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We investigated the surface diffusion and island nucleation of Ge on Si(100) in presence of a submonolayer
coverage of carbon as surfactant by using scanning Auger microscopy and atomic force microscopy. Ge stripes
have been deposited and lithographically etched on a Si substrate and used as sources for the surface diffusion
of Ge promoted by annealing at 600, 650, and 700 °C. The diffusion coefficient has been determined by fitting
the postannealing coverage profiles measured by Auger microscopy with a one-dimensional continuous model.
The carbon coverage has been spatially modulated on a single sample, allowing the measurement of the
diffusion coefficient as a function of the C thickness at 600 °C. We show that the reduction in the diffusion
coefficient while increasing the surfactant coverage is described by a linear dependence of the diffusion
activation energy on the C coverage. This dependence is discussed in terms of the chemical interactions among
Si, C, and Ge, of the surface roughness and the local strain field induced by the C surfactant. Spontaneous
nucleation of SiGe islands coexists with the continuous surface diffusion of Ge. The transition of the island
nucleation as a function of the carbon coverage is observed to be continuous from the Stranski-Krastanov mode
to the Volmer-Weber regime. We propose a consistent scenario correlating diffusion and nucleation parameters
within a diffusion limited growth regime and show the existence of a threshold for C coverage below which no

effect is observed.
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I. INTRODUCTION

Growth of Ge on Si surfaces has attracted much attention
because of its importance for both the semiconductor tech-
nology and the understanding of fundamental physical pro-
cesses. The formation of self-assembled SiGe islands is
strongly dependent on the surface-diffusion coefficient of Ge
and Si atoms, which is rapidly varying with the
temperature’> and submonolayer amounts of surface
impurities.’

The surface diffusion of Ge on Si(100) follows an aniso-
tropic Arrhenius behavior* due to the (2 X 1) reconstruction
with dimer rows forming on the (100) surface. The surface
mass transport has been experimentally studied both by di-
rectly measuring the diffusion length on a macroscopic scale
(about 10~ m)> and by monitoring on a microscopic scale
the temperature dependence of the width of islands free
zones around preferential nucleation sites.*%’ Activation-
energy barriers (0.6-1.2 eV) and diffusion coefficients
(107°-10"% cm?/s at 600 °C) have been theoretically ob-
tained by using molecular-dynamics simulations®® and ab
initio calculations.'®

The surface diffusion, and more generally the growth
mode of Ge on Si, can be controlled by using surface-active
species (surfactants)!’!? that strongly modifies the surface
free energy of both Ge and Si.'* Tromp and Reuter'* showed
that As and Sb surfactants are energetically driven to float at
the surface during growth, thus providing a large driving
force for the Ge atoms to incorporate into the surface, which
can suppress the surface diffusion and prevent island forma-
tion. An opposite behavior is expected when carbon is used
as a surfactant with the repulsive chemical interaction be-
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tween Ge and C atoms'’ forcing carbon into the shallow
layers of the substrate.'® Thus Ge atoms lie in the top layer
on the rough and strained interfaces created by the underly-
ing C-rich layers and the diffusion coefficients are strongly
affected.

Another important process typical of lattice-mismatched
systems is the island nucleation driven by the elastic relax-
ation of the strain. Indeed, using a surfactant can enhance
island formation by modifying the energy and the strain
state of the surface, and the idea of controlling shape, size,
and density of self-assembled islands has been already
reported.!”!8

A recent bottom-up strategy toward the engineering of the
self-assembly process of Ge islands involves the use of car-
bon as a surfactant. The growth of C-induced SiGe islands
has been extensively studied®!°-?? for the possibility to tailor
their properties for potential application in nanoscale
devices.?* The growth mode of Ge on a Si(100) surface pre-
covered with a submonolayer amount of carbon, generating
¢(4 X 4) reconstructed domains, has been studied by Stoffel
et al.,” showing that the growth proceeds via a Volmer-
Weber (VW) mode. This growth mode has been observed
also by Leifeld et al.?® using scanning tunneling microscopy
and by Dentel et al.?® and Bernardi et al.?’ through reflection
high-energy electron diffraction studies. However, the micro-
scopic mechanism of surfactant effect upon the growth pro-
cess evolution is still under investigation and the identifica-
tion of the microscopic factors governing the relative growth
of individual nanostructures is an important issue that still
needs to be addressed for a complete understanding of the
process. Bernardi et al.?® recently demonstrated that by de-
posing a carbon layer over a SiGe buffer layer it is possible
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to manipulate the epitaxial growth of Ge dots in a kinetically
limited deposition regime. In comparison with Ge islands
directly grown on a bare Si surface, the average size of the
C-induced Ge dots is generally smaller and the island density
is larger.??" This is usually attributed to a decrease in diffu-
sion length of adatoms on a C precovered surface,’! even if a
direct experimental demonstration of such a reduction in the
Ge diffusion induced by the C surfactant is still lacking.

In this paper, we quantitatively study how a controlled
carbon coverage influences the thermal surface diffusion and
nucleation of Ge atoms on the Si(100) surface. The use of
lithographically defined Ge stripes as sources of diffusion
allows for a direct measurement of the long- and short-range
diffusion parameters at the same time. We have directly de-
termined the diffusion coefficients on a microscopic scale
and by monitoring in situ both the diffusion process and the
island self-organization we have investigated the influence of
the surface atomic mobility on the growth evolution.

First we discuss the temperature dependence of the diffu-
sion coefficient on a C-free Si surface at 600, 650, and
700 °C. Then a quantitative correlation of the diffusion pa-
rameters at 600 °C with the carbon coverage in the sub-
monolayer regime is obtained by monitoring the Ge diffusion
on a Si surface precovered with a spatially modulated C cov-
erage. We experimentally show that the diffusion coefficient
at 600 °C presents a strong dependence on carbon coverage.
To understand the origin of this dependence we critically
discuss the role played by the chemical interactions among
Si, C, and Ge and by the surface roughness and local strain
field induced by the C surfactant. By coupling scanning Au-
ger microscopy (SAM) and atomic force microscopy (AFM)
analysis the critical overlayer (OL) thickness for nucleation
has been extracted, showing a continuous transition from 3
ML down to fractions of ML as a function of carbon cover-
age. This gives the experimental evidence of a C-induced
continuous transition from the Stranski-Krastanov (SK)
growth mode, where a two-dimensional (2D) wetting layer is
formed before the three-dimensional (3D) nucleation, to the
Volmer-Weber growth regime, with leading to a direct for-
mation of 3D islands without wetting layer. Moreover we
show that the experimental behavior of the nucleation as a
function of the C coverage is fully consistent with the diffu-
sion parameters, that have also been determined experimen-
tally, within a scenario where the surface diffusion is indi-
rectly determined by carbon, due to the strain induced in the
substrate by intermixing with Si in its shallow layers. Finally,
size and density of spontaneously nucleated SiGe islands
have been monitored in areas with different carbon coverage
and have been directly correlated with the Ge surface atomic
mobility. We propose that the growth process evolution can
be primarily interpreted within a diffusion-limited regime.

II. EXPERIMENT AND METHOD

The samples consist of Ge stripes (width ~3-5 um) ob-
tained by a photolithographic patterning of pure Ge thin
films (thickness ~50 nm), grown on a Si(100) substrate by
low-energy plasma-enhanced chemical vapor deposition.*?
Removal of native silicon oxide and germanium oxide has
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been obtained by using a diluted HF solution at 10% for 30
s at room temperature. Surface contaminations have been
removed by in situ low-temperature out-gassing (T
=500 °C) and Ar" ion sputtering. The ions were accelerated
to 4 keV Kkinetic energy with a beam current of ~0.4 uA;
the ion beam had a spot size of about 0.5X 1 mm?” and has
been rastered over an area of 10X 10 mm? (greater than the
whole sample surface), hitting the sample with a take-off
angle of 30°. A PHI 660 SAM has been used for a spatially
resolved chemical characterization of the samples.

To investigate the surface diffusion in presence of carbon,
we exploited the presence of C and O on the Si surface due
to adsorption of CO, CO,, and carbon hydrogenates, as re-
vealed by Auger analysis performed after the insertion of the
sample in the vacuum system. A pure carbon layer has been
then obtained by an in situ low-temperature out-gassing. In
fact, a several minutes long out-gassing performed at 500 °C
results in a complete O desorption leaving a C layer on the
surface. No residual oxygen was observed within the detec-
tion sensitivity limit of 1%. The residual carbon layer has
been reproducibly found on several samples after the out-
gassing. Hydrogen contamination, undetectable with the Au-
ger probe, is reasonably eliminated during the out-gassing.>3

The stripes act as Ge sources directly placed on the
sample surface and a continuous diffusion profile is obtained
after annealing at high temperatures (600, 650, and 700 °C)
in UHV (see Sec. III A). Moreover, self-assembled SiGe is-
lands spontaneously originate along the diffusion profile (see
Sec. III C).

The samples have been annealed by Joule heating running
a dc through the Si substrate. The temperature stabilization
takes less than 30 s, and the temperature spatial distribution
is highly uniform in the investigated area, as demonstrated
by the reproducibility of the diffusion profiles measured in
different zones of the sample surface. The base pressure dur-
ing the annealing time was always better than 1X 10~ torr.

To characterize in situ the Ge diffusion profiles and the
thickness of the carbon layer, we have monitored the inten-
sities of Ge LMM (~1150 eV), Si LMM (~90 eV), Si
KLL (~1610 eV), and C KLL (~270 eV) Auger lines as a
function of distance from the Ge stripe. The AFM data have
been obtained by a Veeco Innova microscope, operated in
tapping mode with ultrasharp tips (nominal tip radius about
2 nm), to analyze ex sifu the nucleated islands. To extract
quantitative information a statistical analysis of AFM data
has been performed on about 500 islands using freely avail-
able software tools.>*

III. RESULTS AND DISCUSSION
A. Surface diffusion on a C-free Si(100) surface

During the annealing process the Ge moving from the
stripe diffuses on the Si surface forming a continuous OL.
Figure 1(a) shows the scanning electron microscopy (SEM)
micrograph of the stripe before (upper inset) and after (main
panel) a 10 min annealing at 600 °C. Before the annealing
the surface contaminants have been completely removed by
using an isotropic ion sputtering. After annealing, surface
roughness was about 0.2 nm as determined by AFM analysis.
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FIG. 1. (Color online) (a) SEM image of the stripe after anneal-
ing at 600 °C for 10 min showing a bilateral diffusion (gray shaded
area). Surface contaminations have been removed by using an iso-
tropic ion sputtering (as schematically shown in the inset in the
bottom-left corner). In the top-left corner is shown the SEM image
of the stripe before the annealing. (b) Ge LMM and Si LMM Auger
lines measured at different distances from the stripe as indicated by
the solid black arrows in the panel (c). (c) Overlayer thickness as a
function of the distance from the source as determined by SAM
analysis (black squares). The green continuous line is the best fitting
of the experimental data using the analytical solution of a 1D dif-
fusion model (see text). Inset: schematic of the detection geometry
and of the diffusion region as represented inside the discrete layer
model.

The shading at the sides of the stripe in Fig. 1(a) result
from the compositional contrast of the secondary electron
emission between Ge, diffused on the surface, and Si in the
substrate. Spatially resolved Auger analysis allowed to mea-
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sure the thickness and composition of the OL along the dif-
fusion profile as a function of the distance, x, from the stripe.
Figure 1(b) shows the Ge LMM and Si LMM Auger lines
measured at different distances from the stripe after a 10 min
annealing at 600 °C and Fig. 1(c) represent the correspond-
ing OL behavior. The determination of the OL thickness has
been obtained by fitting the Ge LMM and Si LMM Auger
line intensities (kinetic energy of 1150 and 90 eV) measured
as a function of x with a discrete layer model®® where the OL
is approximated by a Si;_,Ge,, thin film of variable thickness
and uniform composition «. Within this discrete layer model
the normalized Si LMM and Ge LMM Auger line intensities
are given by the following relations:

%(x>=[1—a(x)]—(”V)G°{1—exp[ L ]}

ISi (nv)Si B )\Si COS 5

h(x) ]

Ag; cos O

+exp[— (1a)

I{g%(x)=a(x){l —exp(— )\SlGhe(—X))] (1b)

Ge Ge €0s O

where £ is the overlayer thickness, I2° and I5.” are the
standard intensities for bulk Ge and Si, respectively; )\%le
=2.66 nm,*® \&=2.16 nm,* and AZ=a\S+(1-a)\g,
are the inelastic mean-free path (IMFP) for Ge LMM Auger
electrons propagating in a Si, Ge, and SiGe matrix, respec-
tively; Ng;=0.52 nm (Ref. 36) is the IMFP for Si LMM Au-
ger electrons (in this case the dependence from the matrix is
negligible); ny is the volume atomic density in the bulk ma-
terials (44.2 atoms/nm?> for Ge and 49.9 atoms/nm? for Si);
6=~42° is the angle between the normal to the surface and
the outgoing direction of Auger electrons collected by the
energy analyzer [see inset in Fig. 1(c)].

The first term in Eq. (1a) is related to the contribution to
the Si LMM intensity from Si intermixed inside the OL,
while the second term accounts for the attenuation of the
substrate signal due to the presence of the OL. Equation (1b)
for the Ge LMM intensity contains only the term related to
Auger electrons originated inside the overlayer [see inset in
Fig. 1(c)]. The data analysis takes advantage of the following
facts: (i) the Ge LMM Auger electrons bring information
from the whole OL because their IMFP is greater than its
maximum thickness and (ii) the Si LMM decay channel is
more suitable than the Si KLL one for the investigation of
the OL, because the Si LMM intensity is strongly affected by
the OL thickness (Si LMM electrons have an IMFP five
times shorter than the Si KLL ones>®).

For the annealing at 600 °C an average Ge relative con-
centration of about 0.81£0.05 has been found, in good
agreement with the values found in literature for the case of
molecular beam epitaxy (MBE) deposition.’” The value of
composition, as obtained by the discrete layer model, exhib-
its a relative dispersion between the several data sets of about
12%. This dispersion is comparable with (1) the uncertainty
introduced by the physical quantities of the model (namely,
the IMFPs, for which has been assumed an error of lower
than 5%, which is commonly accepted) and (2) the possible
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systematic errors induced by a gradient of the composition
inside the overlayer along its depth. We have verified that,
even in the extreme case of a triangular profile of the com-
position inside the OL, the mean composition predicted by
the model lies within the dispersion boundaries.

The dependence of the OL thickness as a function of x
[Fig. 1(c)] is attributed to the diffusive motion of the atoms
from the source and can be well understood in the framework
of an analytical one-dimensional (1D) diffusion model.>® The
model strictly applies for the case of negligible intermixing
between the migrating species and the substrate atoms. The
hypothesis is not strictly verified in the present case as we
found a partial Si incorporation inside the overlayer from the
Auger analysis (see above). Indeed, considering that the local
atomic motion is fast compared with the Ge flux,* the Si
intermixing occurs on a time scale much shorter than the
diffusion motion of the Ge atoms from the stripe, and the
model can be generalized by supposing that the Ge surface
diffusion is mediated by Si incorporation inside the over-
layer. The correspondent diffusion parameters obtained by
the model are essentially related to a SiGe alloy with high Ge
content, and we will refer to them as Ge effective diffusion
parameters.

In the meaning given above, the Ge coverage / follows
the one-dimensional diffusion equation, according to which
the gradient in the chemical potential induced by the differ-
ence of Ge concentration between the stripe and the sur-
rounding regions is the driving force for the surface diffusion

(2)

where ¢ is time and D is the diffusion coefficient which de-
pends on the temperature, 7. By considering the geometry
of our experiment [A(x,7)=0 for =0, x>0] and in the
hypothesis of a constant height source [A(x,t)=h, for x
=0, V re€[0,7], where 7 is the annealing time], the Ge
coverage along the diffusion profile is given by the following

relation:3®
h=h0[1—erf<x;xo)], (3)

where x, is the position of the stripe edge and L=2\Dr is the
diffusion length. The green continuous line in Fig. 1(c) is the
best fitting of the experimental data using Eq. (3) for a 10
min annealing at 600 °C. The diffusion lengths represented
in Fig. 2(a) were determined similarly for each couple of
temperature and annealing time on data taken at three tem-
peratures with several annealing times. Then the diffusion
coefficient at each temperature is extracted by linearly fitting
the L?/4 values for each temperature in Fig. 2(a). They are
shown in Fig. 2(b) as an Arrhenius plot of D, and the green
line is the fitting of the data with the corresponding Arrhen-
ius law

1.24 eV

) cm?/s. (4)
KT

D=6.08 X 107 exp(—

The values found for the diffusion constant Dy=6.08
X 1072 c¢m?/s and for the activation energy E,=1.24 eV are
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FIG. 2. (Color online) (a) L?/4, with L diffusion length, plotted
as a function of the annealing time, 7, for different temperatures
(600, 650, and 700 °C). Linear fittings of the experimental data
were used to extract the values of the diffusion coefficient, D,
at different temperatures (L?=4D7). (b) The diffusion coefficient
has an exponential temperature dependence given by an Arrhenius
law: diffusion constant Dy=6.08X 1072 cm?/s, activation energy
E,=1.24 eV.

in good agreement with both the experimental>® and
theoretical®!? literature. A strong anisotropy of the surface
diffusion has been experimentally demonstrated* and a theo-
retical model has been proposed,”!? where the diffusion par-
allel to the dimer rows, the easy diffusion, is characterized by
an activation energy E£,=0.73 eV and a diffusion constant
Dy=4.3X10"* cm?/s, and in perpendicular direction, the
hard diffusion, by Ey=1.17 eV and D;=2.8X 1073 cm?/s.°
We notice that in our setup Eq. (4) is used to describe the
surface-mass transport over a length scale of a few tens of
micrometers, which exceeds significantly the typical width
of single terraces and of the dimer rows domains. Thus, the
measured diffusion coefficient describes the diffusion aver-
aged over both dimer orientations domains and across their
boundaries.

B. Continuous surface diffusion
on a C covered Si(100) surface

We discuss here the dependence of the Ge surface diffu-
sion from the C coverage. In order to compare the effect of
different coverages in the same environmental conditions, we
have produced a carbon coverage varying continuously from
zero to about few monolayers (MLs) along the direction y
parallel to the stripe (see Fig. 3) according to the following
procedure. A homogeneously carbon-covered surface has
been obtained as described in the experimental section (Sec.
II). Then the surface has been ion sputtered while a shutter,
having an edge perpendicular to the stripe and parallel to the
sample surface, was moved along the y direction. This al-
lowed the exposure of an increasing portion of the surface
with time. In this case the sputtering direction has been kept
fixed with projection along x (instead of using the isotropic
bombardment adopted before) in order to exploit the shutter
motion. As a side effect, the C film is not removed from the
area shadowed by the stripe (the right side of the stripes
shown in Fig. 3). The C coverage before Ge diffusion as a

125456-4



QUANTITATIVE INVESTIGATION OF THE INFLUENCE...

SIDE VIEW

TOP VIEW

FIG. 3. (Color online) Diffusion regions for two different stripes
after annealing for 10 min at 600 °C in presence of a wedged C
coverage. Transversal sputtering has been used in this case (see
inset on top). For both stripes, in the C-rich region (at the bottom)
the diffusion is inhibited, while in the C-free region (at the top) the
diffusion is favored with a continuous transition between these two
extremes. The limit of the diffusion region as a function of the
carbon coverage is outlined by the green contour (left panel) and
red contour (right panel, where the rescaled green contour is also
reported as a comparison). The regions with low, medium, and high
C coverage used in Sec. III C are shown by red shaded areas.

function of y has been determined by measuring the C KLL
Auger line [kinetic energy of 270 eV and IMFP of 1 nm
(Ref. 36)]. Then its intensity variation has been fitted with a
discrete layer model®> similar to the one used for Ge in the
previous section, where C is considered to be at the topmost
of the surface. This is supported by the fact that for coverage
greater than 0.2 ML carbon is preferentially found at surface
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FIG. 4. (Color online) (a) Auger mapping of the Ge diffusion
profiles as a function of the C coverage. (b) Quantitative correlation
between the Ge diffusion coefficient and the carbon coverage (lin-
ear plot): the green continuous line is the best fit of the experimental
data (black squares) using a model where the activation energy for
surface diffusion linearly depends on the carbon coverage (see text).
The free parameters D and E} result from the fitting to be
5.68+0.33X 1072 cm?/s and 0.29+0.04 eV, respectively. Inset:
logarithmic plot of the diffusion coefficient vs the carbon coverage.

sites.** Figure 3 shows the diffusion region for two different
stripes after annealing for 10 min at 600 °C, where the
modulation of the carbon coverage goes from the top (C-
free) to the bottom (C-rich) of the figure. The effect of the
carbon coverage on the Ge diffusion is dramatic: (i) the dif-
fusion is fully inhibited on the right side of the stripes due to
its shadowing effect on the ion beam, which prevents the C
removal from the Si surface; (ii) on the left side the diffusion
is completely quenched when the coverage exceed a critical
value (which is about 1 ML) while in the C-free region the
diffusion is favored and a continuous variation in the diffu-
sion length with the C coverage leads from one extreme to
the other. This behavior experimentally confirms the crucial
role played by carbon in determining the Ge atomic mobility
on Si(100).
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Spatially resolved Auger analysis allowed to obtain the
Ge coverage profiles after annealing as a function of the
distance from the stripe, x, for different pre-existing C thick-
ness in the submolayer regime, whose complete mapping is
shown in Fig. 4(a). For the determination of the coverage
profiles we used the same model exploited in the C-free case.
Then by applying again the 1D diffusion model already de-
scribed, the diffusion length behavior can be extracted by the
map of the diffusion profiles. The correlation between the
diffusion coefficient and the C coverage, shown in Fig. 4(b),
is finally obtained by the relation L=2Dr. We notice here
that the analytical solution of the 1D diffusion model used in
the case of C-free diffusion still represents a good approxi-
mation for the experimental behavior of the Ge coverage as a
function of x. Although this model strictly applies only in
case of perfect translational symmetry along the stripe, as in
the C-free diffusion described in Sec. III A, it is still a good
approximation in the present case: in fact the diffusion length
varies slowly along the y direction from 0.35 to 30 wm over
a 500 wm range (see right panel in Fig. 3). It is worth noting
as well that by changing the C coverage from about 1 to 0.1
ML, a variation of about 4 orders of magnitude in the diffu-
sion coefficient is obtained [see inset in Fig. 4(b)]. This ex-
perimentally shows the possibility to tune the surface diffu-
sion of Ge by using a controlled coverage of carbon, opening
interesting perspectives in technological applications and de-
vice fabrication.

We focus now on the discussion of the measured variation
in the diffusion coefficient of Ge at 600 °C as a function of
the carbon coverage in submonolayer regime. We show in
Fig. 4(b) that the coefficient strongly decreases while in-
creasing the surfactant coverage.

The reduction in the atomic mobility in presence of car-
bon has been generally related to the strong chemical inter-
actions among Si, C, and Ge, and to the increment of surface
roughness due to the C presence.'®! Moreover, the activa-
tion energies for the surface diffusion have been theoretically
shown to strongly depend on the local strain field experi-
enced by the diffusing atoms on the substrate surface along
their diffusion pathway. "=+

We show here that a first-order expansion of the activation
energy E,=ES+E}(9-13,) as a function of the C coverage,
U (defined as the ratio between the thickness of the carbon
layer as determined by the discrete layer model and the
thickness of one monolayer in the C diamond crystalline
structure), is enough to reproduce the gross features of the
experimental dependence. The coverage threshold U
=0.16=0.06 ML comes from the tendency of carbon to in-
termix with Si into the shallow layers of the substrate rather
than stay at the surface. This will be extensively discussed
later on in this section while the determination of 9, will be
described in Sec. III C. The diffusion coefficient results ac-
cordingly

D(9,T)=Dgexp| - —— |exp| - (9= |, (5
()opKBTpKBT( |- ©)
where the pre-exponential factor, Dy, represents an average
effective value of the diffusion constant in presence of a
carbon coverage.
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The main panel in Fig. 4(b) shows the best fit of the
experimental data using Eq. (5), where ES was set to the
value found in the case of C-free diffusion, and D; and
Efl\ have been considered as free parameter, resulting to
be 5.68+0.33X 1072 cm?/s (the same as in the case of
C-free diffusion within the experimental uncertainty) and
0.29+0.04 eV, respectively.

On the basis of the experimental results reported here, we
are not able to identify quantitatively a predominant factor
among the chemical interactions, the surface roughness, and
the strain field determining the reduction in the Ge atomic
mobility. However, combining our observations with well-
established results from the literature we propose that the
most reasonable picture of the experiment is the diffusion of
a SiGe top layer with high Ge concentration (=80%) on a
rough and compressively strained substrate surface. This sce-
nario is discussed in the following paragraphs.

The increase in surface roughness with the carbon cover-
age can be induced by the tendency of C atoms to diffuse
into the Si substrate.*>#” In fact, the C incorporation in Si is
essentially driven by the competition between the tendency
of C atoms to occupy favorable sites and the minimization of
the lattice elastic energy associated with the c¢(4 X 4) recon-
struction strain field.*” This process can result in the forma-
tion of separated reconstruction domains and in the increase
of the roughness. Torigoe et al.*® gave experimental and the-
oretical evidence for a monotonic dependence of the activa-
tion energy for surface diffusion by the surface roughness,
which is shown to increase for higher carbon coverage at a Si
surface. We measured by AFM the postannealing surface rms
roughness, which increases with the C coverage from
0.20%=0.04 nm in the C-free regions up to 0.35*=0.05 nm
in the C-rich regions. Thus the roughness seems to play a
role in the observed variation in the diffusion parameters.

In the case of further coverage with Ge as in our experi-
ment, we have to take into account the existence of a strong
repulsive chemical interaction between Ge and C atoms,
which has been both theoretically predicted'>*” and experi-
mentally demonstrated.”® This interaction is able to force C
into the shallow layers'® where it is principally incorporated
substitutionally,*” forming stable Si-C bonds and giving rise
to a strong compressive strain field. This C-induced strain
field increases with the carbon content at the surface!® and
can be obtained at the first order within the Vegard law as
being proportional to the carbon coverage. The enhancement
of compressive strain of the substrate has been shown*!-44>9
to be responsible for an increase in the surface-diffusion en-
ergy barrier leading to a decrease in the mobility. Huang et
al.,>* based on first-principles calculations, found a linear
correlation between this diffusion energy barrier and the sub-
strate strain field.

Thus we propose a scenario where the decrease in the Ge
diffusion coefficient between the C-free and the C-covered
Si(100) substrate originates from the modulation of the acti-
vation energy induced by two contribution: (1) the roughness
at the interface and (2) the increased compressive strain
within the substrate. Both contributions determine a linear
dependence of the activation energy, thus they are both
described by the coefficient E} in the exponential factor of

Eq. (5).
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The fitting in Fig. 4(b) reveals that the Ge diffusion con-
stant, D;=5.68 X 1072 c¢m?/s, does not significantly change
with respect to the C-free case, Dy=6.08X 1072 cm?/s,
showing that the main cause of the strong dependence of the
diffusion coefficient from the C coverage comes from the
activation energy.

The above discussion shows that Si-C bonds influence
deeply the SiGe diffusion in our experiment so that the value
of E}x estimated here cannot be directly compared to the the-
oretical calculations of the diffusion on externally strained
pure Si substrates. However, a qualitative explanation of the
main trends is possible within the approximation that Ei is
determined only by the C-induced strain field. This needs to
account for the real strain field induced by C atoms in the
surface layer, whose determination requires the knowledge
of the carbon concentration in the topmost layer. This issue
will be properly addressed in the following discussion about
the island self-assembly (Sec. III C), and thus the reader is
referred there also for the discussion about the term E}.

These results should be considered as a preliminary at-
tempt to have a deeper insight in the comprehension of the
processes governing the C-induced modulation of the atomic
mobility. They give an experimental basis on both the iden-
tification of the factors influencing the surface diffusion and
the quantitative prediction of the C-induced trend for the
activation energy and the diffusion constant. We hope that
these systematic results will motivate further experimental
and theoretical works.

C. SiGe islands nucleation

During the annealing process, SiGe islands have sponta-
neously nucleated in the diffusion area over the continuous
overlayer created by the diffusive motion of Ge atoms from
the stripe (insets of Fig. 6). In the case of a clean Si(100)
surface, the growth mode of the SiGe islands is SK (Ref. 51)
in the whole range of temperature over which the nucleation
is observed. In the initial phase of the SK growth a 2D flat
SiGe wetting layer (WL) is formed, and the 3D island nucle-
ation takes place only above a critical WL thickness.

We have investigated the island growth mode in presence
of carbon acting as a surfactant. The critical overlayer thick-
ness for the setting up of island nucleation has been deter-
mined as a function of the carbon coverage by coupling
SAM analysis (giving both C coverage and OL thickness as
a function of x and y) and AFM analysis (giving the density
of the islands as a function of x and y). In the following we
identify this critical thickness with the largest thickness of
the OL at which the island density goes to zero (see Fig. 5).
We found that this critical thickness varies from
0.8*+0.17 ML for a pre-existing C coverage of ~0.7 ML
(identified in Fig. 3 as the C-rich region of the sample) to
1.80.25 ML at ~0.4 ML C coverage (hereafter called in-
termediate C-coverage region), up to 3*0.21 ML for
~0.2 ML C coverage (the low C-coverage region); the ab-
solute uncertainty for the C coverage is about =0.1 ML. The
main source of uncertainty on the critical thickness is the
intrinsic error in the thickness determination as obtained
within the discrete layer model presented in Sec. IIT A. The
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FIG. 5. (Color online) (a) Island density and (b) overlayer thick-
ness vs distance, x, from the stripe in regions with different C cov-
erages. The vertical blue, green, and black solid lines are the posi-
tion of the onset for island nucleation in case of low C, medium C,
and high C coverages, respectively (gray shaded zones represent the
uncertainty). The comparison of the two graphs allows for the direct
experimental determination of the critical OL thickness for nucle-
ation with different C coverages.

error on the critical thickness value coming from the uncer-
tainty on the onset position for island nucleation (see Fig. 5)
is substantially negligible with respect to the one introduced
by the model.

In the low and intermediate carbon coverage regions, the
measure confirms the SK growth mode observed in case of
absence of surfactant, where the island formation is driven
by elastic strain relaxation.’! Since the surface energy of Si is
larger than that of Ge, in the initial phase of the growth the
Ge wets the Si substrate forming a uniformly strained SiGe
film. The formation of an island can result in a reduction in
the elastic energy stored in the overlayer and in the underly-
ing Si substrate due to the partial elastic strain relaxation by
the outward bending of the lattice planes. This mechanism
becomes advantageous when the reduction in the elastic en-
ergy exceeds the increment of surface energy required by the
larger surface developed by the island. This happens above a
critical thickness of Ge coverage, after which the system
spontaneously evolves toward the formation of 3D clusters.

In the high C-coverage region islands are able to nucleate
even with a submonolayer Ge coverage. This observation is
consistent with a Volmer-Weber (VW) growth mode,?® where
the formation of a larger Ge surface for a 3D island is ener-
getically more convenient with respect to the accumulation
of strain energy due to the formation of a continuous epitax-
ial layer. We attribute the reaching of this condition to the
presence of a carbon-induced local compressive strain
field.?® In fact C atoms incorporate into the shallow volume
of the Si substrate (as discussed in Sec. III B), thus reducing
the lattice constant of the C alloyed Si surface due to their
smaller size with respect to Si atoms and exaggerating the
mismatch with the SiGe overlayer.
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The monotonic dependence of the critical thickness on the
C coverage can be used to gain a quantitative estimation of
the C incorporation inside the Si substrate and improve the
understanding of the interplay of the diffusion and nucleation
properties. The simplified scenario is the following: as dis-
cussed above, the SiGe overlayer diffuses over a Si surface
partially alloyed with carbon; the alloying increases the mis-
fit strain between the SiGe thin film and the topmost layer of
the substrate, thus increasing the amount of the elastic energy
stored in the OL and consequently promoting the island
nucleation at lower OL thicknesses.

We now propose a semiquantitative estimation of the car-
bon incorporation into the first layer of the Si substrate. The
critical thickness at the 2D-3D transition corresponds to the
minimization of the total free energy, F, of the system, which
at first approximation can be obtained by considering only
the contributions of the surface energy of the SiGe overlayer,
v, and of the elastic energy, E,,, stored in it!®

F= ‘y+Eel'

The elastic energy E,; stored per unit area in the SiGe over-
layer can be determined using the classical equation

1+
Yeh, 6)
1-v

Eel = 2/1’

where u and v are the shear modulus and the Poisson’s ratio
of the overlayer, € is the misfit strain of a SiGe thin film on
a Si-C alloy layer, and £ is the OL thickness.

We point out that the surface energy of the SiGe over-
layer, 7y, can be considered at first approximation indepen-
dent from the carbon coverage of the surface: in fact, the
repulsive interaction between Ge and C forces C to be incor-
porated in subsurface sites and thus leaves unmodified the
top surface of the SiGe overlayer. As a consequence at the
critical thickness the reduction in the elastic energy stored in
the overlayer for the case of nucleation on C-free and carbon
covered regions is the same'® and we can write

& heyiy = €3hy (7)

where hy~3.5 ML (Ref. 52) and &, are the critical thickness
and the misfit strain in case of absence of carbon while A,
and e are the similar quantities for the C-covered Si surface.
Equation (7) is valid in hypothesis that 3D clusters formed at
the 2D-3D transition have the same morphological structure
in both cases. The misfit strain & and g, depend at the first
approximation only on the lattice parameters of the substrate
and of the OL

e asiGe ~ 4sic _ 4siGe ~ dsi

and gy=———7, (8)

AsiGe asiGe

where ag;=5.43 A refer to Si bulk and agg.=ag(l—a)
+ag.x=5.60 A (with ag.=5.64 A and a=0.81 from Sec.
II A) is the Si,_,Ge,OL lattice parameter obeying a Vegard
law. The parameter of the uppermost C alloyed Si layer of
the substrate, Si;_.C,. (where the carbon concentration ¢ in
the uppermost layer has not to be confused with the carbon
coverage), can be evaluated in agreement with theoretical®
and experimental’*>3 studies as
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agic=agi(1 —c) +acc+c(1-c)B, 9

where B=-0.64 A (Ref. 55) is the so-called bowing param-
eter and ac=3.56 A the lattice parameter of C in its dia-
mond allotropes.

Thus combining Egs. (7)—(9) and using the experimen-
tally measured critical overlayer thickness we can evaluate
the carbon concentration, ¢, within the topmost substrate
layer and compare them with the corresponding carbon cov-
erage. As shown in Fig. 6(a), in the C-rich region ¢ is found
to be about 6.7% while at intermediate C coverage it be-
comes 2.5%, decreasing down to 0.5% in the low
C-coverage region. The experimental data are well fitted by a
linear behavior [green line in Fig. 6(a)], showing that under a
critical C coverage ¥3=0.16=0.06 ML the C concentration
¢ of the surface layer becomes negligible. These results are
consistent with the picture that for low C-coverage subsur-
face sites are more energetically stable for carbon and justify
the term (9-,) in the activation-energy expansion E,
=ES+E}(9-1) for surface diffusion introduced in the Sec.
III B. They also support experimentally the Monte Carlo
simulations and the ab initio calculations by Remediakis et
al. 20 according to which the ratio of surface to subsurface C
atoms increases monotonically with increasing C coverage
and becomes greater than 1 for a carbon coverage of 0.17
ML.

We discuss now the value of the first-order coefficient
Ei‘ ~0.29 eV in the linear expansion of the activation energy
E,=ES+E}(9-9) used in Sec. III B to fit the experimental
trend of the diffusion coefficient. Based on the carbon con-
centration in the topmost layer of the substrate as given
above, we can compare the quantitative results of our fitting
in Sec. III B with the values reported by Huang et al.*? They
found by first-principles calculations on a biaxially strained
Si(100) surface that the activation energy, E,, for surface
diffusion of Ge has a linear dependence on the strain applied

to the substrate, €: E A:Eg—éié. In our case, the intermixing
with carbon induces a strain field &= (agc—ag;)/as; in the
topmost layer of the substrate (not to be confused with the
strain in the overlayer &), which we can suppose to have a
similar effect on the Ge diffusion. A comparison between the
two above expressions of the activation energy E, yields to

the following relation between the first-order coefficients E}x
and E}:
E)\(§ - 00)=—E\8. (10)

Equation (9) can be now used to explicit in the Eq. (10)
the lattice parameter ag;c in the top substrate layer as a func-
tion of the carbon concentration ¢. Thus Eq. (10) gives

dg: E!
c=(¢)%(ﬂ—ao>, (11)
agi—B-ac Ej‘

where the second-order term has been neglected because of
the small values of ¢ found above. We notice that, within this
approximation, Eq. (11) show a linear dependence between
the carbon concentration ¢ in the topmost layer and the car-
bon coverage 1, consistently with our previous discussion.
From the fitting in Fig. 6(a) and E}=0.29+0.04 eV, we
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FIG. 6. (Color online) (a) Carbon concentration ¢ (black
squares) in the topmost layer of the C-alloyed Si substrate as a
function of the C coverage ; green line is the best linear fitting of
the data. [(b)—(d)] Volume histograms of the SiGe islands nucleated
in areas with different carbon coverages. Smaller islands are pref-
erentially nucleated in the C-rich region [panel (b)] while bigger
islands grow at low C-coverage zones [panels (c) and (d)]. The
insets in the panels are AFM images in gradient modes of islands
nucleated for different C coverages. The dashed-dotted green lines
shown in each panel represent the average volume of the corre-
sponding distribution.
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and density of the islands nucleated in areas with different C cov-
erages correlated with the diffusion coefficient.

found E! =5.45+1.32 eV, to be compared with the values
of 3.75 and 4.37 eV for perpendicular and parallel diffusion
of Ge with respect to the dimer rows, respectively, found by

Huang et al.¥* We attribute tentatively the larger value of E/l4
obtained here to the additional contribution of the C-induced
surface roughness at the interface, which further increases
the activation energy and consequently reduces the surface
mobility.

In the following, we investigate the influence of carbon on
the island size and density in order to understand the main
factors governing the relative growth of individual self-
assembled nanostructures. Figures 6(b)-6(d) show the vol-
ume distribution of islands nucleated in zones with a differ-
ent carbon coverage and within a spatial region comprised
between the stripe edge and a distance, x, from the stripe
equal to about 3 wm. Such histograms show that smaller
islands are preferentially nucleated in the C-rich region while
bigger islands tend to grow where the C coverage is reduced.
The spread of the distribution is also seen to increase for
lower C coverage. By using the statistical analysis of the
AFM data coupled with the SAM observations, the average
size and the areal density of islands nucleated in regions with
different C coverage are correlated with the diffusion coeffi-
cient showing a monotonic dependence, as reported in Figs.
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7(a)-7(d). These results show that increasing the surface
atomic mobility leads to the enhancement of volume and
area of the islands, and a correspondent decreasing of the
areal density while the aspect ratio remains almost constant.
This behavior is in good agreement with the results reported
by different authors using MBE,?*3! showing that the depo-
sition of submonolayer carbon enables the growth of smaller
islands with higher density. The dependence of islands size
and density as a function of the atomic mobility is qualita-
tively similar to the effect of a decreasing temperature in
absence of surfactant.’® The same trend is also seen when Sb
is used as a surfactant at a fixed temperature,”’ even if dif-
ferent mechanisms dominate at atomic level with respect to a
C surfactant due to the diverse nature of the chemical inter-
actions Ge-C and Ge-Sb. Based on this observation and on
the conclusion of the preceding Sec. III B, we attribute the
size and density dependence of the nucleated islands from
the carbon surfactant coverage to the C-induced modulation
of the atomic mobility of Ge atoms on the surface. This is
consistent with a diffusive origin of the growth process,>®
where diffusing atoms tend to be captured by the closest
nuclei, and the islands grow by gathering mass essentially
from a defined surrounding area. Our educated guess implies
that the growth process should be well described by geo-
metrical based models,>® in particular by the Mulheran
capture zone model®%? and the island growth should be
essentially controlled by the local kinetics of diffusion which
determines the island density and governs the competition
among the nuclei to collect Ge and Si in their surroundings.
The experimental verification of the validity of the Mulheran
model and of the deviations from its predictions overcomes
the statistical certainty attainable within the present study
and is left for future investigation.

IV. CONCLUSIONS

We have investigated the surface diffusion and the island
nucleation of Ge on a C-covered Si(100) surface by scanning
Auger microscopy and atomic force microscopy. First, the
temperature dependence of Ge diffusion coefficient on a mi-
croscopic scale has been directly measured in case of a
C-free Si surface, interpreting the results within a one-

PHYSICAL REVIEW B 82, 125456 (2010)

dimensional diffusion model. Then, the Ge diffusion coeffi-
cient at 600 °C has been monitored as a function of the
carbon coverage, exploiting a continuous spatial modulation
obtained by ion sputtering a homogeneous carbon layer dur-
ing an increasing time. The increase in the carbon coverage
from 0.1 to 1 ML, corresponds to a decrease in the diffusion
coefficient from ~3 X 107 to ~3 X 10713 ¢cm?/s. This huge
dependence is discussed within a physical scenario where
carbon is incorporated within the shallow volume of the Si
substrate inducing a surface roughness and a compressive
local strain field. These two phenomena, together with the
chemical interactions among Si, C, and Ge are the main fac-
tors influencing the diffusion modulation and are described
through a linear dependence of the diffusion activation en-
ergy on the C coverage.

Spontaneous nucleation of SiGe islands coexists with the
continuous surface diffusion of Ge. By directly measuring
the overlayer critical thickness for nucleation, we showed
that the island growth mode gradually evolves from SK in
case of absence of surfactant to VW for high surfactant cov-
erage. This observation supports the possibility of engineer-
ing the self-assembly of SiGe islands by a controlled C depo-
sition. A semiquantitative estimation of the C incorporation
inside the Si substrate is then deduced from the experimen-
tally measured monotonic dependence of the critical thick-
ness on the C coverage. The carbon concentration inside the
topmost Si substrate layer is found to increase linearly as a
function of the carbon coverage, starting from a critical
threshold 9,=0.16 =0.06 ML. Below this critical coverage,
there is no sizable effect on the diffusion of Ge or on the
nucleation of SiGe islands.

Finally, size and density of the spontaneously nucleated
SiGe islands have been monitored in areas with different
carbon coverages. The reduction in the surface atomic mo-
bility with the C coverage leads to a decrease in the average
size of the islands and a correspondent increase in the areal
density. This trend is primarily interpreted within a capture
zone model, where kinetic factors predominate.
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