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Sb-surfactant-mediated growth of Si and Ge nanostructures
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We have used reflection high-energy electron diffraction~RHEED!, atomic force microscopy~AFM!, and
high-resolution electron microscopy~HREM! to investigate Sb surfactant mediated growth~SMG! of Ge on Si.
We show that SMG of Si12xGex promotes the two-dimensional~2D! nucleation regime and increases the
critical thickness of the 2D-3D transition at 350 °C. At this temperature, thick defect free flat Ge layers can be
epitaxied on 1 ML Sb-Si~001! without formation of Ge islands. At higher temperature~550 °C! Ge islands
nucleate after the growth of several 2D monolayers; SMG induces a dramatic reduction of the islands lateral
size on both Si~111! and Si~001!. We show that the different SMG roles obtained at 350 and 550 °C are
explained by the conjunction of thermodynamic and kinetic effects. First we explain the substantial increase of
the 2D-3D transition critical thickness by the reduction of Sb induced surface energy. This surface energy
reduction has a stabilizing effect of flat Si12xGex layers ~against island growth!. Second, we attribute the
dramatic reduction of islands size to a lower Ge diffusion length on Sb rich surface. We suggest that this
reduced diffusion length is due to the competition between surface diffusion and exchange with subsurface Sb
atoms. In addition, Ge:Sb SMG on Si~001! is successfully used for two applications: the growth of flat layers
and the self-assembling of ultrasmall, dense and homogeneous Ge dots.

DOI: 10.1103/PhysRevB.69.155416 PACS number~s!: 81.16.Dn, 81.07.Ta, 81.10.Aj
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I. INTRODUCTION

Several studies report on Sb surfactant mediated gro
~SMG! of Si12xGex on Si. Among the different effects of S
it was shown that~i! coherent strained flat Ge layers can
grown up to higher critical thickness without relaxation
misfit dislocations,1–12 ~ii ! dynamic Ge segregation durin
growth is reduced13–14 and Si/Ge intermixing is
suppressed,4,5,10,15–18~iii ! Si12xGex relaxed buffer layers of
better crystalline quality can be obtained~lower density of
dislocations and lower surface roughness!.17,19–22 More re-
cently, SMG has also been used for self-organization of
islands.23 In particular, some studies have evidenced a red
tion of Ge islands lateral sizes using Sb SMG.24–26However,
at high temperature, SMG of Ge follows a classical S
regime2,25 without noticeable influence of Sb.

Although the microscopic mechanism of surfactant eff
is still under debate it is generally believed that the m
influence of surfactants is to drive the growth in a diffusio
limited regime. In particular, Voigtla¨nderet al.27 have classi-
fied surfactant elements in two categories:~i! elements de-
creasing surface diffusion~As, Sb, Bi, Te! and promoting flat
surface and~ii ! elements increasing surface diffusion~Sn,
Pb, Ga, In! and promoting island formation. Sever
theoretical28–30 and experimental31–32 works have been de
voted to the microscopic exchange process of Ge—surfac
rather than to the explanation of the SMG mechanism. M
of them have shown that adatoms/surfactants~As and Sb!
use dimmers for the site exchange mechanism. Ohet al.,33

proposed an atomic pushing-out mechanism, which expl
the locking of Ge atoms in sub surface sites. This pheno
enon is shown to be responsible of the leveling of Ge isla
during Sb SMG on Si. Kandel and Kaxiras34 have shown that
surfactants of column V induce a complete passivation of
SMG effect is then explained by the different adsorption
0163-1829/2004/69~15!/155416~8!/$22.50 69 1554
th

e
c-

t
n
-

nt
st

ns
-
s

i.
-

ergies on the terraces and along the step edges.
In addition, it was also suggested that morphologi

changes induced by SMG could depend on surface rec
struction. For example, Faltaet al.35 have shown that while
the Ga terminated 6.336.3 surface~obtained for Ga cover-
age;0.8 ML! promotes 2D layer by layer growth of Ge, th
)3)-terminated Si~111! surface~obtained for Ga cover-
age;1/3 ML! leads to islanding.36 In the latter case, it is
suggested that island nucleation takes place on surface a
locally free of Ga. Recently a work based upon ab ini
density functional theory calculations has given thermo
namic evidence of the surfactant aided layer-by-la
growth.37 The analysis of energetic data of surface free
ergy as a function of chemical potential was shown to p
vide a general theoretical signature of the growth mode.

In this study, we compare the morphology of Ge strain
layers grown on Si surfaces terminated or not by Sb.
determine the influence of growth temperature (TG), depos-
ited thickness~h!, Sb coverage~u! and silicon substrate ori
entation. We find that the driving force of Sb SMG effe
comes from the conjunction of thermodynamics and kine
phenomena. Using basic energetic and kinetic considerat
we show a good agreement between the experimental re
and the calculated reduction of surface energy and of sur
diffusion.

II. EXPERIMENTS

Si and Ge layers were grown on Si~001! and Si~111! sub-
strates in a Riber molecular beam epitaxy~MBE! system,
with a base pressure typically,10211 Torr. Si flux was ob-
tained from an electron beam evaporator. Ge and Sb w
evaporated from effusion Knudsen cells. Si wafers of nom
nal orientation (miscut,0.2°) wereex situcleaned and pro-
tected by an oxide layer as a final step. This oxide layer w
©2004 The American Physical Society16-1
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subsequently removed into the growth chamber by flash
the substrate at 900 °C before performing growth. Reprod
ible surface is obtained by depositing 50-nm-thick Si buf
layer. Cleanliness of the surface was systematically chec
by the observation of reflection high-energy electron diffra
tion ~RHEED! patterns of the 231 and 737 surface recon-
struction @on Si~001! and Si~111!, respectively#. Si and Ge
were deposited at a rate about 0.3 Å/s and 0.063 Å/s, res
tively, directly on the substrate or after the deposition on
surface of a submonolayer coverage of Sb (0,u<1). The
calibration of the Sb flux was done using the surface rec
struction change from the Si(001)-(231) pattern @or
Si(111)-(737)] to the (131) pattern at 1 ML Sb
coverage.38 Calibration using secondary ion mass spectr
copy ~SIMS! depth profiles of;1 ML Sb buried in Si layers
was also performed. The morphology of the surface w
qualitatively determined during growth by RHEED. Grow
regimes were deduced from the RHEED specular beam
tensity variations during growth. After growth, atomic forc
microscopy~AFM! and high-resolution transmission electro
microscopy~HRTEM-JEOL 4000 EX! were used for mor-
phological and structural characterization of the depos
layers.

III. RESULTS

A. Si growth

The typical variations of RHEED specular beam intens
as a function of the temperature were recorded during
growth of Si/Si~111! and Si/Sb-Si~111!. We find that in the
two cases, three main growth regimes can be distinguis
~1! Kinetic roughening at low temperatures. This regime
characterized by an important damping of RHEED osci
tions @Fig. 1~a!, TG5325 °C], which is attributed to an in
crease of surface roughness.39 The latter is induced by the
low surface diffusion of Si adatoms in this growth regim
~2! 2D nucleation~layer-by-layer growth! at intermediate
temperatures. This regime is characterized by RHEED os
lations without damping@Fig. 1~b!, TG5460 °C for Si
growth and Fig. 1~d! TG5590 °C for SMG#. Growth pro-
ceeds by nucleation of 2D islands on the terraces that
lapse up to the ML’s completion, before the growth of t
next ML. ~3! Step flow at high temperatures. This regime

FIG. 1. Variations of the RHEED specular beam intensity dur
the growth of Si/Si~111! ~a!–~c! and Si/1 ML Sb-Si~111! ~d!.
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evidenced by the total absence of RHEED oscillations@Fig.
1~c!, TG5590 °C]. In this regime, the surface diffusion of S
adatoms is larger than the terrace length and Si adatoms
to the step edges. Growth proceeds by advancement o
step edges. The temperature of transition between 2D nu
ation and step-flow is commonly related to the disappeara
of the RHEED oscillations. It corresponds to the temperat
at which the diffusion length of adatoms becomes larger t
the terraces.

Figure 2 gives a schematic representation of the th
growth regimes evidenced by RHEED during the deposit
of Si/Sb-Si~111! and Si/Si~111! as a function of temperature
We first observe a temperature shift towards higher temp
tures of the three growth regimes for SMG. This means t
the transitions from kinetic roughening to 2D nucleation a
from 2D nucleation to step-flow occur at higher temperatu
for this system. Since these two transitions are directly
lated to critical surface diffusion lengths of adatoms, we d
duce that Sb induces a decrease of the surface diffu
length. Second, we note that step flow growth regime st
at about 525 °C for normal Si growth while it starts at 725
for SMG. Experimental proof of these results is given by t
disappearance of RHEED oscillations at temperatures hig
than 525 and 725 °C during Si on Si~111! deposition and
SMG, respectively. Figures 1~c! and 1~d! show for example
the comparison of RHEED oscillations for Si/Si and SM
respectively, at 590 °C. We must remark that for SMG, t
step-flow regime starts at a temperature~725 °C! which cor-
responds to the peak of thermodesorption of Sb from the
surface.40 This means that Si growth proceeds by 2D nuc
ation on Sb-Si~111! up to almost complete desorption of S
We conclude that Sb SMG of Si induces~1! a reduction of
the Si adatom diffusion length and~2! the inhibition of step-
flow growth. Similar results have been obtained for oth
SMG systems. For instance, Tromp and Reuter41 have never
observed the step-flow regime during the growth of Ge
the As-terminated Si surface.

B. Ge growth

1. On Si(111) substrate

The variations of the RHEED specular beam intens
have been recorded at two temperatures~350 and 550 °C!
during the growth of Ge/Si and Ge/Sb-Si. All the expe
ments have been stopped after the growth of;7 ML ~;2.2
nm! in order to analyze the RHEED patterns and the m
phology of the as grown surfaces.

At 350 °C during the growth of Ge/Si, three oscillation
can be observed@Fig. 3~a!#. They are attributed to the layer
by-layer growth of Ge during 3 ML’s~;1 nm! followed by

FIG. 2. Schematic evolution of Si/Si~111! and Si/1 ML Sb-
Si~111! growth regimes with the temperature.
6-2
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3D growth of islands. This growth process of Ge/Si is
ready well known. Moreover, formation of islands is co
firmed by the transformation from streaks to spots obser
on the RHEED pattern at the end of the growth experim
@Fig. 4~a!#. At 550 °C, we can note the total absence
RHEED oscillations@Fig. 3~b!#. This is consistent with the
step flow growth regime expected at this temperature. A
the growth, the RHEED pattern presents the typical 535
reconstruction of Ge deposits on Si~111! ~Ref. 25! @Fig.
4~b!#. The RHEED pattern evidences a flat surface, altho
we will see in the next section that it consists of very lar
flat islands. This discrepancy is due to the low cohere
length of RHEED which prevents to distinguish islan
when they are large and flat and a totally flat surface.

During Sb SMG of Ge: at 350 °C, six RHEED oscillation
are now observed@Fig. 3~c!#. They are attributed to the laye
by-layer growth of 6 ML’s Ge~;1.9 nm!: two times larger
than without Sb. The 2D growth is confirmed by the pre
ence of streaks on the RHEED pattern at the end of
growth @Fig. 4~c!#. At 550 °C three oscillations are observe
@Fig. 3~d!#. This suggests the growth of 3 ML’s by 2D nucle
ation followed by the growth of 3D islands. Formation
islands is confirmed by the presence of spots on the RHE
pattern at the end of the growth@Fig. 4~d!#. At this growth
temperature, in the case of Ge deposition without Sb, we
not observed 2D nucleation. We then deduce that this gro
regime results from SMG on the Sb-terminated surface.
attributed to a reduced surface diffusion length of Ge a
toms. Consequently, from this set of experiments we find
Sb SMG of Ge induces~1! a decrease of Ge adatom diffu
sion length and~2! an increase of the critical thickness (hcr)
of the 2D-3D transition; at 350 °C,hcr;6 ML’s for Ge/Sb-Si
instead ofhcr;3 ML’s for Ge/Si.

Regarding now the morphology of the as-grown surfac
they are strongly different when Ge is deposited on Si~111!
and when it is deposited on Sb-Si~111! as can be seen on th

FIG. 3. Variations of the RHEED intensity during the growth
Ge/Si~111! ~a!, ~b! and Ge/1 ML Sb-Si~111! ~c!, ~d!.
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AFM images presented in Fig. 5. Table I summarizes
typical features of the different morphologies deduced fr
AFM observations. After the growth of;7 ML’s of Ge, we
observe at 350 °C small Ge islands on Si@Fig. 5~a!# and an
atomically flat surface on Sb-Si@Fig. 5~c!#; the regular train
of biatomic steps resulting from the small miscut~;0.1°! of
the initial surface is in particular still visible. At higher tem
perature~550 °C!, we observe very large flat Ge islands on
@Fig. 5~b!# and much smaller islands~size;20 times smaller
and density;500 times larger! on Sb-Si@Fig. 5~d!#. RHEED
oscillations~not shown here! confirm the AFM results. It is
deduced that Sb SMG of Ge induces an increase ofhcr
2D-3D transition and a decrease of the adatoms surface
fusion length.

2. On Si(001) substrate

In this part we focus on the morphological evolution
Ge layers with growth temperature (TG), deposited thickness
~h!, and Sb coverage~u!.

Evolution with TG . Figure 6 shows the morphology of G
layers obtained at three growth temperaturesTG5350, 550,
and 750 °C, foru51 andh;13 ML ~;1.8 nm!. At 350 °C
@Fig. 6~a!#, the surface is flat with a root mean square roug
ness r.m.s.;0.5 nm. HRTEM observations@Fig. 6~d!# evi-
dence an atomically flat film, free of dislocations and fu
strained to the Si substrate. At 550 °C@Fig. 6~b!#, the layer
consists of ultrasmall islands (B;30 nm,h;1 nm,d;1.5
31011/cm2) free of dislocations. They are closely packe
but not in contact with each other~mean distance betwee

FIG. 5. AFM images of the surface after deposition of G
Si~111! at TG5350 °C ~a! and TG5550 °C ~b! and Ge/1 ML Sb-
Si~111! atTG5350 °C~c! andTG5550 °C~d!. At 350 °C 2D layers
are obtained~scan of the image is 232 mm2) while at 550 °C is-
lands have formed~scan size of the images is 434 mm2).
r

of
FIG. 4. RHEED patterns afte
deposition of Ge/Si~111! at TG

5350 °C ~a! and TG5550 °C ~b!
and Ge/1 ML Sb-Si~111! at TG

5350 °C~c! andTG5550 °C~d!.
In all cases deposited thickness
Ge is;7.5 ML.
6-3
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island edges;5 nm! as can be seen on the TEM cros
section image@Fig. 6~e!#. At 750 °C @Fig. 6~c!# low density
of large dislocated Ge islands with rounded shape is
served (B;230 nm, h;60 nm, and d;33108/cm2).
These islands are usually called ‘‘domes’’ and are freque
observed during the growth of Ge on Si~without Sb
coverage!.42,43A typical TEM cross-section image of such a
island is presented in Fig. 6~f!. The similarity of Ge island
morphology when Ge is deposited on Sb-Si and on Si s
strates at this growth temperature is explained by the abs
of Sb on the surface due to the desorption of Sb at;700 °C
~Ref. 40! from Ge~001!.

Evolution with h. We have then investigated the morph
logical evolution of Ge layers with the deposited thickness
550 °C foru51. AFM images of Ge layers with thicknesse
of ~a! 0.9 nm, ~b! 1.2 nm, ~c! 1.8 nm, and~d! 2.7 nm are
presented in Fig. 7. The growth processes can be divide
three steps:~1! layer-by-layer growth up toh;0.9 nm, ~2!
nucleation of 3D islands~and increase of island density! up
to h;1.8 nm, and~3! coalescence of islands. The maximu
of islands density is obtained ath;1.8 nm~Fig. 8!. One can
also note the almost constant size of islands up to the m
ing step (25 nm<B<30 nm).

Evolution withu. We have compared the morphology
Ge layers 13-ML thick obtained at 550 °C foru50, 0.5, and
1. We observe a strong reduction of island size~accompanied
by a higher density of islands! when increasingu ~Fig. 9!;
this is clearly visible on the AFM images@Figs. 10~a!, 10~b!,
and 7~c! for u50, 0.5, and 1, respectively#. One can also
notice the effect of Sb predeposition on Ge island sha
Regarding first Ge/Si growth, as already described in sev

TABLE I. Typical features of Ge surface morphologies obtain
at 350 and 500 °C on Si and Sb-Si surfaces. r.m.s. represent
root mean square roughness of the 2D layers.h, B, andd represent
the height, diameter, and density of the 3D islands.

350 °C 550 °C

Ge/Si 2D rough layer
r.m.s.;1 nm

3D islands
h510 nm, B51500 nm,d;2.107/cm2

Ge/Sb-Si 2D layer
r.m.s.;0.2 nm

3D islands
h55 nm, B580 nm, d;9.109/cm2
15541
-

ly

b-
ce

t

in

g-

e.
al

papers,44–47a bimodal size distribution of islands is obtaine
@Fig. 10~a!#. The islands consist of ‘‘huts’’ with$105% facets
and ‘‘domes’’ with mainly$111% and $113% facets. The$105%
facets are clearly identified by TEM cross-section obser
tions @Fig. 10~c!#. While huts are strained~no dislocation!,
most of the domes are relaxed. When Ge is deposited
Sb-Si, a dramatic change of island shape is observed@Fig.
10~b!#. First, only one type of island free of dislocations wi
a rounded shape is now observed. Second, the island
longer present a visible facet on their top or their sides@Fig.
10~d!#. This suggests that surface energy anisotropy of G
also modified by Sb adsorption.

In summary, we have shown in this part that Sb SMG
Ge induces a change of island shape~with in particular the
disappearance of facets! and a dramatic reduction of the
lateral size accompanied by the increase of their density
high temperature, there is no surfactant effect because o
desorption.

IV. DISCUSSION

In this study we have performed growth experiments
both Si~111! and Si~100! in order to determine the role o
surface reconstruction on Sb SMG. Indeed, it is known2,48

that the reconstructions stabilized at the Sb-Si~001! and Sb-
Si~111! surfaces are different despite the 131 RHEED pat-
tern observed after 1 ML Sb deposition in the two cases

We have found similar effects of submonolayer covera
of Sb on the growth of Si and of Ge. These effects have b
evidenced for two different surface reconstructions@on ~111!
and on ~001!# and in two different growth regimes~2D
nucleation and step flow!.

All the Ge layers investigated on Si~001! were free of
dislocations~in the limit of sensitivity of TEM measure-
ments! and were consequently completely strained up to
thickness of 1.8 nm~13 ML!. We then can conclude that th
critical thickness (hc) is higher than 13 ML for Sb SMG on
Si~001!.

We have evidenced different effects of Sb SMG depe
ing on the temperature: at low temperature, delay of
2D-3D growth transition and inhibition of the step-flo
growth regime; at high temperature, a dramatic reduction
Ge island size accompanied by an increase of their den

the
s

FIG. 6. Images of the surface
after the growth of 13 ML Ge/1
ML Sb-Si~001! at 350 °C~a! and
~d!, 550 °C~b! and~e!, and 750 °C
~c! and ~f!. ~a!–~c! images are
AFM images and~d!–~f! are TEM
cross-section images. In~a!,
~b! the scan of the images i
131 mm2, in ~c! scan size is
535 mm2.
6-4
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FIG. 7. AFM images of Ge/1
ML Sb-Si~001! obtained at 550 °C
for deposited thicknesses of~a!
9 Å, ~b! 12 Å, ~c! 18 Å, and~d!
27 Å @scan size of the images i
131 mm2].
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and by a modification of island shape~with in particular the
absence of visible facets!. We suggest that these effects c
be interpreted as the combination of two driving forces:~i!
thermodynamic,2,24,37the decrease of surface energy induc
by Sb submonolayer coverages which promotes 2D gro
and ~ii ! kinetic, the decreases of adatoms diffusion len
due to the competition between surface diffusion and
change with Sb atoms of the subsurface which reduces
island size.

FIG. 8. Evolution of the 3D islands density with the Ge depo
ited thickness for growth at 550 °C on 1 ML Sb-Si~001!.
15541
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A. Thermodynamic driving force

The critical thickness of 2D-3D transition (hc) corre-
sponds to the minimisation of the total free energy of t
system ~E!. By approximation, ifE only consists of two
terms, surface energy~g! and elastic energy (Eel), then hc
corresponds to the thickness at which the reduction of ela
energy induced by relaxation at step edges in the isla
becomes larger than the excess of surface energy induce
the larger surface developed by the islands. Now if we co
pare the cases of a Ge layer in epitaxy on a Si subst

- FIG. 9. Evolution of the mean lateral size of islands~a! and of
their surface density~b! with Sb coverage.
6-5
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FIG. 10. AFM ~a!, ~b! and TEM ~c!, ~d! im-
ages of 13 ML Ge/u ML Sb-Si~001! obtained at
550 °C withu50 ~a! and ~c!, u51/2 ~b!, andu
51 ~d!.
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~Ge/Si! and of a Ge layer covered with a submonolayer of
~Sb:Ge/Si!, at the 2D-3D transition the total critical free en
ergy (Ec) is the same in the two cases@DEc(hc)50#. We
can write at constant temperature

Dg~u!1DEel~hc!50, ~1!

whereDg~u! andDEel(hc) are the surface energy and elas
energy differences between Ge/Si and Sb:Ge/Si structu
The variations of the volume and of the chemical potentia
the crystal are neglected in Eq.~1! as the silicon substrat
can be considerate as semi-infinite. Neglecting the poss
changes of the microscopic surface state~surface reconstruc
tion, roughness, etc.!, it is reasonable to assume that the s
face energy follows a Vegard’s law with Sb coverage~u!:

g~u!5ugSb1~12u!gGe ~2!

with gSb andgGe the surface energy of Sb and Ge.
The elastic energy (Eel) stored in the flat Ge layer epitax

ied on the Si substrate is calculated using the classical e
tion

Eel~h!52m
11n

12n
«2V with V5Sh, ~3!

wherem andn are the shear modulus and the Poisson’s ra
of Ge; « is the lattice misfit between Ge and Si;V is the
volume of the Ge layer andS the surface area of the crysta
Again the influence of the microscopic surface state is
glected inEel .

We experimentally measuredhc53 ML for u50 on
Si~111! at 350 °C. From Eqs.~2! and ~3! ~and considering
gSi(001)/gSi(111);1.1 as found experimentally! we deduced
hc54 ML for u50 on Si~001!. Using these values we hav
calculatedhc versusu. The results are presented on Fig. 1
We can see a good agreement between the calculations
the experimental results of Katayamaet al.4 on Si~001! and
our experimental results on~111! at low temperature. This
description explains the increase of the critical thickness
the 2D-3D transition observed experimentally at low te
perature during Sb SMG.
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However, at higher temperature~550 °C!, some discrepan-
cies exist atu;1, between the estimation ofhc;17 ML ~on
001! and the experimental value that we have found (hc
;7 ML). Also, Horn-von Hoegenet al.24 (TG5700 °C),
Voigtländer and Zinner2,25 (TG.600 °C) and Penget al.26

(TG5550 °C) have evidenced the formation of islands
much lowerhc . We suggest that Sb partial desorption duri
growth of Ge is responsible of this effect. Indeed, it has be
shown that Sb desorption during growth of Si0.8Ge0.2 at
550 °C is much larger than those predicted by the thermo
namic data.40,49 In Ref. 49 we measured a desorption ra
Kd;6.331023 s21 during the growth of Si0.8Ge0.2 at
550 °C. If we assume that Sb desorption from SiGe and G
of the same order~as shown in Ref. 40!, we deduce thatu
;1/3 ~instead of 1! at the end of the Sb SMG of Ge a
550 °C. Taking into account this desorption, we now find
good agreement betweenhcr;8 ML ~estimated atu;1/3)
and the experiments (hc;7 ML). In consequence, we ex
plain the formation of islands atTG>550 °C on Sb:Si~001!
and Sb:Si~111! by the partial desorption of Sb.

In summary, at low temperature, when there is no Sb
sorption the experimentalhc is in good agreement with the
calculated values. At higher temperature, the smallerhc mea-
sured experimentally is explained by Sb partial desorpti

FIG. 11. Evolution of the critical thickness of the 2D-3D grow
transition with Sb coverage on Si~001! ~a! and on Si~111! ~b!. Up
and down triangles represent experimental values.
6-6
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Indeed, the linear increase of surface energy with Sb des
tion @as described in Eq.~2!# promotes island formation. We
then conclude that above a critical Sb coverage, the Ge l
relaxes strain directly by nucleating dislocations without f
mation of 3D islands. This is what we observe at low te
perature. This interpretation is based on purely macrosc
thermodynamic arguments. It permits us to explain the m
phology evolution of Ge layers versus growth temperatu
as well as the decrease of the wetting layer thickness w
the temperature increases.

B. Kinetic driving force

The coefficient of diffusion~D! for a cubic lattice can be
written

D'a2Zn expS 2E

kT D . ~4!

Z, a, n, E, k, and T are the number of neighbor sites, th
distance between neighbor sites, the Debye frequency,
activation energy, the Boltzmann constant, and the temp
ture, respectively. We express the mean surface diffusion
efficient (DSD) of Ge adatoms as

DSD5a2ZsnsH u expS 2ESD
Sb

kT D 1~12u!expS 2ESD
Ge

kT D J ,

~5!

where ESD
Sb and ESD

Ge are the activation energies of the G
adatom diffusion on a Sb and a Ge surface, respectively

Because of the dynamic segregation of Sb during grow
another mechanism has to be considered: the two sites
change between adatoms and Sb atoms located in the
surface layer. As a consequence, when an atom is depo
on the surface, it can either diffuse, or exchange with
subsurface atoms. The exchange rate (Gex) can be defined as

Gex5unn expS 2
Eex

kT D . ~6!

Considering that the phonon vibrations at the surface
generally twice as important as the bulk ones (ns52nn), the
diffusion time~t! of Ge adatoms before to exchange with
subsurface atoms is then

t5
1

Gex
5

2

uns
expS Eex

kT D . ~7!

The Ge adatom diffusion length on the surfacel
5ADSDt) can be expressed as
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