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Photoluminescence study of a bimodal size distribution of GeÕSi„001… quantum dots
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This work presents a study on the effect of a bimodal size distribution and of the pyramid/dome transition
to the optical properties of self-assembled Ge/Si quantum dots. The wetting layers are shown to be inhomo-
geneous in thickness due to lateral diffusion of Ge from two-dimensional~2D! layers towards islands of
bimodal sizes, while the island-related photoluminescence remains unchanged. The results indicate that three-
dimensional islands, at their early stages of nucleation, are formed by consuming Ge from 2D layers and that
the island luminescence energies are more sensitive to Ge/Si interdiffusion than the confinement effect inside
the islands as currently believed.
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Over the last few years, the self-assembled techniq
which takes advantage of the strain-driven two- to thr
dimensional~3D! growth mode transition, has received co
siderable attention since it could allow one to produ
quantum-sized islands without needing any kind of mask
patterning.1 The island size distribution, in view of their ap
plication as quantum dots in novel devices, is one of
most critical parameters that needs to be controlled and
been a subject of numerous investigations.2–15

A result of particular interest is the observation of a
modal distribution of island sizes at high grow
temperatures.3–11 Small islands are typically square-bas
pyramids formed by four$105% facets while larger islands ar
multifaceted domes. The pyramids are metastable and h
been shown to transform to domes with increasing the
coverage8,9 or after annealing.3–5,7,11 However, most previ-
ous works have been mainly focused on the structural as
of the island-shape transition, and very little attention h
been paid to the optical behavior resulting from this sha
transition.

We study, in this work, the effect of the bimodal siz
distribution and of the island-shape transition on the opt
properties of related layers. We have combined, for this p
pose, optical characterizations by photoluminescence s
troscopy~PL! with structural characterizations byin situ re-
flection high-energy electron diffraction~RHEED! and
atomic-force microscopy~AFM! on comparable samples.

Experiments were carried out in an ultrahigh-vacuu
chemical-vapor deposition~UHV-CVD! system. Pure SiH4
and hydrogen-diluted (10%)GeH4 were used as gas source
The system has a base pressure better than 1310210Torr,
and the pressure during growth was about 531024 Torr. The
growth chamber is equipped with a differentially pump
RHEED system, allowing us to probe the growing surfa
even at high partial pressures of hydrides. Ge deposition
carried out at 700 °C to ensure the formation of bimodal s
islands. The Ge growth rate, estimated from RHEED os
lations at 550 °C, is 1.5 monolayers~ML !/min. Details of the
experimental setup and growth conditions can be fou
elsewhere.12

Figure 1~a! shows a typical AFM image of a sample o
tained just after the onset of the island formation determi
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from RHEED. The Ge growth time is 160 s, correspondi
to a critical thickness of 4 ML s. The surface exhibits islan
with two different sizes and shapes, in agreement with p
vious works.3–5,7–10The domed islands have an average s
of 115 nm and a height of 22 nm, while the pyramidal
lands have an average width of 103 nm and a height of 1
nm. The aspect ratio of the domes is;0.19, almost twice as
large as that of the pyramids. It is worth noting that t
pyramids observed here have$104% and$103% facets depend-
ing on the island size, in comparison to the$105% facets
reported in the literature~the tilt angles determined from
AFM height profile are, respectively,;14° and 18° instead
of 11° for $105% facets!. We note that in the growth condi
tions used in the present work, the$105% facets are only
observed for ‘‘hut’’ clusters, i.e., for islands grown at lo
temperatures. The huts are very flat and have in genera
elongated base and a high density, compared to a squ
base and a low density of pyramidal islands formed at h
growth temperatures.

The evolution of the PL spectrum of a Ge layer when t
Ge coverage (uGe) increases from 2.4 to 9 ML is displaye
in Fig. 1~b!. The spectra in the shadow part correspond to
2D RHEED growth regime while those in the upper pa
correspond to the islanding mode. Apart from the PL line
1098 meV, which is originated from the Si substrate a
capped layers, the sample spectra withuGe below 2.8 ML
only exhibit two main lines, labeled NPWL and TOWL, which
are, respectively, attributed to the no-phonon line and
TO-phonon replica of the narrow Ge quantum well.6,13–15

The energy difference between the NP and TO lines
;57–58 meV, which corresponds to the Si-Si optical ph
non energy in Si.16 The spectra foruGe53 and 3.5 ML are
dominated by an intense and very broad line, while
wetting-layer~WL! component has almost disappeared. T
line has been attributed to intermediate clusters between
layers and 3D islands17 and is not the subject of the prese
work. For samples obtained after the 2D-3D transition (uGe
>4 ML), the spectra exhibit two separate components t
correspond to the Ge~WL’s! and Ge islands, respectively
The component at higher energies stems from the W
while the two broader peaks observed at energies below
meV, denoted at this moment as NPi and TOi , can be attrib-
uted to 3D islands.
©2001 The American Physical Society13-1
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Compared to the WL component observed in the
growth regime~for uGe<2.8 ML!, the WL component ob-
tained foruGe54 and 4.5 ML exhibits two different features
First, it exhibits a blueshift whenuGe increases from 4 to 4.5
ML and then a redshift with further increase ofuGe from 6 to
9 ML. The blueshift has been previously observed and
been explained as being due to a Ge lateral diffusion fr
2D layers towards islands.13–15 The redshift is, on the othe
hand, observed for the first time and its origin will be d
cussed later. Second and more importantly, the WL com
nent now contains four main lines, denoted to as NPWL

1 ,
TOWL

1 , NPWL
2 , and TOWL

2 , instead of the two lines observe
in the 2D growth regime. Interestingly, the separation in
ergy between these two pairs of lines, (NPWL

1 ,TOWL
1 ) and

(NPWL
2 ,TOWL

2 ), is still ;57–58 meV, a value expected fo
the energy separation between the NP and TO lines o
pseudomorphic 2D Ge layer. The coexistence of these
pairs of lines therefore indicates that the Ge WL’s in betwe
the islands are not uniform but consist at least of two diff
ent thicknesses. Comparison of this result with bimodal s
islands observed in Fig. 1~a! appears to show that the pre
ence of these two pairs of lines arises from the Ge lat

FIG. 1. ~a! Typical AFM image exhibiting islands with two differen
sizes and shapes. Small islands are square-based pyramids formed by$104%
and $103% facets while larger islands are multifaceted domes.~b! 11-K PL
spectra illustrating different stages of Ge growth with increasinguGe. The
growth temperature is 700 °C.
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diffusion from the 2D layers towards the islands having tw
different sizes.

To further investigate the influence of the bimodal si
distribution on the WL-related PL, we have measured the
temperature dependence for the sample withuGe54 ML.
The result is depicted in Fig. 2~a!. With increasing the tem-
perature, the intensity of both NPWL

2 and TOWL
2 lines is found

to decrease more rapidly than that of the (NPWL
1 ,TOWL

1 )
lines. At a temperature of about 25 K, only th
(NPWL

1 ,TOWL
1 ) pair persists while the (NPWL

2 ,TOWL
2 ) pair is

completely quenched. Since the temperature quenchin
the WL PL is mainly due to the thermionic emission of th
carriers from the Ge wells to the Si barrier, the above res
support the idea of the existence of two WL thickness
Indeed, because a larger quantum well has a smaller con
ment energy, when the temperature increases the therm
emission of the carriers towards the Si barriers will first o
cur for the less deep levels, i.e., for the thinner quantum w
The PL of the larger well in which the carriers are mo
deeply confined is maintained at higher temperatures.

Let us now consider the effect of a bimodal size distrib
tion on the island-related PL. Since the PL of the islan
consists of two peaks, there has been a suggestion that
two peaks might originate from the bimodal siz
distribution.18 However, if each of these two peaks originat
from one kind of island~a high-energy peak from pyramid
and a low-energy from domes!, it is expected that the ther
mionic emission of the carriers towards the Si barriers w
first occur for the peak located at the high-energy side du
a lower barrier potential towards Si. This is not what is o
served experimentally. As can be seen in Fig. 2~a!, when the
temperature increases, the lower-energy peak is quench
about 77 K while the high-energy peak persists up to mu
higher temperatures.

Another point that may allow us to understand the islan
related PL of bimodal size islands is to determine the
coverage at which the transition from pyramids to dom
occurs. The surface, which is obtained just after the pyram
dome transition, is expected to exhibit islands with a ve
narrow size distribution. We have then undertaken syste
atic investigations of the surface morphology with the G
coverage increasing from 4 to 9 ML. Figure 2~b! shows an

FIG. 2. ~a! PL temperature dependence for a sample withuGe54 ML.
~b! AFM image of a sample surface withuGe56 ML; the growth tempera-
ture is 700 °C. The image reveals the presence of only dome-shaped isl
indicating that the pyramidal islands are no longer stable.
3-2
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AFM image of a sample surface withuGe56 ML. The image
reveals the presence of only dome-shaped islands, indica
that the pyramidal islands are no longer stable. The isla
are very uniform; their dimensions are;120 nm in size and
30 nm in height. Interestingly, as can be seen in Fig. 1~b! the
island-related PL does not exhibit any changes, neither in
peak shape nor in the energy positions, asuGe increases from
4 up to 9 ML. This result unambiguously rules out the po
sibility that each of these two peaks originates from one k
of island. These two peaks can be therefore attributed to
NP and TO phonon-assisted transitions inside the ensem
of islands. In this regard, these two peaks are denoted t
NPi and TOi . We also note that the WL component of th
corresponding sample (uGe56 ML) exhibits only one
(NPWL ,TOWL) pair, confirming that the coexistence of tw
(NPWL ,TOWL) pairs arises from a bimodal size distributio
observed atuGe54 and 4.5 ML.

We now comment on the relationship between the isla
dimensions and the luminescence energies. First, it is w
noting that the lateral sizes of 3D islands are more than
nm, a value which appears too large to induce lateral c
finement. The confinement energy, if there exists, might s
from vertical confinement effect. However, as can be s
above, the energy positions of the island PL remain alm
unchanged when the average island heights vary from 1
nm atuGe54 ML up to 30 nm foruGe56 ML. This suggests
that such island heights are already too large to induce
tical confinement.

To determine the main parameters that might govern
island-PL energy, we have undertaken Ge growth at vari
growth temperatures. Shown in Fig. 3~a! are typical PL spec-
tra obtained for growth temperatures of 650 and 600 °C.
comparison, we report in the upper figure the PL spectrum
a sample withuGe54 ML grown at 700 °C. We note that in
all cases the Ge deposition was stopped just after
RHEED 2D-3D transition, i.e., the Ge coverage is equa
the critical thickness. The figure clearly shows that t
island-related PL shifts to lower energies when the grow
temperature decreases. The island-related NPi line, which is
observed at 850 meV for a growth temperature of 700 °C
found to decrease to 800 and 775 meV at 650 and 600
respectively. On the other hand, AFM measurements on
corresponding samples indicate that both island size
heights decrease with decreasing growth temperature f
700 to 600 °C. An example for the sample grown at 600 °C

FIG. 3. ~a! Typical 11-K PL spectra of samples grown at 650 a
600 °C. The Ge coverage is 4 ML.~b! AFM image of a sample surface with
uGe54 ML, the growth temperature is 600 °C.
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shown in Fig. 3~b!. The surface exhibits dome-shaped
lands, whose dimensions are about 100 nm in size and 14
nm in height. The observed redshift of the island-rela
component together with the decrease of the island dim
sions when the growth temperature decreases clearly ind
that the island luminescence energies are mainly determ
by the degree of Si/Ge interdiffusion, which in turn depen
on the growth temperature.

Based on the above optical and structural results, we
now discuss the kinetic pathways of the island formatio
The different stages of the island formation and the variat
of the energy position of the WL NP peaks with increasi
the Ge coverage are summarized in Fig. 4. First, it is sho
from the optical properties that when the Ge covera
reaches the critical thickness, which corresponds to
RHEED 2D-3D transition and of about 4 ML in this cas
macroscopic islands are spontaneously formed. From the
ergy point of view, the spontaneous formation of 3D islan
can be explained by the fact that at the critical thickness
built-in strain energy in the 2D layers becomes so high t
the system should relax this energy. Islanding growth
known to be energetically favorable because it allows a p
tial relaxation of the strain by elastic deformation of the e
ilayers and substrate.19

The above results provide evidence that at the criti
thickness 3D islands are spontaneously formed by cons
ing Ge from the 2D layers. This results in a reduction of t
thickness of the wetting layers. This stage of the island f
mation can be considered as a nucleation process. We
that the blueshift of the WL component has been previou
observed.13–15 However, experiments carried out on we
controlled bimodal size islands in which the amount of co
sumed Ge was shown to depend on the island volume c
firm, on the one hand, the above picture of the isla
nucleation, and indicate, in the other hand, that the reduc
amount of the WL thickness is kinetically controlled. Indee
there has been a suggestion that the thickness of the we

FIG. 4. Variation of the energy position of WL NP peaks with increa
ing uGe. Note that foruGe53 – 4 ML the WL PL is quenched due to a
efficient transfer of the carriers from the WL’s to intermediate cluste
Shown in the inset is a scheme describing the variation of the WL thickn
after the onset of the island formation.
3-3
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BRIEF REPORTS PHYSICAL REVIEW B 63 033313
layers that remained after the onset of the island formatio
thermodynamically stable and corresponds the equilibr
critical thickness.13 Our above results clearly indicate th
this thickness is not stable but depends on the island size
also on the evolution stage of the island formation.

It is interesting to note that the reduction of the WL thic
ness should contribute to the minimization of the total fr
energy of the system after the onset of the island format
As the island formation increases the surface area, theore
calculations of the total free energy of the system were o
based on the balance in energy between the increase o
surface free energy and the reduction of the strain energ
elastic relaxation while the thickness of the 2D layers w
assumed unchanged.19 However, as can be seen in Figs.
and 4, after the onset of the island formation the ene
position of the NPWL

2 line is 1067 meV. This value, estimate
from calculations of the confinement energy in a square-w
potential with the data obtained in the 2D growth regim
corresponds to a thickness of about 2.2 ML. This means
for 4 ML of deposited Ge, almost 2 ML has been consum
to form islands. In other words, the elastic energy of
remaining 2D layers has been reduced by a factor of alm
2 after the onset of the island formation.

We note that at 700 °C, alloying between the Ge and
Si substrate and Si cap layer should occur. Furthermor
has been shown that alloying is greatly enhanced by str
i.e., near or on the islands.20 However, since islands are typ
cally 200 nm apart, it appears reasonable to assume tha
termixing in the wetting layers~WL’s! after the onset of the
island formation has a degree comparable to that in the
layers obtained withuGe below 4 ML.

The thinning of the WL thickness is observed foruGe
increasing to 4.5 ML, suggesting that the nucleation proc
is spread out up to this coverage. For a further increase o
Ge coverage to 6 ML, the WL component is found to exhi
a shift to lower energies. It is worth noting that at this co
erage, AFM measurements have revealed a shape trans
from pyramids to domes@Fig. 2~b!#. Such an evolution can
be explained by the fact that after the nucleation stage,
thickness of the wetting layers has been thinned. Theref
with further deposition of Ge, a part of this will go to th
wetting layers, resulting in a redshift of the WL compone
This result suggests that with increasing the Ge coverag
new stage of the island formation, termed island grow
03331
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starts. The redshift of the WL component is observed foruGe
increasing up to 9 ML and then remains unchanged fo
further increase ofuGe up to about 14 ML. AFM measure
ments reveal that atuGe59 ML, island coalescence start
resulting in the formation of multimodal size islands. Th
disappearance of the WL component foruGe>14 ML may be
associated with the appearance of dislocations at the edg
coalesced islands whose sizes become larger than 600

The last point meriting comment is why only two pairs
lines related to the WL’s are observable from PL. As can
seen in the inset of Fig. 4, the WL’s may present three thi
nesses: a WL having an average thickness~d! on which is-
lands typically 200 nm apart are linked; this thickness, due
the lateral diffusion of Ge from 2D layers towards islands,
reduced tod1 andd2 in the vicinity of domes and pyramids
respectively.d1 is smaller thand2 because the volume o
domes is almost twice as large as that of the pyramids. S
only two WL thicknesses are observable, the pair observe
higher energies, (NPWL

2 ,TOWL
2 ), can be attributed to the thin

nest thickness (d1), while the other pair, (NPWL
1 ,TOWL

1 ),
may stem from the largest one~d!. The thicknessd2 , which
is betweend andd1 , may manifest itself in a broadening o
the PL lines.

In summary, we have studied the effect of a bimodal s
distribution and of the pyramid/dome transition to the optic
properties of related Ge/Si layers. By combining structu
with optical characterizations, three stages of the island
mation can be identified with increasing Ge coverage: isla
nucleation, island growth, and finally island coalescence.
worth noting that the above reported value of the Ge cov
age corresponding to each growth stage represents on
relative character. It should depend on the degree of G
intermixing and the Ge flux. We have shown that when
thickness of the 2D layers reaches the critical thickness,
island nucleation takes place by consuming Ge from the
layers. The shape transition from pyramids to domes co
sponds to the island growth stage that occurs just after
nucleation stage. Concerning the island optical propert
though much remains to be done in order to establish
relationship between the island-related luminescence e
gies and the island dimensions, the present work reveals
surprising result that the island luminescence energies ap
to be more sensitive to the Ge/Si interdiffusion than the c
finement effect.
*Author to whom correspondence should be addressed. Em
lethanh@ief.u-psud.fr
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