations
ing elasticity theory,17 which proved that there is a sizeab
strain effect from a Ge nanocrystal on the underlying reg
of the substrate. It must be noted that the lateral sizes
tained by AFM represent an upper limit for the lateral siz
determined by x-ray experiments for two reasons, namely~i!
surface native oxide that does not scatter the x-ray pho
but it is measured by AFM, and~ii ! tip convolution effects.
Nevertheless, this effect can be accounted for, and the c

FIG. 3. ~a! AFM line scans on a most statistically significa
pyramid~left axis, dashed line! and dome~right axis, solid line!. ~b!
Radius versus lattice parameter, obtained from Fig. 2; filled circ
correspond to domes and open triangles to pyramids.
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parisons hereafter between AFM and x-ray data have b
properly adjusted.

In order to determine the local content of Ge in both typ
of nanocrystals we measured the change in scattering in
sity @as a function ofqr , meaning as a function of lattice
parametera85(2p/qr)(h

21k21 l 2)1/2# for two specific en-
ergies near the GeK absorption edge. As shown in Fig. 4, b
tuning the x-ray energy near the GeK-edge, the Ge atomic
scattering factorf Ge diminishes by 28.6%. Since the island
are composed of two species, the x-ray scattered intensi
proportional to the square of the sum of the concentration
each one multiplied by the corresponding~Ge or Si! scatter-
ing factorI hkl5A@CGef Ge1CSif Si#

2 whereCGe1CSi51 and
A is a constant. From the ratio of the scattered intensity
two different x-ray energies

I 1

I 2
5S CGe f Ge11CSi f Si

CGe f Ge21CSi f Si
D 2

, ~1!

whereI 1 and I 2 are the measured x-ray intensities andf Ge1
and f Ge2 the Ge scattering factors at 11 000 and 11 103
respectively, the Ge concentration was determined from

CGe5S 11
f Ge2AI 12 f Ge1AI 2

f Si~AI 22AI 1!
D 21

. ~2!

Since the Ge scattering factor varies rapidly near itsK-edge,
the x-ray beam was set with a broad energy width of 4 eV
minimize possible energy fluctuations and to make this va
tion smoother~systematic checks on the stability of the x-ra
monochromator over runs of 8 h, during the 6 days of

s

FIG. 4. Variation of the real part of the atomic scattering fac
of germanium as a function of photon energy near itsK-edge. No-
tice the drastic decrease off Ge at 11 103.1 eV. The two energie
used in this experiment are indicated by circles (f Ge1 and f Ge2).
Inset: comparison of the square of the Ge scattering factor~dashed
line! and its value averaged over an energy window of 4 eV~solid
line! with the x-ray scattered intensity from Ge islands. Notice t
Ge fluorescence present above theK-edge. The use of this energ
window allows us to work right at the absorption edge, since
average scattering factor remains constant for an energy fluctua
of 3 eV ~much larger than the fluctuation of 0.5 eV of our expe
mental setup!.
2-3
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experiment, showed that the energy fluctuations of the x-
monochromator were smaller than 0.5 eV!. The tuning of the
photon energy width was obtained by varying the beam s
both before and after the monochromator with vertical sl
The calibration of the x-ray photon energy was first p
formed by measuring both the fluorescence yield as wel
the absorption spectrum of a Ge absorber near the
K-edge, varying the incident photon energy from 10 800
up to 11 200 eV. Finally, the minimum of the Ge scatteri
factor at theK-edge was confirmed by measuring the x-r
scattering signal from the Ge islands near the Si 220 refl
tion ~see the inset of Fig. 4!, a procedure similar to the on
performed by Specht and Walker.18 For the results presente
below the Ge scattering factors were calculated averag
over the energy window of 4 eV and standard atomic sc
tering factors tables were used.19

In Fig. 5 we show radial scans for the dome samp
where the change in the scattering intensity for two x-
energies near the Ge edge is clearly observed. The Si~2 2 0!
substrate peak is clearly seen, and the island signal occu
larger in-plane lattice parameters, meaning lower momen
transfer. The difference in intensity varies from 0 to 30%
this particular case depending on the strain state of the
lands ~considering the scattering factors for these two s
cific x-ray energies and the energy resolution of 4 eV,
pure Ge it would change by 35%!. This basically states tha
there is a substantial amount of Si inside the domes, m
notably at the island base. By performing this procedure
selected lattice parameters~meaning selected 2u angles! we
have extracted the dependence of the Ge concentrationCGe
to the lateral lattice parametera8 and mapped out the com
positional profile for the two types of islands.

Figure 6 shows the Ge content as a function of latt
parameter, inferred from Fig. 5 and a similar measurem
on pyramids~not shown here!. It can be seen that the averag
Ge content on pyramids is much higher than on domes. A
the lattice relaxation is larger for domes than for pyrami
From the combination of the results of Figs. 3 and 6,

FIG. 5. Anomalous x-ray radial scans carried out on domes.
difference in scattering in the two curves comes from the prese
of Ge atoms inside the islands. Therefore, for lattice parame
closer to the island base, a higher percentage of Si can be infe
as it can be readily seen on the asymptotic behavior of the
curves towards the Si lattice parameter. The strain axis indicate
difference in lattice parameter with respect to the value for silic
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obtained the variation of the Ge concentration as a func
of height. As mentioned earlier, the radii inferred from X-ra
experiments had to be corrected in order to include the
fects of surface oxide if we wish to map the compositio
lattice parameter and strain as a function of height. The c
rection consisted of adding 2 nm to the radii inferred fro
the x-ray data~2 nm was the value obtained by comparis
at the island base, and it is in accord with what is conside
as typical native oxide thickness!. Figure 7 displays the de
pendence of the Ge composition on the island height. For
case of pyramids, it is clear that there is very little interd
fusion, which occurs only at the island-substrate interfa
As for the domes, a substantial amount of Si interdiffusi
takes place throughout the island, reaching 40% at half
island height. From all these experimental results, it can
anticipated that on a per-atom basis pyramids store m
elastic energy than domes. Before evaluating stored ener
further analysis can improve our understanding on the st
status of these islands.

One cannot determine strain without a simultaneous m
surement of both local lattice parameter and composition
the nanocrystal. This is because the change in lattice par

e
ce
rs
ed,
o
he
.

FIG. 6. Ge content in pyramids and domes as a function of
in-plane lattice parametera8. The error bars were calculated takin
into account the statistical fluctuations of the data of Fig. 5 as w
as the uncertainties inf Ge1 and f Ge2 for a 0.5-eV fluctuation of the
x-ray energy. Note that the uncertainties increase for decrea
x-ray signal intensities, which depend on the amount of scatte
material.

FIG. 7. Ge content as a function of height for~a! pyramids and
~b! domes composed with typical atomic force microscopy m
surements of both samples. Notice the drastic increase in th
content in the domes.
2-4
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eter can be both due to substrate imposed stress as we
change in composition. The correct value of the local str
of the nanocrystal with local composition SixGe12x is given
by «5a8/a(x)21, wherea(x) is the lattice parameter of a
unstrained alloy @calculated using Vegard’s law,a(x)
5x aSi1(12x) aGe] and a8 is the local lattice parameter.

Figure 8~a! displays the value of the lateral strain«xx ,
determined from the measured in-plane lattice parametea8
~Fig. 3! and the local chemical composition of Fig. 6, as
function of a8. The empty triangles and filled circles aga
correspond to pyramids~sample A! and domes~sample B!.
This plot can be divided in three regions:~i! tensile material
(«xx.0); ~ii ! compressed material («xx,0); and~iii ! exter-
nally stressed material~from an external source!. The diago-
nal solid lines correspond to the strain of a pure Ge~lower!
or Si ~upper! layer grown on a substrate of lattice parame
a8. Outside the region defined by these diagonals and
bounds ataSi andaGe ~vertical dashed lines! no island data
can exist, with two exceptions: externally stressed mate
@region~iii !#, and the compressed Si regions in the subst
~along the diagonal dashed line—not accessible in this
periment, but observed under different scatter

FIG. 8. ~a! in-plane strain«xx as a function ofa8 for pyramids
and domes. Vertical dashed line corresponds to the Si lattice pa
eter whereas horizontal dashed line corresponds to zero strain
dition; i.e., that of a SiGe unstressed alloy. Upper and lower d
onal lines define the strain of a pure Si and Ge layer, respectiv
grown on a substrate of lattice parametera8. Regions i and ii cor-
respond to tensile and compressive strain. Region iii is only ac
sible by external applied stress~the data points that lie within region
iii are accounted for primarily the error bars!. Finally, data falling
along the Si diagonal dashed line would correspond to compre
Si. ~b! Energy on a per atom basis as a function of height for
uniformly strained 2D Ge layer~solid line!, pyramids~triangles!,
and domes~filled circles!.
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geometries20!. One can see then that the average strain
pyramids and domes is about 3% and 1.5%. Moreover,
the domes the underlying tensile stressed substrate~data ly-
ing along the Si diagonal line! can be observed.

One can calculate the elastic energy per volume at a
sition i at the island according to21

E52mS 11n

12n D «2 ~3!

with m andn as the shear modulus and poisson ratio of
GeSi alloy, and« as the local strain, as defined and mapp
in Fig. 8~a!. From this relation we can extract the elas
energy on a per atom basis by using the SiGe atom den
Figure 8~b! shows the elastic energy height dependence fo
two-dimensional ~2D! uniformly strained pure Ge film
grown on a Si substrate~solid line!, for pyramids~empty
triangles! and domes~filled domes!.

IV. DISCUSSION AND CONCLUSIONS

Several conclusions can be drawn from Fig. 8~b!. First,
the amount of elastic energy stored per atom in the nanoc
tal is considerably larger than underneath it. One must c
sider, however, that this strained region below the substr
islands interface is larger than the island bottom area and
the compressed Si region around the island is not include
is also noticeable that at the island-substrate interface the
a local minimum for the elastic energy. This is due to t
change of stress from compressive to tensile, as the chem
composition changes from germanium to silicon. The m
important result of Fig. 8~b!, however, is that the averag
energy stored per atom for a two-dimensional layer
roughly twice that of a pyramid and ten times larger than t
of a dome. This clearly shows that the shape transition fr
pyramids to domes observed at the coverage of 6–8 mo
layers of Ge leads to a considerable decrease in the vol
energy per atom of the nanocrystal.

Perhaps the most intriguing point in our observations
that in a matter of 180 sec a significant amount of Si
already incorporated into the islands. Interdiffusion has b
characterized for submonolayer growth of Ge:Si~001!,22 as
well as in layers of GeSi alloys.23 Nevertheless, the pro
cesses occurring at these limits for 2D growth are very d
ferent when contrasted with 3D growth, and in fact ta
place in much longer time scales. There are several dif
ences that should change the way intermixing take place~i!
there is no longer biaxial strain,~ii ! the surface chemica
potential is a function of local strain, and therefore will driv
surface diffusion in a much more significant way than int
diffusion that takes place by either exchange of atoms
interstitials, and~iii ! the existence of trenches around t
domes extending into the substrate,24 which will act as a Si
reservoir. In comparing the pyramid and domes compo
tional profile, it is plausible that the influence of the trench
is more effective in providing Si into the islands~pyramids
do not have trenches! than bulk interdiffusion.

In summary, we have shown that by a direct measurem
of both lattice parameter and composition of Ge:Si pyram
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and domes grown on Si~001! the elastic energy could b
accurately evaluated. The use of x-ray anomalous scatte
as well as the combination of lattice parameter and com
sition measurements are essential for the correct evalua
of elastic stored energies in Ge nanocrystals. This met
can be generally applied to any other heretoepitaxial syst
In the Ge:Si~001! case, we observed a considerable decre
in energy from pyramids to domes, which is induced both
i.
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the increase of lattice parameter as well as an enhance
in intermixing.
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