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In situ x-ray scattering study on the evolution of Ge island morphology and relaxation for low
growth rate: Advanced transition to superdomes
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The kinetics of the growth of Ge superdomes and their facets on Si(001) surfaces are analyzed as a function
of deposited Ge thickness for different growth temperatures and at a low growth rate by in situ grazing-
incidence small-angle x-ray scattering in combination with in situ grazing-incidence x-ray diffraction. At a low
growth rate, intermixing is found to be enhanced and superdomes are formed already at lower coverages than
previously reported. In addition, we observe that at the dome-to-superdome transition, a large amount of
material is transferred into dislocated islands, either by dome coalescence or by anomalous coarsening. Once
dislocated islands are formed, island coalescence is a rare event and introduction of dislocations is preferred.
The superdome growth is thus stabilized by the insertion of dislocations during growth.
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I. INTRODUCTION

The physical properties of semiconductor nanostructures
depend entirely on their size, shape, and internal structure
(strain and composition), which thus have to be fully con-
trolled and understood. Semiconductor nanostructures are
classically grown by the Stranski-Krastanow (SK) mecha-
nism for which, beyond a critical thickness, islands are
formed on a two-dimensional (2D) wetting layer. This is the
case for the growth of Ge on Si(001) for which the 2D-three-
dimensional (3D) transition is driven by the 4.16% lattice
mismatch between Ge and Si, Ge having the larger lattice
parameter. The mechanism of the SK growth of Ge layers on
Si(001) substrates has been investigated extensively (see,
e.g., Refs. 1 and 2 for a review). By increasing the Ge cov-
erage above a critical thickness of ~4 monolayers (ML),
islands that are coherent (i.e., without defects) appear. Square
pyramids exposing {105} facets first form, followed by
dome-shaped islands with {105}, {113}, and {15 3 23} facets,
and a top (001) facet.’> Another type of coherent islands
called “barns” with additional {111} and {20 4 23} facets*?
may follow. For depositions higher than a threshold of about
9 ML,>¢ the misfit strain can no longer be accommodated
coherently and larger islands named “superdomes” with in-
terfacial misfit dislocations appear. They expose similar fac-
ets as barns but with different relative sizes.

The coherent pyramid and dome-shaped islands have
been the subject of many very detailed recent studies that
deal with their growth>’® as well as with their strain and
composition.”~!! For instance, different concepts on the role
of strain relaxation, diffusion and temperature activation
have been reported to describe Ge-Si intermixing in Ge
nanostructures on Si(001) (Ref. 1) and Si(111).'2!3 In con-
trast, much less work'* has been done in characterizing the
superdomes. The kinetics of the superdome growth and of
their shape transitions is still not completely understood. In
particular, the evolution with the growth rate, with
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temperature," and deposited thickness of the superdome ap-
parition, size, and shape were not fully determined during
growth. For example, Eaglesham et al.'® reported that islands
grown at 773 K and with a height above 50 nm are no more
dislocation-free. From x-ray reflectivity measurements'’ on
islands grown at 823 K with a very low growth rate, the
island-height evolution was determined as a function of Ge
deposition, exhibiting a sudden increase in island height at
~6 ML coverage. Apparently, at the transition, a huge
amount of material is transferred into dislocated islands, ei-
ther by island coalescence or by anomalous coarsening.

In this work we report on extensive in situ investigations
of Ge island growth. The morphology of islands during their
growth has been investigated so far by several in sifu meth-
ods, such as electron or x-ray diffraction,'8 scanning tunnel-
ing, or low-energy electron microscopies.>!® Recently,
grazing-incidence x-ray scattering (GISAXS) (Ref. 20) was
used to analyze the shape and size of growing metallic is-
lands. It has been shown to be a powerful tool in analyzing
the faceting of semiconductor islands and in indexing their
facets.2! With in situ GISAXS, contrary to other in situ tech-
niques, not only the average diameter and height of the is-
lands but also the average size of each facet can be directly
determined during growth. In addition, in situ GISAXS was
combined with grazing-incidence x-ray diffraction (GIXD),
which allows monitoring the island nucleation by the begin-
ning of lattice relaxation and following the evolution of the
strain state. We report here on a combined GISAXS-GIXD
study performed in situ, during the growth of Ge on Si(001)
at a low growth rate and at different temperatures. The tran-
sition from the wetting layer to the dome and superdome
formations is detected and quantitatively characterized by
both techniques.

II. EXPERIMENTS

The samples were grown by molecular-beam epitaxy
(MBE) in a dedicated ultrahigh vacuum chamber equipped
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with large beryllium windows and coupled to a surface dif-
fractometer for GIXD and GISAXS measurements, on the
BM32 synchrotron beamline at the ESRF, Grenoble.?> The
base pressure of the ultrahigh vacuum chamber is a few
10™!"" mbar. The Si(001) substrates were deoxidized by an-
nealing at 1200 K until a sharp 2 X 1 reconstructed reflection
high-energy electron diffraction (RHEED) pattern was
observed. Germanium was deposited with a Knudsen cell
with a slow deposition rate of 170 s for one Ge ML
(~0.006 ML/s), which was in sifu calibrated using both a
quartz microbalance and x-ray reflectivity. This rate is about
seven times smaller than the deposition rate usually used for
Ge/Si MBE experiments.” Ge was deposited monolayer after
monolayer at four growth temperatures (773, 823, 873, and
923 K). After growth, no damage induced by x rays was
observed. We have experimentally determined with GISAXS
and GIXD that no evolution of the island morphology, inter-
nal structure, or composition happens during annealing be-
low 773 K. At 823 K, small changes were found to start only
after 30 s of annealing, which confirms the observation of
Medeiros-Ribeiro et al.?* To avoid any evolution of the is-
lands between successive depositions, the samples were im-
mediately cooled down to 723 K after each added mono-
layer, the reference temperature at which the x-ray
measurements were performed. These typically lasted 50
min, after which the temperature was raised again to the
deposition temperature. During cooling or heating, the
sample never stayed more than 30 s at intermediate tempera-
tures between 773 K and the growth temperature so that
significant morphological evolution or Si-Ge intermixing be-
tween successive depositions can be safely neglected.®2!>3
We actually checked that, for a growth temperature of 923 K,
almost the same final state (as probed with GISAXS and
GIXD) was obtained for a 7 ML deposition realized with the
procedure described above, and a 7 ML deposition without
growth interruption. Consequently, our successive deposi-
tions are equivalent to a continuous deposition with constant
rate as a function of time; the deposited amount 6 (Ge cov-
erage) is proportional to an equivalent deposition time .

For all x-ray measurements, the x-ray beam energy was
set at 11 043 eV and the incident angle fixed at the critical
angle for total external reflection of Si, a;=0.163°. The inci-
dent beam of 1 mrad (horizontal—H) X0.1 mrad
(vertical—V) divergence, was defined by a pair of slits to
0.1 mm(H)*0.3 mm(V) at the sample position, the hori-
zontal direction being perpendicular to the surface.

For GIXD measurements, the scattered beam direction
was defined by a slit opening of 1 mm parallel to the surface
and an 8 mm slit perpendicular to it. The slit-to-sample dis-
tances were 200 and 600 mm, respectively. For GISAXS
measurements, slits and a beam stop were used in vacuum to
avoid background scattering by the beryllium windows. The
scattered intensity was detected by a two-dimensional low-
noise charge-coupled device detector from Princeton (1152
X 1242 pixels of 56.25X56.25 um?) placed 1.68 m away
from the sample. All direct- or reciprocal-space notations
refer to the bulk Si unit cell (a=b=c=5.431 A and a=p
=v=90°). The Miller indexes (h, k, and [) are expressed in
reciprocal-lattice units of Si.

GIXD measurements were performed mostly along the
(hOI) direction (h being variable and [ being small: [=0.04),
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FIG. 1. GIXD data: radial scans along the (h0[) direction, with
[=0.04, in the vicinity of the Si(400) reflection, for different Ge
depositions indicated in the graphs in equivalent monolayers (ML).
The vertical lines show the position of the bulk Si(400) and
Ge(400) Bragg peaks. The growth temperatures are( a) 773 K (from
0to 10.3 ML), (b) 823 K (from 0 to 11.1 ML), (c) 873 K (from 0 to
10.3 ML), and (d) 923 K (from 0 to 11.1 ML).

with finer measurements in the vicinity of the Si(400) and
Ge(400) Bragg peaks (Fig. 1). These radial scans were re-
corded in situ for each added monolayer. GISAXS measure-
ments consisted in recording two-dimensional GISAXS in-
tensity distributions with the x-ray beam aligned along the
substrate’s [100], [110], (Fig. 2) and [15 3 0] (Fig. 3) direc-
tions. The GISAXS maps represent cuts of the three-
dimensional intensity distribution in reciprocal space with
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FIG. 2. (Color online) GISAXS intensity maps along the [110]
azimuth obtained at growth temperatures of (a) 773, (b) 823, (c)
873, and (d) 923 K; the numbers denote the number of deposited Ge
monolayers, the arrows are along (113) (full arrows) and (111)
(dashed arrow).
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FIG. 3. (Color online) GISAXS intensity maps along the [15 3
0] azimuth obtained at growth temperatures of (a) 773, (b) 823, (c)
873, and (d) 923 K; the numbers denote the number of deposited Ge
monolayers, the arrows are along (15 3 23) (full arrows) and
(20 4 23) (dashed arrow).

the Ewald sphere. The scattering vector is defined as Q
=K;~K; (K, ; are the wave vectors of the primary and scat-
tered beams, respectively, having the angles «;, with the
mean sample surface). The collected images correspond to
(Q,Q.) planes, which are tangential to the Ewald sphere.

III. GISAXS ANALYSIS

For the analysis of the GISAXS data we have used the
distorted-wave Born approximation.”* From this approach it
follows that the intensity scattered by a noncapped island is a
coherent superposition of four scattering processes. If we
assume that the island positions are completely random and
that the islands are far apart from each other, the intensity of
the scattered radiation is an incoherent superposition of in-
tensities scattered by individual islands

4 4

1(Q) = constY, >, A, A(QF(Q,)Q™(Q,)), (1)

n=1 m=1

where the sums run over the scattering processes, and A,, and
Q,, are the amplitude and scattering vector of process n. The
direct (kinematical) process n=1 is the scattering of the in-
cident wave while the indirect processes n=2,3,4 imply re-
flections on the substrate and correspond to the multiple-
scattering paths displayed in Fig. 4—see Ref. 24 for details.
QFT(Q) is the Fourier transform of the shape function Q(r)
of a single island and the averaging in Eq. (1) is carried out
over all island sizes.

In the case of islands with flat facets, it is suitable to
convert the volume integral calculating QFT(Q) into an inte-
gral over the island surface S())=U jSU) using the Stokes
formula, which yields
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FIG. 4. (Color online) [(a)-(d)] Four scattering processes in
GISAXS. K,/ are the wave vectors of the primary and scattered
beams, respectively. (e) Schematic drawing of islands and their cor-
responding GISAXS intensity map. The width of the streak is in-
versely proportional to the facet size L.
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In this equation, if we denote by n' the unit vector of the
outer normal of the facet j with the area S(j), then r(j)
=r.n" is the distance of this facet from the orlgln (located at
the center of the bottom of the islands), Q(’ =Q.n" is the
component of Q perpendicular to the facet, and Q(’)—n(’)
X (QxnY) is the component of Q parallel to the facet. We

have also denoted F j(Q )= [sopd*ry o=@ 1 a5 the Fourier
transformation of the shape function of the facet j.

Equation (2) makes it possible to analyze the contribution
of individual facets to the intensity 1(Q). If we neglect tiny
interference fringes (that are smeared out by the size averag-
ing anyway), we can simplify the expression for the scattered
intensity as follows:

4
1(Q)zconst22|An|2(QQ“) (FQDP. (3

j n=1

Within this approximation, the intensity is a sum of the con-
tributions of individual facets. Each facet gives rise to a nar-
row streak in reciprocal space parallel to n'). The intensity
distribution across the streaks is determined by (|F(Q))|*),
where the average is taken over by the distribution of facet
sizes. A detailed numerical calculation of the shapes of the
diffraction peaks from a set of facets with various shapes was
performed using fast Fourier transform. It showed that the
peak tails behave as Q[3, independently on the dispersion of
the facet sizes. The full width at half maximum (FWHM)
AQj of the streak is inversely proportional to the mean facet
size Ly=(L) (Fig. 4); however, the proportionality factor de-
creases with increasing root mean square (rms) deviation o,
of L. For 0, —0, Ly—2m/AQ holds. Along the streak, the
intensity drops as (Q(’)) =2, In the case of a nonfaceted island
with a rounded surface, the scattered intensity decreases as
Q™* (the Debye-Porod law?®) so that from the asymptotic
intensity decrease it is possible to identify individual facets.
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FIG. 5. (Color online) (a) AFM images of samples obtained
after the deposition of 10~11 ML of Ge at (a) 823, (b) 873, and (c)
923 K, on a large scale, showing the presence of two island “fami-
lies” with different mean sizes. (d) AFM zoom of a superdome
island grown at 873 K. The measured mean sizes of {113} and {15
3 23} facets are ~145 and ~92 nm, respectively. They correspond
to the simulated values observed in Figs. 8(a) and 8(b). (¢) AFM
histogram of the equivalent radii of the islands obtained from the
island-projected area and (f) AFM histogram of the island heights as
a function of the growth temperatures.

The indirect scattering processes (n=2,3,4) give rise to
an additional streak for each facet if Q,,>0. Due to the
reflection from the free surface, the additional streak is
shifted vertically by 2K sin «; and its intensity depends on
the incidence or exit angles due to the reflectivity coefficients
r; ¢ This effect has to be taken into account in the determi-
nation of the facet size from the streak width. The influence
of the indirect scattering processes is visible in the experi-
mental data taken along the [110] and [15 3 0] azimuths in
Fig. 2 and 3, where the streaks are twofold.

Atomic force microscopy (AFM) measurements were per-
formed ex sifu on the samples after growth, i.e., for condi-
tions corresponding to the total amount of deposited Ge. The
AFM pictures of the surfaces [Figs. 5(a)-5(d)], and the his-
tograms of the equivalent disk radius and heights of the is-
lands [Figs. 5(e) and 5(f)] revealed that the island-size dis-
tribution is bimodal; small islands coexist with islands
having a width and a height larger than 400 and 25 nm,
respectively. Due to their larger scattering volume, the large
ones dominate the GISAXS. Taking only into account the
population of large islands, the rms deviation of the island
sizes, 07/Ly=0.17%0.03, was obtained from the analysis of
the AFM images.

In order to determine the evolution of the facet sizes, we
have extracted line scans perpendicular to the streaks from
the measured intensity maps and we have fitted the streak
profile by a pair of modified Lorentzian functions f(Q))
=const[1+(2Q,/AQ))*(2**~1)]7*2 (AQ, is the FWHM of
the function), obeying the asymptotic decrease (|Q,|~) of the
scattered intensity and yielding perfect fits. From direct nu-
merical simulations it follows that, for this value of oy, the
FWHM of the streak is AQ=27/L, with the accuracy of
about 10%. The distance between the peaks stemming from
various scattering processes is 60 =2K sin ¢; sin 8, where
is the angle of the facet with the surface normal (001).

Figure 6 shows an example of a fit of a line scan extracted
from the GISAXS measurement in the [110] azimuth for a
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FIG. 6. (Color online) (a) GISAXS image (azimuth [110],
=10 ML), from which the line scans in panels (b) and (c) are ex-
tracted along the Q) and Q, axes. (b) The linear scan extracted
from the GISAXS intensity map across the {113} facet streak
(points) and its fit by a sum of three f(Q)) functions (see text); the
inset shows the tail of this line scan in a log-log representation. (c)
Line scan along the facet streak. From (b) and (c), the Qf and Qﬁ
slopes are visible.

deposition of 10 ML of Ge for the growth temperature of 873
K. This line scan is fitted by the sum of three modified
Lorentzian functions, one corresponds to the streak of the top
facet (001) (on the right side of the figure) while the other
two stem from {113} facets. The study was not performed for
the {105} facets appearing in the [100] azimuth because the
flat-facet orientation (11° with respect to the [001] axis) and
the small facet size induce a broadening of the {105} diffuse
streaks that makes the extraction difficult. Therefore, only
the {113} and {15 3 23} facet sizes were characterized. The
insets in Fig. 6 show the linear scans extracted from the
intensity map in the [110] azimuth for #=10 ML at a growth
temperature of 873 K along and across the intensity streaks.
The above predicted Qﬁ asymptotic dependence is clearly
visible. The values of the mean sizes L, for the islands cor-
responding to the total amount of deposited Ge deduced from
these fits are consistent with those deduced from the ex situ
AFM measurements performed after growth (Fig. 5).

IV. EXPERIMENTAL RESULTS AND ANALYSIS

GIXD (Fig. 1) and GISAXS (Figs. 2 and 3) measurements
were combined to have access to composition and strain
(GIXD) as well as also to the morphology (GISAXS) of the
growing islands. Figure 1 shows the GIXD measurements
performed around the Si(400) Bragg peak at 773, 823, 873,
and 923 K. Figures 2 and 3 show the corresponding GISAXS
maps as a function of the Q, and Q, coordinates of the scat-
tering vector, i.e., parallel and perpendicular to the sample
surface, respectively, for the [110] (Fig. 2) and [15 3 0] (Fig.
3) azimuthal directions of the primary beam. The maps mea-
sured along the [100] azimuth are not shown because the
expected scattering from {105} facets is hardly visible, being
too close to the specular rod.

Below 2.6-3.4 ML (depending on the growth tempera-
ture) both GIXD and GISAXS measurements remain un-
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changed. This is because of the growth of a perfectly strained
(pseudomorphic) flat two-dimensional wetting layer, which
scatters at the same location as the Si substrate. For deposi-
tions of 3-4 ML of Ge, depending on temperature, diffuse
scattering appears in GIXD radial scans below the Si(400)
Bragg peak, as well as faint changes in the GISAXS maps.
These changes are in the form of diffuse intensity streaks
(which are doubled as a consequence of the indirect scatter-
ing processes—see Sec. III) along (113) directions for the
maps measured in the [110] azimuth (Fig. 2) and along
(15 3 23) directions (Fig. 3) for the maps measured in the
[15 3 0] azimuth. These streaks are signatures of the 2D-3D
transition, with the formation of 3D islands on top of the
wetting layer. These results show that GIXD is very sensitive
to the onset of island nucleation by detecting the very first
stages of relaxation of the island lattice.

Interpreting our results for GIXD and GISAXS, we can
state that for 7=773 K, the partially relaxed island volume
does not increase rapidly until a coverage of about 5.1 ML is
reached (Fig. 2). At this stage, no dome facets ({113} and {15
3 23}) are detected on the GISAXS images. {105} facets were
detected but their streaks are too broad to be analyzed. Pyra-
mid islands have thus been formed. These small islands are
almost fully strained by the substrate: they have an in-plane
lattice parameter very close to the Si one and the measured
diffuse scattering mostly arises because of their small size.
The scattered intensity is modulated by the form factor of
pyramids.

At 6 ML, a huge increase in the diffuse scattering is ob-
served on the GIXD scan [see Fig. 1(a)] and the diffuse
signal moves toward much smaller / values. The signal can
be attributed to much more relaxed islands. Indeed, due to
the larger lattice parameter of Ge, the partially relaxed com-
ponent due to germanium shifts to lower values of /4 and
adopts a position close to that of bulk germanium. This co-
incides with the appearance of weak rods on the GISAXS
pictures, corresponding to scattering by {113} and {15 3 23}
facets, which are known to be present on Ge domes, barns, or
superdomes on Si(001). The large lattice parameter of these
islands, close to the value for bulk Ge, can only be explained
by large plastically relaxed islands because coherent islands
such as domes or barns are much more strained by the Si
substrate.?®

To demonstrate this, we performed finite element method
(FEM) simulations, using a program developed by Priester
and co-workers.?” Assuming a coherent, i.e., pseudomorphi-
cally strained dome-shaped island of the size of ~100 nm
(as measured by GISAXS) of even pure Ge, the in-plane
strain component €,,, defined with respect to the Si substrate
lattice, was calculated [see Fig. 7(a)], and the scattered in-
tensity was simulated [see Fig. 7(b)]. The main part of the
simulated scattering is located around 2=3.945. Only a weak
shoulder is found around ~=3.89, at the position of the ex-
perimental scattering intensity maximum: the average relax-
ation of the simulated island is far from being centered at the
position of the experimental data and is shifted toward the
position of the Si bulk Bragg peak. This demonstrates that
the experimentally observed relaxation cannot be achieved
by coherent elastic relaxation.

These large relaxed islands can thus be identified as large
plastically relaxed, i.e., dislocated superdomes, exposing side
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FIG. 7. (Color online) (a) FEM simulation of the in-plane de-
formation €, in the island and the Si substrate underneath the island
(with respect to Si bulk) in a 100-nm-large dome of pure Ge with-
out dislocations. €,=4.2% means that Ge atoms are no more
strained. In the region of the Si substrate, where €, <0%, the Si
lattice is compressed and where €,,> 0%, the Si lattice is expanded.
(b) Experimental and simulated scattered intensities. Finite element
simulations of the strain state of coherent dome-shaped islands, and
the corresponding simulation of the scattered intensity around the
(400) reciprocal-lattice point show that their lattice parameter is
much closer to that of Si than experimentally observed.

{113} and {15 3 23} facets. The GISAXS signal emanating
from {111} facets of the superdomes is so small compared to
the {113} ones that it is hardly detectable in the feet of the
rods due to {113} facets. In contrast, the average relaxation at
coverage of 5.1 ML in Figs. 1(b) and 1(c) could be achieved
by coherent elastic relaxation, showing that, at this stage,
coherent domes are formed. Thus, in the present study, su-
perdomes appear for lower coverages than previously
reported.>® This can be explained by the much smaller depo-
sition rate (0.0006 ML/s as opposed to 0.3 ML/s) in the
present study. Rastelli er al.® observed the formation of su-
perdomes after a deposition of 8 ML of Ge at 823 K at a rate
of 0.3 ML/s. A slow growth rate leads to a more complete
relaxation!” by the introduction of dislocations, which can
explain why dislocated islands are observed already at 6—6.9
ML for a growth temperature of 773 K in our case; this point
will be discussed in next section in more detail. Note that
very weak additional scattering streaks along (111) direc-
tions can be observed in the [110] azimuth for a deposition of
7-8 ML at 873 K and for a deposition of 10 ML at 823 K. At
T=923 K, weak additional streaks along {(111) appear in the
[110] azimuth as early as 6 ML. The signal from the (111)
streaks is clearly visible at 10 ML in Fig. 2(d). An onset of
(20 4 23) streaks is also visible in Fig. 2(d), where its di-
rection is denoted by a black arrow. The observation of the
{111} and {20 4 23} facets in addition with AFM and the
results of FEM simulations confirms the formation of dislo-
cated superdomes after a deposit of 6 ML for the four studied
temperatures. In GIXD scans, the pyramid- or dome-to-
superdome transition is thus characterized by a strong strain
relief causing a shift of the island-related maximum on the &
axis to smaller £ values.

In Fig. 8 we have plotted the dependence of the mean
vertical sizes L, of the {113} and {15 3 23} facets for the
growth temperatures of 773, 823, 873, and 923 K as a func-
tion of the deposited Ge coverage 6. Between 6 and 6.9 ML,
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FIG. 8. The dependence of the mean facet sizes L, on the nomi-
nal coverage 6 of the number of the deposited Ge monolayers is
shown for the (a) {15 3 23} and (b) {113} facets, respectively. Above
6 ML at 923 K and 6.9 ML for the three other growth temperatures,
the data were fitted to a B(6—6,)""? function (full lines).

a significant increase in the {113} and {15 3 23} facet sizes
(Fig. 8) is observed. For instance, the mean size of the {113}
facets increases from (0 = 10) to (50 £5) nm between 6 and
6.9 ML deposits for the growth temperature of 773 K.

For T=773 K, above 6.9 ML, the facet size is found to
evolve as 6'3. This is shown in Fig. 8(b), where the dashed
lines correspond to 63, ¥4, and ' power laws. This 6'3
power law implies that, given certain assumptions, the island
volume V is proportional to the deposited Ge coverage 6.
The assumptions are that (i) the apparent shape anisotropy of
the superdomes is neglected, and (ii) small volume variations
possibly induced by a different size variation in the {105},
{111}, or {20 4 23} facet areas are also neglected. The first
hypothesis, which postulates that the apparent anisotropy of
the superdomes does not influence the analysis of the
GISAXS data with respect to the 1/3 power law, is justified
as GISAXS measurements average over the facet sizes. Dur-
ing the superdome evolution, the island shape is changed,
which causes changes in the relative sizes of different facet
types; however, the area limited by the {105} facets is negli-
gible with respect to that limited by the other dome or super-
dome facets>® so that the assumption (ii) is approximately
valid as well. Furthermore, AFM images show that the area
limited by the steep superdome facets ({111} and {20 4 23})
is almost negligible compared to the {113} and {15 3 23}
superdome facets.

The 1/3 power-law observation excludes the possibility of
the Ostwald ripening for which, according to
Lifshitz-Slyozov,?® Wagner,? and Chakraverty,*3! the island
size should increase as t* or ¢!, where ¢ is the deposition
time. Our results suggest that island coalescence occurs at
the transition and, once dislocated islands are formed, the
coalescence of islands is a rather rare event.>** This is con-
sistent with AFM images, which reveal a large separation of
superdome islands. Besides, no depletion region is evident
around the dislocated islands. This was previously observed
by Merdzhanova et al.'* for a faster growth rate (0.04 ML/s)
and for a growth temperature around 843 K, and interpreted
as the signature of a comparatively small efficiency of
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anomalous coarsening at low temperatures. Note that the 1/3
power evolution of superdome facet sizes is valid supposing
that the number of superdomes remains constant with in-
creasing Ge deposition, after the coherent-to-incoherent
growth transition, whereas their size increases accordingly.
Moreover, the total volume of the domes remain constant
after this transition; this is confirmed by the GIXD data
since, in Figs. 1(b) and 1(c), the signal from the domes,
located in between the signal from superdomes and the Si
Bragg peak, does not change beyond the deposition of 7 ML.
As no decrease or increase in the intensity of the scattering
from domes is observed, dome coalescence is a rare event
and in average, domes do not increase in size. This implies
that, when superdomes are formed, the deposited Ge atoms
preferentially attach to superdomes and their mean facet
sizes will follow a 1/3 power law. Nevertheless, island cap-
ture induced by diffusion-mediated processes®*—3¢ or anoma-
lous coarsening®!'# cannot be excluded as it corresponds to a
small amount of captured material compared to the volume
of superdomes.

During the superdome growth, the GIXD data show that
the maximum of relaxation stays almost constant but that the
corresponding intensity increases [see Fig. 1(a), between 6
and 10.3 ML]. This is interpreted as being caused by the
growth of superdomes as confirmed by the increase in the
{113} and {15 3 23} facet sizes found by GISAXS. In the
following, we define €°¢ as the residual strain of a Ge island
(with respect to the relaxed Ge lattice) and €,=4.16% as the
mismatch between bulk Ge and Si. In a one-dimensional
model of an island of width w, relaxed by n dislocations of
Burgers vector b, one has €%°=¢,-nb/w (Ref. 37). The above
results show that €5¢ is constant above =6 ML while w
increases with 63, Thus, n also increases with 6. This im-
plies that during the superdome growth, the introduction of
dislocations is prevalent compared to the coalescence of is-
lands and it reduces the need for strain energy relief by elas-
tic deformation.

The same phenomena are observed for the other studied
growth temperatures. The strong strain relief and the shift of
the island relaxation toward the position of the Ge bulk
Bragg peak in GIXD can be correlated with the introduction
of dislocations inside the islands and to the formation of
superdomes. If we consider the growth temperature of 923
K, at the dome-to-superdome transition (between 5.1 and 6
ML), the mean size of the {113} and {15 3 23} facets in-
creases from (0*+10) nm to (110*11) nm and to
(60 6) nm, respectively, whereas the mean {113} facet size
is around 30 nm for a domelike island according to Ref. 38.
The transition from domes to superdomes does not only ex-
plain the significant increase in the facet sizes; a large
amount of material is transferred into dislocated islands at
the transition as seen by the huge increase in the scattered
intensity in GIXD.

The superdome growth is thus characterized by two phe-
nomena. First, at the transition, the coalescence of domes is
the dominant pathway toward the formation of dislocated
islands. Second, during the growth of superdomes, the fact
that their volume growth is proportional to the deposit im-
plies that superdome coalescence is a rare event. The intro-
duction of dislocations prevails and the superdomes are char-
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FIGF. 9. (Color online) Experimental anomalous x-ray diffraction
data (VIy,) measured at two energies (11 033 and 11 103 eV), and
Ge and Si structure factors (Fg, and Fg;) calculated from the ex-
perimental anomalous x-ray diffraction data. The curves are plotted
as a function of lattice parameter for a growth temperature of 873
K, a deposit of 8 ML, and for two growth rates: (a) 0.023 and (b)
0.003 ML/s. (c) Ge content of the islands determined from the ratio
of the Ge and Si structure factors versus in-plane lattice constant.

acterized roughly by a self-similar volume increase. The
{113} and {15 3 23} facets continue to grow and are not
suppressed by the introduction of the steeper {111} and {20 4
23} facets.

From the fit of the experimentally determined mean facet
sizes L, to the 63 power law Ly=B(0-6,)", where B and
6. are constant, we determined the temperature dependence
of the constant B for both investigated facet types. The value
of Byj13y/ By1s323) is found to be constant, around 1.5 *0.1 in
the investigated temperature range, which implies that the
superdome shape does not strongly depend on temperature.

From GIXD data taken after completing the deposition of
Ge (10-11 ML), the average lateral lattice parameter of the
superdomes was obtained as a function of temperature:
562 A at 773 K, 5.58 A at 823 K, 5.57 A at 873 K, and
5.55 A at 923 K. With increasing temperature, the average
lattice parameter of the islands decreases. According to the
findings in Ref. 14, this dependence is caused by the increase
in the Si content for increasing growth temperature (see also
Refs. 39-41). This has been confirmed by multiwavelength
anomalous diffraction measurements performed at the end of
each growth. As superdomes are formed at 6 ML at T
=923 K and 6-6.9 ML at 7=773 K, it appears that for a
low growth rate the nucleation of dislocations is almost tem-
perature independent. To determine if intermixing increases
with growth rate, we performed multiwavelength anomalous
x-ray diffraction measurements for two different growth rates
(0.023 and 0.003 ML/s) at a growth temperature of 823 K for
a deposit of 8 ML of Ge. In this experiment, we have com-
pared the GIXD intensities measured for various photon en-
ergies around the Ge K edge, in various positions / in recip-
rocal space,21 and we have extracted the Si and Ge structure
factors (Fg. and Fg;) as illustrated in Figs. 9(a) and 9(b).
From the ratio of the Si and Ge structure factors, we deter-
mined the Ge content xg, of the islands as a function of
in-plane lattice parameter [Fig. 9(c)]. From the figure it fol-
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lows that the maximum Ge content in the island volume
decreases with decreasing growth rate. Since the superdome
shapes grown by different growth rates are similar, we con-
clude that the average Ge content in the island decreases
with decreasing growth rate. This is the evidence that Si
intermixing is enhanced for lower growth rates.

V. DISCUSSION

In the following, we propose a model to explain these
observations. For this purpose, we will use the phenomeno-
logical relation given in Ref. 14, which links the critical
volume to incorporate a dislocation to the Ge content: xg
=3.7V."°, where V, is expressed in nm> [see Fig. 2(d) of
Ref. 14]. This relation was proven theoretically to be appro-
priate by Marzegalli et al.*> who computed this critical vol-
ume for the onset of plastic strain relaxation in SiGe islands
on Si(001) for different Ge contents and realistic shapes by
using a three-dimensional model, with position-dependent
dislocation energy. The average island volume expressed in
nm® depends on the island density p (islands/nm?), Ge cov-
erage 6 (atoms/nm?), and island lattice parameter a (nm) as
V:%}Q. The critical coverage, 6, expressed in atoms/nm? at
the dome-to-superdome transition is thus given by

_8pV, 8X3.7%

06_ 3 6 3 (4)

a Xl

where p, a, and V. are expressed in islands/nm?, nm, and
nm?, respectively. The Ge concentration xg. and the island
density p can be written as a function of flux F at a given
temperature. From Ref. 43, it can be shown that the average
Ge fraction xg, decreases almost linearly with decreasing
growth rate, F at 923 K: xg.=x;+x,F, x;, and x, (min/ML)
are some positive constants, with F expressed in ML/min. A
decrease in the xg, value with decreasing F follows from our
anomalous diffraction experiment (see Fig. 9).

From Ref. 44 (see Fig. 2) at 873 K, the island density
increases with increasing F; p=BF*?, where (3 is a constant,
p and F are expressed in islands/nm? and ML/min, respec-
tively. Thus the critical coverage (expressed in atoms/nm?) of
the dome-to-superdome transition as a function of flux F at
growth temperatures in the 8§73-923 K range is given by the
following empirical relation:

8 X 3.7°BF??

=S e (5)
a’(x; + x,F)

For small fluxes F, 6. is growing while for fluxes above SX—XL,
it is decreasing [see Fig. 10(b)]. If we estimate x,;=0.5 and
x,=0.006 min/ML (Refs. 14 and 43) at 873-923 K, the criti-
cal coverage is an increasing function of the flux F for fluxes
smaller than 0.174 ML/s. The flux of 0.006 ML/s [dashed
line in Fig. 10(a)] used in this work is much smaller than the
flux of 0.04 ML/s reported in Ref. 14 [full line in Fig. 10(a)],
i.e., the one usually used in MBE growth of Ge islands. This
explains our experimental results, namely, the advanced tran-
sition of domes to superdomes for the substantially lower Ge
growth rate. From the rough estimation of the critical island
volume for the dome-to-superdome transition, from the criti-
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FIG. 10. Evolution of the critical coverage 6, for which dislo-
cations appear, as a function of (a) flux F and (b) growth tempera-
tures. The dashed and full lines in (a) indicate the growth rates used
in this work and the one used in Ref. 14, respectively.

cal coverage 6,, the critical Ge concentration xg, =~ 0.6, and
from the island density, we roughly estimated that the
amount of Ge transferred from the wetting layer to the island
is negligible at this transition. This finding is confirmed by
experimental results published earlier,”! showing that ap-
proximatively 1 ML of Ge is transferred from the wetting
layer to the dome volumes. However, above the dome-to-
superdome transition, the superdome volumes were found to
grow linearly with the coverage, i.e., no Ge transfer from the
wetting layer to the superdome volume was detectable.

The Ge content of the islands xg,. and the island density p
can also be written as a function of temperature at a given
flux. With increasing temperature 7, xg. decreases due to
intermixing*'* and p decreases as well, fulfilling the
Arrhenius law.*® From Refs. 41 and 45, a phenomenological
relation can be obtained for xg.: xg.~—-0.1746+6.15
X 10873 (T is expressed in K) in the 0.035-0.33 ML/s
range. In the following, we suppose that, at our growth rate
(0.006 MLY/s), this tendency is still applicable. From the
AFM measurements of the studied samples, the evolution of
the island density as a function of time has been determined
as p~0.24x 107297 islands/nm?, with §~7380 K and T
is the temperature. The critical coverage of the dome-to-
superdome transition at a flux of 0.006 ML/s and as a func-
tion of temperature is then given by the following phenom-
enological relation:

) 8 X 3.7 % 0.24 X 107297
“ a[-0.1746 + 6.15 X 1087731

(6)

For T higher than 205 K, the critical coverage is decreasing
as a function of growth temperature [see Fig. 10(b)]. At 973
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K, dislocations will appear at a coverage that is only about
~0.25 ML smaller compared to one for which superdomes
appear at a growth temperture of 723 K: |6,(7=923 K)
-0,(T=723 K)|~1.54 atoms/nm>~0.25 ML, assuming
that the islands consist of pure Ge. Thus for our work follows
that the critical coverage is almost temperature independent,
as experimentally observed.

VI. CONCLUSION

We have studied the evolution of the size of superdome
facets of Ge islands on (001) Si substrates and their relax-
ation state for comparatively low growth rates, using in situ
grazing-incidence small-angle x-ray scattering and diffrac-
tion. From the evolution of the widths of GISAXS intensity
streaks in reciprocal space, we have determined the growth
kinetics of the superdome {113} and {15 3 23} facets. The 1/3
power-law dependence of the superdome facet size on the
amount of deposited Ge indicates that once dislocated is-
lands are formed, the coalescence of islands, if any, is a rare
event. However, Ostwald ripening and anomalous coarsening
cannot be excluded. At the dome-to-superdome transition, a
huge amount of material is transferred into dislocated islands
either by dome coalescence or anomalous coarsening. From
in situ grazing-incidence diffraction experiment it follows
that the mean lateral lattice parameter of the superdomes
remains constant during their growth. Thus, superdomes are
stabilized by the insertion of dislocations during their
growth. We also demonstrate that a low growth rate shifts the
onset for dislocation formation to lower Ge coverages than
for higher growth rates.

The strength of the present work lies in the direct deter-
mination, in situ, of the evolution of the statistical average of
the facet sizes as a function of deposited material during the
MBE growth under UHV conditions.

We show that in situ UHV-GISAXS measurements during
MBE growth complement microscopic techniques and al-
lows for a systematic study of the statistical average of facet
sizes as a function of the deposited amount of Ge and of
growth temperatures. Combined with in situ GIXD, it leads
to a complete understanding of both strain status and com-
position as well as of the morphology of the islands.

We expect that the island evolution reported here can be
employed for the study of other Stranski-Krastanow islands
systems. A further step will consist in the characterization of
defect formation and their evolution during the in situ growth
of superdomes using quasiforbidden x-ray diffraction.*”48
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