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Nucleation and growth of self-assembled Ge/Si„001… quantum dots
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In situ reflection high-energy electron diffraction along with atomic-force microscopy and photolumines-
cence spectroscopy have been used to investigate the Ge/Si~001! growth process in an ultrahigh-vacuum
chemical-vapor-deposition system at temperatures varying from 550 to 700 °C. The existence of an interme-
diate phase betweenentirely pseudomorphic two-dimensional (2D)layers and3D macroscopicislands is
established. This phase which consists of pyramidal clusters with a squared base and$105% facets is found to
be metastable with regard to the formation of 3D macroscopic islands. Two kinetic pathways for the growth of
3D macroscopic islands are identified versus growth temperature. At 550 °C the growth proceeds near equi-
librium configuration and islands of monosize distribution can be formed. At 700 °C, coalescence is found to
take place even at the early stage of growth, which results in the formation of highly inhomogeneous islands.
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During the past few years, a considerable amount of w
has been devoted to the formation of quantum dots~QD’s!
due to their potential interest for electronic and optoel
tronic device applications.1 Among the different ways to pro
duce QD’s, special attention has been paid to the s
assembled technique, which takes advantage of the trans
from the two-dimensional~2D! to 3D growth mode occur-
ring during growth in a highly lattice-mismatched heteroe
taxial system.2 Using this approach, it has been shown th
islands with sizes in the quantum range~;30 nm! could be
achieved in III-V materials.3 Concerning the Ge/Si system
islands with large sizes~.100 nm! and broad size distribu
tions ~.10%! were generally reported.4,5

Molecular-beam epitaxy~MBE!, including gas-source
MBE and chemical-vapor deposition~CVD! are the two
main techniques that are used to grow Ge/Si QD’s. In M
or GS-MBE growth, thanks to the capability of a monolaye
scale control of the growth rate and of real-time andin situ
monitoring of the growing surface by powerful surfac
sensitive techniques such as reflection high-energy elec
diffraction ~RHEED! and scanning tunneling microscopy,
relatively detailed picture of the island morphological evo
tion has been obtained.6–8 One of the most significant result
is the discovery of anintermediate3D phase consisting o
elongated and hutlike-shaped clusters formed by$501% facets
~referred to as ‘‘hut’’ clusters!.6 These clusters have sinc
been identified by different structural characterizations,
to our knowledge, their optical properties have not been
ported yet. Note that the metastability of this cluster ph
has not been clearly demonstrated: for instance, the coe
ence of the hut clusters and 3D macroscopic islands as
cated in Fig. 1~b! of Ref. 6 would suggest that the hut clu
ters are not metastable.
PRB 580163-1829/98/58~19!/13115~6!/$15.00
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The kinetics of island growth using CVD instead of MB
are not fully understood. This is in part due to the variety a
complexity of the processes involved in the CVD growth9

Besides, the very high pressures used during growth limit
use of conventional surface techniques to characterize
growth processes. Some of the previous studies have,
example, investigated the evolution of the surface morph
ogy as a function of the deposition time5,10,11but the 2D-3D
transition, which is crucial for controlling the island distribu
tion, was not precisely identified.

In this work, we usein situ RHEED to monitor in real
time the Ge/Si~100! growth processes in an ultrahigh
vacuum~UHV!-CVD system. Our RHEED gun is equippe
with a differential pumping option, allowing us to probe th
growing surface even at high partial pressures of hydri
~up to 1021 Torr!. At each growth step identified by
RHEED, structural characterizations by atomic-force micr
copy ~AFM! along with optical characterizations performe
with photoluminescence~PL! were combined to investigat
the island formation.

Experiments were carried out in a MBE system that h
been modified to accommodate hydride sources and RHE
setup. Pure SiH4 and hydrogen-diluted~10%! GeH4 were
used as gas sources. The system has a base pressure
than 1310210 Torr, and the pressure during growth wa
about 531023 Torr. Details of the experimental setup an
growth conditions have been reported elsewhere.12 The
sample temperature was measured with an IR pyrometer~Ir-
con, W series!, the accuracy of the temperature measurem
being of about610 °C. The thickness of the Ge films wer
estimated by high-resolution transmission electron micr
copy ~HRTEM! with an accuracy of about 20%. The size
and the density of islands were measured with a Park Sc
tific Instruments AFM operating in a contact mode. The ph
13 115 ©1998 The American Physical Society
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toluminescence was excited with an argon ion laser and
tected with a liquid-nitrogen-cooled Ge photodetector us
standard lock-in techniques.

Ge deposition was investigated at temperatures betw
550 and 700 °C. At each growth temperature, two series
samples were grown. Reference samples without a Si
were prepared for AFM analysis. A second series of sam
with a 30-nm-thick Si cap layer on top of the Ge layer w
grown for PL measurements. We present here results at
typical temperatures, 550 and 700 °C. A complete analysi
the whole temperature range of investigation will be p
sented elsewhere.

It is now well established that the Ge/Si growth follows
Stranski-Krastanow growth mode, the 2D-3D growth mo
transition being easily detected by RHEED. The 2D grow
regime is associated with the observation of streaky patte
while the 3D growth is characterized by spotty patterns d
to transmission diffraction through 3D islands.13 The 2D-3D
transition is known to be sharp, allowing a relatively prec
determination of the wetting layer thickness or the deposit
time at which 3D growth occurs.14 During our experiments
RHEED patterns were recorded using a camera-based v
recording system. The 2D-3D transition determined fro
RHEED occurred after 150 s for a deposition carried ou
700 °C and 240 s for a deposition at 550 °C. The correspo
ing thickness of the wetting layers, estimated from HRTE
was;3 and in between 3 and 4 ML, respectively. Howev
looking at the RHEED patterns just before the 2D-3D tra
sition, even though a streaky pattern characteristic of a
growth was present, a pronounced reinforcement of the
tensity of 131 streaks was observed while the intensity o1

2

streaks considerably decreased. What was more intrig
was the growth behavior of the Si capping layers. Th
distinct behaviors were observed depending on the morp
ogy of the Ge surface. When starting from the wetting la
Ge surface characterized by a well-developed streaky
tern, no change in RHEED patterns was detected during
the Si deposition process, indicating that the buried Ge lay
were entirely pseudomorphic. If Si was deposited on the
surface after the stage of 3D island formation, the depos
Si was found to progressively smooth the surface. Howe
if Si was deposited on the Ge surface just before the 2D
transition, islands started to grow for the first Si layers a
then a progressive smoothening of the surface took pl
These observations thus prompted us to undertake system
AFM and PL studies close to the 2D-3D transition. We no
that this behavior was observed over the whole tempera
range under investigation.

Figure 1 shows the evolution of the PL spectrum of a
layer grown at 700 °C with the deposition times (tg). We
recall that the 2D-3D transition determined from RHEE
occurs attg5150 s. Apart from the narrow peak at 110
meV that is attributed to the phonon-assisted recombina
of the free-exciton in the silicon substrate, the spectra
samples grown for 40 and 70 s are dominated by two m
lines. They are attributed to the excitonic no-phonon~NP!
and transverse-optical~TO!-phonon–assisted transitions
pseudomorphic Ge layers in Si.15 The energy difference be
tween the NP and TO lines is;58 meV. The shift of these
two lines towards lower energies when the deposition ti
increases from 40 to 70 s can be explained by the decrea
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the confinement energy along the growth direction with
creasing the thickness of the wetting layer. For samples
tained after the 2D-3D transition~150, 180, and 240 s!, the
spectra reveal a new luminescence band, apart from the
and TO lines. The latter which is maximum at;890 meV
can be attributed to 3D macroscopic islands~MI’s !. We note
that the energy maximum of this band does not shift in
ergy for growth times up to 240 s. These observations
expected and support in some way previous studies.16,17 The
major new feature of our results concerns the 120-s sam
spectrum obtained just before the 2D-3D transition detec
by RHEED. The spectrum is dominated by an intense a
very broadened band centered at;960 meV while the two
NP and TO peaks characteristic of the wetting layer ha
almost disappeared. The higher energy of this band c
pared to that of 3D MI’s indicates that the correspondi
islands have smaller sizes than the 3D ones. The broade
in energy~;100 meV! reflects, on the other hand, a larg
size distribution of islands. Note that this band appears o
very short interval of growth time. It completely disappea
after the formation of 3D MI’s, i.e., for sample growth
larger than 150 s.

The surface morphology state at this growth sta
(tg5120 s! is presented in Fig. 2. Whereas for shorter dep
sition times the surface is planar, the present surface exh
islands with a very low density, near 63107 cm22. The is-
lands have a height of;1–2 nm while their widths vary
from 32 to 46 nm@see the size histogram in Fig. 2~b!#. This
broad dispersion in size confirms the broadening observe
PL. Displayed in the inset is an image of a single island. T
island exhibits a truncated pyramidal shape with four si

FIG. 1. 5-K PL spectra of a Ge layer grown at 700 °C wi
various deposition times. The 2D-3D transition determined fr
RHEED occurs at 150 s. We note that the 120-s sample spec
obtained just before the 2D-3D transition detected by RHEED
dominated by an intense and very broad band centered at;960
meV while the two NP and TO lines characteristic of the wetti
layer have almost disappeared. This band completely disappear
sample growths larger than 150 s, i.e., after the formation of
macroscopic islands.
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wall facets formed by$105% planes ~the mean inclination
angles determined from AFM cross sectional height profi
of islands is;11°! and terminated on the top by a$100%
plane. Unlike the ‘‘hut’’ clusters observed in MBE growth6

the islands presently observed have a much lower conce
tion and lie on a squared base instead of the elongated
of the hut clusters.

Figure 3 shows an AFM image of the surface just after
appearance of 3D spots in RHEED patterns (tg5150 s!. The
size distribution is presented in Fig. 3~b!. It is clearly seen
that the pyramidal islands described above have comple
disappeared. The surface is now characterized by two k
of islands exhibiting a ‘‘dome’’ shape with larger angle fa
ets. A similar bimodal distribution has already been repor
in the literature.11,18 The small islands~indicated byA! have

FIG. 2. AFM images of the 120-s sample grown at 700 °
Shown in the inset is an image of a single island. The island
truncated pyramid formed by four$105% facets on a squared bas
and terminated at the top by a$100% plane.~b! A histogram of island
size distributions obtained from eight AFM images with scan s
of 3.333.3 mm.
s
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a diameter of about 70 nm and a height of 2.5–4 nm. T
larger islands~indicated byB! are 180–200 nm in diamete
and 40–45 nm in height. The concentration of small islan
(;13108 cm22) is three times smaller than that of larg
islands (;33108 cm22). The shape of the small islands
irregular while large islands exhibit$111% facets~the mea-
sured inclination angle is;54°!. The absence of pyramida
islands detected by AFM at this growth stage is therefore
agreement with the above PL results. The fact that the p
midal islands completely ‘‘disappear,’’ both from the optic
and structural points of view, to the benefit of 3D MI’s ind
cates unambiguously that they are metastable and act as
cursors for the formation of 3D MI’s. To our knowledge, it
the first time that the metastability of the intermediate islan
is experimentally demonstrated. To clearly distinguish th

.
a

e

FIG. 3. AFM image of the 150-s sample grown at 700 °C, i.
just after the appearance of 3D spots in RHEED patterns. The
ramidal clusters have completely disappeared. The surface is
characterized by two new kinds of islands of different sizes, eac
them exhibiting a dome shape with large angle facets.~b! Island
size distribution.
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13 118 PRB 58VINH LE THANH et al.
intermediate islands from 3D MI’s, we shall refer to them
‘‘precursor clusters.’’ It is worth noting that the 3D PL pea
observed at 890 meV originates from the smaller 3D isla
~A!. Islands of;200 nm in diameter~B! should give PL
signals at an energy lower than 700 meV, which is beyo
the Ge photodetector cutoff. Therefore, the relatively we
PL intensity observed at;890 meV can be explained by
low concentration of islands(A). We also note that with a
further increase of the deposition time, the surface beca
more inhomogeneous as a consequence of the formatio
islands of multimodal size distributions.

Let us now consider the Ge growth at 550 °C. The evo
tion of the PL spectra illustrating different stages of G
growth with increasing deposition time is shown in Fig.
Similar to the growth at 700 °C, three distinct stages
clearly identified:~i! the growth of entirely pseudomorphi
wetting layers up totg;120 s; ~ii ! the formation of meta-
stable precursor clusters attg;180 s, intermediate betwee
2D layers and 3D MI’s;~iii ! the formation of 3D macro-
scopic islands fortg>240 s. AFM measurements reveal th
the intermediate clusters havethe same densityandthe same
pyramidal shapeas those observed at 700 °C. Their base
40–55 nm wide and their height is around 2 nm, which
consistent with a lower energy of the related PL band. T
existence of an intermediate phase between 2D layers
3D macroscopic islands is again established. It is also
served before the 2D-3D growth mode transition and exh
its a similar broadening. The main difference between
two growth temperatures concerns the energy position of
3D MI’s in PL, which is now located at 780 meV instead
890 meV for samples grown at 700 °C. This indicates t

FIG. 4. 5-K PL spectra illustrating three distinct stages of
growth at 550 °C when increasing the deposition time:~i! the
growth of the entirely pseudomorphic wetting layers up totg

5120 s;~ii ! the formation of the intermediate and metastable p
cursor clusters between 2D layers and 3D MI’s attg5180 s;~iii !
the formation of 3D macroscopic islands fortg>240 s. Note that
the asymmetric PL bands around 1050 and 1115 meV are as
ated with a contamination of the Si cap layer.
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the corresponding 3D islands have at 550 °C larger sizes
at 700 °C. In contrast, the energy position of this PL pe
does not significantly change for growth times longer th
240 s, a situation that is similar to that observed at 700
The full width at half maximum of this peak is about 30–4
meV and the PL is observed up to room temperature.

Figure 5 shows a 3D AFM image of a sample taken j
after the 2D-3D transition at 550 °C (tg5240 s!. The size
distribution is presented in Fig. 5~b!. It can be clearly seen
that the precursor clusters have completely disappeare
spectacular result is that the surface now exhibits islands
are highly uniform both in size and height, in contrast to t
inhomogeneous surface observed at 700 °C~Fig. 3!. The av-
erage diameter of the islands is 95 nm with a relative dev
tion less than 5%. Their height is about 14 nm. The ar
density of islands is about 23109 cm22. Note that the is-
lands have now$113% facets instead of$111% facets observed
at 700 °C. What is also spectacular is the behavior obser
with a further increase of the deposition time. The islan
reach a nearly equilibrium configuration and two success
growth stages, named early and late growth, occur.19 Increas-
ing tg from 240 to<330 s only results in an increase of th
island density, but not in changes in the island diameter
height. When the island density reaches an equilibrium va
of ;131010cm22, coalescence starts. Figure 6 shows
AFM image of a surface fortg5330 s, which illustrates the
beginning of the coalescence process. We emphasize tha
small islands have the same dimensions as those observ
the earliest stage of the 3D island growth (tg5240 s!, and
that they remain stable during the whole coalescence
cess.

The structural and optical results above have clearly
fined three main stages of Ge/Si growth: 2D layer grow
formation of precursor clusters, and then 3D macrosco
islands. Of particular interest is the demonstration of an
termediate and metastable phase between 2D layers an

-

ci-

FIG. 5. A three-dimensional AFM image of a sample taken j
after the 2D-3D transition at 550 °C (tg5240 s!. The precursor
clusters have completely disappeared. The surface exhibits isl
which are highly uniform both insizeandheight, in contrast to the
inhomogeneous surface observed at 700 °C~Fig. 3!. ~b! Island size
distribution.
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macroscopic islands. This phase is found to appear just
fore the 2D-3D growth mode transition detected by RHEE
This phase exhibits a large three-dimensional confinem
and in the presence of this phase the PL of the wetting la
is quenched. The fact that almost the same clusters have
observed over the whole temperature range under inves
tion ~550–700 °C! indicates that their formation are not the
mally activated. Their appearance then seems to be intri
of the early stage of the strain relaxation processes in
Ge/Si system. It is worth noting that the small height and
particular, the very low density of precursor clusters allo
us to explain the streaky RHEED patterns observed at
growth stage. Indeed, since the mean distance betwee

FIG. 6. An AFM image of a sample grown at 550 °C (tg5330
s!, which illustrates the beginning of the coalescence process,
ing to a multimodal size distribution. We note that the small islan
have the same dimensions as those observed at the earliest st
3D island growth~Fig. 5!. ~b! A histogram of island size distribu
tions.
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lands is about 1–2mm, which is much larger than the cohe
ence length of RHEED~;30–50 nm!,13,20 the presence of
these islands can be considered as a limitation of the lo
range order of the surface. It manifests only in the quality
diffraction patterns, i.e., in increasing the intensity or/and
broadening the diffracted streaks. The growth behavior of
Si cap layers at this growth stage is, in contrast, not prese
understood. A plausible explanation is that the Ge surfac
morphologically unstable due to the presence of inhomo
neous strain fields just before the 2D-3D transition. Theis-
land growthfor the first Si layers can be then explained
an asymmetric diffusion of Si adatoms in the presence
surface strain fields, a mechanism similar to that leading
the vertical self-organization in multilayer-array growth.21

After some Si islands have been formed, smoothening ta
place as what happens on a Ge surface covered with
islands.

On the other hand, the formation of 3D macroscopic
lands is found to be kinetically controlled. Two kinetic pat
ways are clearly identified vs growth temperature. At 550
two growth stages~early and late growth! successively occur
when the deposition time is increased. In the early sta
when tg is between 240 and<330 s, the capture of atom
from the supersaturated adatoms only contributes to the
crease of the island density. This suggests that the isla
observed at this stage are stable. The coalescencetg
;330 s can be explained as follows. Existing islands
sufficiently dense so that incoming Ge adatoms can re
them without meeting another free adatom. The formation
new island is less than probable implying that the late grow
regime starts. When the growth temperature increases,
surface diffusion coefficient of adatoms becomes larger
the coalescence process is expected to occur earlier.
broad size distributions of islands observed at 700 °C can
attributed to the high mobility of incoming adatoms or/a
existing islands, which favors the coalescence process to
place even at the early growth stage. This might explain
formation of high-density and large islands~islandsB, Fig.
3! at the early growth stage.

In conclusion, we have established a relatively coher
picture of the Ge/Si islanding growth in a UHV-CVD sys
tem. We have given evidence of the existence of an inter
diate phase between 2D layers and 3D macroscopic isla
We have demonstrated, to our knowledge for the first tim
that this phase is metastable against the formation of
macroscopic islands. Our results suggest that the 2D
transition is not so spontaneous as currently believed.
formation of 3D macroscopic islands is shown to be kine
cally controlled. The surface mobility of adatoms appears
be the key parameter that determines the island size distr
tions. Uniform islands can be formed only at the ea
growth stage and at a low growth temperature. We have
confirmed thatin situ RHEED is a powerful technique fo
probing the evolution of the film morphology in an UHV
CVD system.22

This work has been supported by CNET under Conv
tion No. 981B044.

v-
s
e of



te

ne

.

S
,

.

G

a,

s

J.

ys.

i.

-

ev.
-

.

13 120 PRB 58VINH LE THANH et al.
1See, for example, P. M. Petroff and G. Mederios-Riberio, Ma
Res. Bull.21, 50 ~1996!, and references therein.

2D. J. Eaglesham and M. Cerullo, Phys. Rev. Lett.64, 1943
~1990!.

3J. M. Moison, F. Houzay, F. Barthe, L. Leprince, E. Andre´, and
O. Vatel, Appl. Phys. Lett.64, 196~1994!; D. Leonard, K. Pond,
and P. M. Petroff, Phys. Rev. B50, 11 687~1994!.

4P. Schittenhelm, G. Abstreiter, A. Darhuber, G. Bauer, P. Wer
and A. Kosogov, Thin Solid Films294, 291 ~1997!.

5L. Vescan, W. Ja¨ger, C. Dieker, K. Schmidt, A. Hartmann, and H
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