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In situ reflection high-energy electron diffraction along with transmission electron miscoscopy, atomic force
microscopy, and photoluminescence spectroscopy have been used to investigate the Ge growth behavior in a
standard Ge/Si multilayer structure. It is shown that the decrease of the Ge wetting layer thicknesses in the
upper layers of a multilayer structure is the main parameter which leads to the increase of the island size and
height. Such an evolution of the Ge wetting layer thickness can be explained by an accumulation of elastic
strain in the Si spacer layers induced by the lower Ge wetting layers. This finding opens the route to the
realization of a multilayer structure in which the islands have equal size in all layers.
关S0163-1829共99兲03132-X兴

During the last few years, much effort has been devoted
to creating Ge/Si quantum dots 共QD’s兲, as these structures
are expected to be potential candidates for the realization of
silicon-based quantum electronic and optoelectronic
devices.1 In particular, it has been recently demonstrated that
the Ge/Si共001兲 QD’s exhibit intraband absorption at ⬃300
meV, thus opening the route towards the fabrication of midinfrared QD-based photodetectors.2 Among the different
ways to produce QD’s, the self-assembled technique, which
takes advantage of the strain-driven transition from twodimensional 共2D兲 to three-dimensional 共3D兲 growth mode
共Stranski-Krastanow growth兲,3 has received particular interest since this technique could allow one to produce quantum
sized islands without needing any kind of mask or patterning. However, due to the random process of islanding nucleation, the self-assembled technique suffers from broad distributions both in size and in position. Although in a recent
work we have presented the ways to obtain uniform island in
a single layer,4 but their formation has been found to depend
critically on the growth parameters, such as the deposited
coverage and the growth temperature.
Recently, it has been shown that starting from a single
layer with inhomogeneous islands one can finally obtain uniform islands by growing multilayer structures, i.e., structures
which consist of successive layers of pure Ge 共or of SiGe
alloys兲 separated by Si barrier layers.5,6 An interesting feature observed in multilayer structures is that the islands in
the upper layers grow on the top of the buried ones, giving
rise to a vertical correlation between islands along the
growth direction. This vertical self-organization has been observed both in InAs/GaAs 共Refs. 7 and 8兲 and Ge/Si 共Refs. 5,
6 and 9–13兲 systems, while its origin has been attributed, for
instance, to preferential nucleation5 or directional adatom
migration7 due to inhomogeneous strain fields induced by
buried islands. Another general trend observed in multilayer
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structures is that the average island base size increases with
increasing the number of deposited layers 共an increase by a
factor of about 3 has been, for example, obtained in Refs. 5
and 6 after the deposition of 20 SiGe/Si bilayers兲. The increase in the island size has not received up to now a clear
explanation, but from the technological point of view this
may be considered as one of the main drawbacks for the
application of multilayer arrays. Indeed, for most QD-based
applications it is desirable to have islands with sizes as small
as possible to obtain an efficient quantum confinement inside
the islands. In a recent paper, Mateeva et al.12 have proposed, on the basis of TEM investigations, that the merging
of small islands is the main mechanism leading to the increase of the island size and the improvement of their size
uniformity. This proposal, in our opinion, can not be generalized for at least two reasons. First, the authors treat a case
in which the vertical correlation between islands occured
only after the deposition of a certain number of layers
共⬃10–15 layers兲. This is not the general case of mutilayer
structures.7,10,11 Secondly, according to the merging mechanism, the island size should be stabilized when the vertical
correlation is achieved. This is not coherent with previous
results 关see, for example, Fig. 1共c兲 of Ref. 7, and Refs. 10,
11, and 13兴, in which the average island size still increased
after the one-to-one vertical correlation had been achieved.
We also note that in all previous works the authors have
mainly focused on the influence of the thickness of the barrier layers6,7 or the growth parameters 共growth temperature,
growth rate10,11兲 on the self-organization, but very little attention has been paid to the growth mode of Ge 共or InAs兲
itself.
In this work, we investigate the Ge growth behavior in a
Ge/Si共100兲 multilayer structure. To understand the growth in
the most general manner as possible, we have considered a
standard self-organized system, a system that exhibits a high
5851
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vertical correlation. The advantage of our work consists of
the use of in situ reflection high-energy electron diffraction
共RHEED兲 to precisely monitor in real time the Ge 2D-3D
growth mode transition. To further elucidate the RHEED
analysis, post-growth investigations have been performed in
combining optical and structural characterizations.
Experiments were carried out in an ultrahigh-vacuum
chemical-vapor deposition 共UHV-CVD兲 system. Pure SiH4
and hydrogen-diluted 共10%兲 GeH4 were used as gas sources.
The system has a base pressure better than 1⫻10⫺10 Torr,
and the pressure during growth was about 5⫻10⫺4 Torr. The
growth chamber is equipped with a differentially pumped
RHEED system, allowing us to probe the growing surface
even at high partial pressures of hydrides 共up to 10⫺1 Torr兲.
During experiments, RHEED patterns were recorded using a
camera-based video recording system. Details of the experimental setup and growth conditions have been reported
elsewhere.14 Photoluminescence 共PL兲 measurements were
performed at low temperatures, using an Ar⫹ laser 共power
density of 400 mW/cm2兲. The PL signal was detected with a
liquid-nitrogen-cooled Ge photodetector using a standard
lock-in technique. Atomic force microscopy 共AFM兲 images
were recorded with a Park Scientific Instruments AFM setup
operating in contact mode. Transmission electron microscopy 共TEM兲 measurements were performed on cross sections
using a 400 kV microscope.
The Ge growth temperature was chosen to be 550 °C,
based on our recent work which established that growing at
this temperature results in a relatively narrow size distribution of islands.4 The Ge growth rate determined from the
RHEED oscillations was 1 monolayer 共ML兲 per minute
(1 ML⫽1.457 Å). Due to a very low Si growth rate at
550 °C, Si deposition was carried out at 600 °C and without
growth interruption to avoid island coalescence 共Si deposition was started at 550 °C, the growth temperature was then
slowly raised to 600 °C兲. The Si growth rate determined from
high-resolution TEM was of 2.2 nm/min. The thickness of
the Si spacer layers was chosen to be ⬃22 nm, not too thick
in order to preserve a high vertical correlation between islands, but also not too thin in order to avoid interactions
between islands in different layers which may result in the
formation of cone-shaped defects.9 Two main series of
samples were grown. The first, serving as reference samples,
consists of a single Ge layer, covered or not with a Si cap
layer for PL and AFM investigations, respectively. The second series consists of 10 Ge/Si periods, the last Ge layer
being not covered with Si for AFM analysis.
Figure 1 shows a representative 关011兴 cross-sectional
TEM image of a sample with 10 Ge/Si bilayers. Regions of
dark constrast correspond to the thin Ge wetting layers
共WL’s兲 and Ge islands, while light constrast regions correspond to the Si spacer layers. The amount of deposited Ge in
each layer was chosen to be equal to the critical thickness
determined for the first layer 共this thickness has been considered as the thickness at which the transition from 2D to 3D
growth mode occurred兲. The critical thickness determined
from RHEED oscillations was of 4 ML’s, the corresponding
growth time (t g ) was 240 s. The Ge amount was kept constant during the deposition of the upper layers. The image
clearly shows that each island in the upper layers grows on
the top of the islands in the lower layers, indicating a high
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FIG. 1. Typical bright-field cross-sectional TEM image taken
along the 关011兴 azimuth of a sample with 10 Ge/Si bilayers. The
deposited Ge amount was kept constant in all layers, the last Ge
layer was not covered with Si. The image clearly shows that the
islands on the upper layers grow on the top of the islands in the
lower layers, giving rise to a high vertical correlation between islands. Shown in the inset is a zoom of an island column along the
growth direction. The small arrow indicates the strain field induced
in the Si spacer layers by buried islands.

vertical correlation between islands. It is worth noting that
the vertical ordering already occurs for the second deposited
layer, which is similar to what has been previously reported
for both III-V 共Ref. 7兲 and IV-IV heterostructures.8,10,11,13
This indicates that the structure investigated here can be considered as a standard case of self-organization. Displayed in
the inset of Fig. 1 is a zoom of an island column along the
growth direction. Two main features can be clearly seen
from this figure. First, the Si spacer layer appears to be thick
enough to flatten the growth front prior to the deposition of
each new Ge layer. Secondly but more importantly, the figure shows that the islands undergo a drastic change both in
size and height from the first to the third layer, while they
become almost stable from the fifth layer. It is interesting to
note that the strain fields 共indicated by a small arrow兲 induced by buried islands in the Si spacer layers are only observed in the first and second spacer layers. Figure 2 summarizes the evolution of the island size 共left axis兲 and height
共right axis兲 as a function of the number of deposited layers.
The data have been obtained by evaluating about 20 island
columns from 关011兴 cross-sectional TEM images. The average island size is found to increase from ⬃100 nm in the first
layer up to ⬃180 nm in the fifth layer and then remains
nearly unchanged. Similar behavior is observed for the island
height, which increases from ⬃8.6 nm in the first layer to
⬃12.3 nm in the fifth layer and becomes stable from the fifth
layer on.
The increase of the island size and height is also confirmed from AFM measurements, as indicated in Fig. 3. We
note that the island sizes measured from AFM are relatively
in good agreement with those obtained from TEM while island heights are significantly overestimated. The overestimation of the island heights can be explained due to the convolution of the AFM tip with the islands, both having a
comparable radius. However, since we are essentially interested in the variation of the island dimensions, the relative
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FIG. 2. Evolution of the island sizes 共left axis兲 and island
heights 共right axis兲 as a function of the number of deposited layers.
The data are obtained by evaluating about 20 island columns in
cross-sectional TEM images. Full curves are only guides for the
eye.

character of these values is not embarrassing. Figures 3共a兲
and 3共b兲 show an AFM image and a height profile along an
island of an uncapped single-layer surface. It is important to
note that the Ge growth was stopped just after the appearance
of three-dimensional spots in the RHEED pattern, i.e., at the
early stage of island nucleation. The corresponding Ge coverage was 4 ML’s (t g ⫽240 s). The surface exhibits islands
which are relatively uniform in size 共a deviation of about
10%兲, but randomly distributed along the surface. The average size of islands is ⬃100 nm, their height is about ⬃14–15
nm. The areal density of islands is ⬃1.3⫻109 cm⫺2. The
surface of an uncapped 10-bilayer sample is shown in Figs.
3共c兲 and 3共d兲. As can be seen in these figures, the islands
have now a size of ⬃170 nm and a height of ⬃21 nm, these
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two values being 1.4–1.5 times larger than those corresponding to the single layer. The island density is about 2
⫻109 cm⫺2, that is slightly higher than that on the single
layer. This indicates that there does not exist a real one-toone island vertical correlation throughout the layers. It is
interesting to note that the islands are now much more regularly distributed over the surface, thus indicating the benefit
of lateral ordering in the multilayer structure. We note that
very little is gained on the island size distribution as under
the growth conditions investigated, in particular at a growth
temperature of 550 °C, the single-layer islands already exhibit a low dispersion in size.4
The photoluminescence spectrum of the same sample is
shown in Fig. 4共b兲. For comparison, we report in Fig. 4共a兲
the PL spectrum of a single layer. The single layer was covered with a 22-nm thick Si cap layer, i.e., identical to the first
bilayer of the multilayer sample. Apart from the narrow peak
at 1098 meV which is attributed to the phonon-assisted recombination of the free-exciton in the Si substrate, the
single-layer spectrum consists of two separate components
characteristic of the Ge wetting layer WL and Ge islands,
respectively. The WL component is characterized by two
main lines located at ⬃1024 and ⬃967 meV, which are,
respectively, due to the excitonic no-phonon 共NP兲 and
transverse-optical 共TO兲-phonon-assisted transitions of
pseudomorphic Ge layers in Si.15 The energy difference between the NP and TO lines is ⬃57–58 meV, which corresponds to the Si-Si optical phonon energy in Si.15 The emission band lying at the lower energy, of ⬃768 meV, is
attributed to three-dimensional Ge islands as previously
reported.4 The multilayer spectrum also consists of two components as discussed above, but, importantly, both of them
now contain two separate parts. The first part originates from
the first layer while the second part can be attributed to the
rest of the layers. The Ge WL component now contains four
main lines, denoted NP1, TO1, NPn and TOn , instead of the

FIG. 3. Comparison of the surface morphology between single-layer and ten-bilayer samples. 共a兲 and 共b兲 correspond to the single-layer
sample, 共c兲 and 共d兲 are for the multilayer sample. 共a兲 0.95  m⫻0.95  m AFM image of a single-layer sample. Note that the Ge growth was
stopped just after the appearance of three-dimensional spots in RHEED patterns, i.e., at the first stage of the island nucleation. The
corresponding Ge coverage was 4 ML’s. 共b兲 AFM height profile along the island indicated by two small arrows in 共a兲. 共c兲 0.85  m
⫻0.85  m AFM image of a ten-bilayer sample. Note that the deposited Ge amount was kept constant in all layers. 共d兲 AFM height profile
along the island indicated by two small arrows in 共c兲.
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FIG. 4. 6 K photoluminescence spectra of a single layer 共a兲 and
of a ten-bilayer sample 共b兲. The single layer is covered with a
22-nm thick Si cap layer, i.e., identical to the first bilayer in the
multilayer sample. Note that the wetting layer and island components of the multilayer-sample spectrum consist of two separate
subcomponents: the low-energy subcomponent (ISL1 ,TO1 ,NP1)
originates from the first layer, while the subcomponent at higher
isl
energy side 共TOisl
n , NPn , TOn , and NPn 兲 can be attributed to the
upper layers.

two ones observed in the single-layer spectrum. The NP1 and
TO1 lines, which are located at the same energies as the NP
and TO lines in the single-layer spectrum, can be unambiguously assigned to the no-phonon transition and its TO replica
for the first Ge wetting layer. Two additional lines, NPn and
TOn , are observed at higher energies of ⬃1048 and ⬃991
meV, respectively. Interestingly, the separation in energy between these two lines is still of ⬃57–58 meV, a value expected for the energy separation between the NP and TO
lines of a pseudomorphic 2D Ge layer. The appearance of
these two lines can then be interpreted as arising from other
Ge wetting layers, which have a thickness smaller than that
of the first layer. For the island-related component, three
isl
peaks, denoted to as ISL1, TOisl
n , and NPn , can be resolved
after a deconvolution by using a set of three gaussian lineshaped peaks, which have their maxima at 768, 833, and 875
meV, respectively. The fact that the energy position of the
ISL1 peak is the same as that of the island-related peak in the
single layer unambiguously indicates that this peak stems
from the islands in the first layer. The other two peaks, NPisl
n
and TOisl
n can be attributed to no-phonon and phonon-assisted
transitions of islands from the second to the ninth layers. We
assume that the uncapped last layer has no contribution to
the PL due to nonradiative surface recombination. The enisl
ergy separation between the NPisl
n and TOn peaks is ⬃42
meV, a value close to the TOGe-Ge phonon energy.15 The
separation of the island-related emission into two peaks NP
and TO 共or the appearance of a phonon-assisted transition兲,
may be indicative of a decrease of the carrier localization
inside the islands due to the increase of their sizes and
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heights in the upper layers. On the other hand, the shift to
higher energies of these two peaks compared to the ISL1
peak is presently not well understood. An almost similar effect has been observed in a five-bilayer Ge/Si structure.13 It
is worth noting that the islands in the first layer are nucleated
on a Si surface that is strain free, while those in upper layers
are nucleated on inhomogeneously strained Si surfaces. This
implies that the strain state around and also inside the islands
in the first layer is quite different from that of the islands in
upper layers. The blue shift of the island-related peaks in the
upper layers may arise from material interdiffusion assisted
by strain fields and/or a variation of the strain state in the Si
spacer layers and inside the island in the upper layers. We
note that the effect of thermal interdiffusion between Si and
Ge can be ruled out. As we have mentioned above, the Ge
growth temperature was chosen to be 550 °C since at this
temperature the islands exhibit a narrow size distribution.4
Due to a very low Si growth rate at 550 °C, Si deposition was
carried out at 600 °C. Even though care has been taken to
minimize the Ge/Si interdiffusion 共Si deposition was started
at 550 °C, the growth temperature was then slowly raised to
600 °C兲, thermal interdiffusion between Ge and Si might occur at both interfaces during this increase of the growth temperature, which may result in a lower Ge content inside the
islands, and therefore a blueshift of island-related peaks.
However, since the growth temperatures for Ge and Si were
the the same for the single-layer and multilayer samples, the
effect of thermal interdiffusion was expected to be the same
in both cases.
To further clarify the existence of other types of Ge WL’s
in the upper layers of the multilayer sample, we have undertaken a RHEED analysis, by measuring the transition from a
two-dimensional to a three-dimensional growth mode during
the Ge deposition in different layers of a ten-period sample.
Since the transition to a 3D growth mode is characterized by
the appearance of bulk-type diffraction spots,16 we have
measured the variation of the RHEED intensity of one of
these spots as a function of the deposition time I(t g ). A
typical result for the first and the second layers of the tenperiod sample is reported in Fig. 5共a兲. We note that the
sample was grown in the same conditions as the one investigated in Figs. 1 and 4, i.e., each Ge layer was separated by
a 22-nm thick Si spacer layer. Prior to the deposition of each
new Ge layer, the Si surface exhibited a well-developed 2
⫻1 streaky RHEED pattern, indicating that the Si surface
was smoothed out. The figure shows that the 2D-3D transition is very sudden, allowing a relatively precise determination of the corresponding critical thickness (h c ). To precisely determine h c in each layer, we searched the inflexion
point M of I(t g ), and assumed that h c corresponds to the
intersection point of the tangent at M with the base line.
Shown in Fig. 5共b兲 is the evolution of the 2D-3D transition
time and the critical thickness versus the total number of the
deposited layers. The Ge critical thickness, which is of 4
ML’s (t g ⫽240 s) for the first layer, is found to rapidly decrease within the three first layers and reaches a stable value
of 2.08 ML’s (t g ⫽125 s) after the fifth layer. As the result of
RHEED analysis, the multilayer structure is found to present
five critical thickness, which are of 4, 2.5, 2.25, 2.13, and
2.08 ML’s for the first, second, third, fourth, and the last six
layers, successively. The fact that only two WL-related
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FIG. 5. 共a兲 Intensity evolution of a bulk spot of the RHEED
pattern as a function of the deposition time during the deposition of
the first and second layers of a ten-period sample. Note that the
growth time at which the transition from 2D to 3D growth mode
occurs is observed at 150 s for the second layer compared to at 240
s for the first layer. The Ge growth rate is 1 ML/min. 共b兲 Evolution
of the 2D-3D transition time 共to the left兲 and of the critical thickness 共right axis兲 as a function of the number of deposited layers in
a ten-period sample.

NP-TO pairs are observable in the corresponding PL spectrum 关Fig. 4共b兲兴 can be explained as follows. The pair at the
lower energy side has been attributed to the first layer, the
high-energy one might stem from the last six layers starting
from the fifth one. The other layers in between have thicknesses very close to that of the last layers and may manifest
themselves only in a broadening of the 2.08 ML-related PL
lines. This assumption is supported by the fact that the energy position of the NPn line, observed at 1048 meV, is very
close to that of the NP line of a 2 ML-deposited sample
共E NP⫽1039 meV for t g ⫽2 min in Fig. 4 of Ref. 4兲. We finally note that the RHEED results provide a good explanation to the previously discussed results observed by TEM
共Figs. 1 and 2兲. The increase of the island size and height
from the second to the fifth layer and the stability of the
island dimensions after the deposition of the fifth layer well
correspond to the decrease of the Ge critical thickness observed by RHEED. The above structural and optical results
have therefore indicated that the decrease of the Ge wetting
layer thickness in the upper layers is responsible for the increase of the island size and height.
How can we explain such a behavior of the Ge wetting
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layers? For the deposition of each new Ge layer, the growth
process can be influenced by two parameters: the first one is
the 4% compressive strain induced by the buried Ge wetting
layer共s兲; the second one is the inhomogeneous strain field
due to partially strain relaxed islands and the 4% compressively strained wetting layer in between them. The second
parameter, which has been recognized to be responsible for
the vertical ordering of islands,5–7 is expected to play an
important role only in the island nucleation process. To better see the influence of the first parameter on the observed
decrease of the Ge wetting layers, we have grown a series of
multilayer samples in which the thicknesses of the first Ge
layer were chosen to be successively of 1, 2, and 3 ML’s,
while the Si spacer layer was kept constant 共22 nm兲. As these
thicknesses are smaller than the critical thickness 共4 ML’s兲
under the growth conditions investigated here, the misfit
strain in the first layer can be considered to be homogeneous.
Though the decrease rate of the Ge wetting layers is different
depending on the Ge amount in the first layer, the Ge wetting
layers behave in the same manner as that presented in Fig.
5共b兲. This indicates that the homogeneous strain field being
induced by the buried Ge wetting layers and mediated by the
Si spacer layers is the main parameter which leads to the
decrease of the Ge WL thickness in the upper layers. At a
given thickness of the first Ge layer, the thickness of the Si
spacer layer was found to significantly influence the evolution of the Ge critical thickness and, as a consequence, the
evolution of the island dimensions in subsequent layers. The
number of layers at which the Ge critical thickness stabilizes
may correspond to a saturation of accumulated elastic strain
after the deposition of a certain number of layers. Of course,
this layer number has not a fixed value, but was found to
depend on the thickness of the initial Ge layer and that of the
Si spacer layers. A detailed analysis of such an evolution as
a function of the first layer Ge thickness and of the Si spacer
layer thickness will be presented in a separate paper.
The finding of the decrease of the Ge 2D layer thickness
in the upper layers of a multilayer structure has conducted us
to a very simple idea for the realization of a multilayer structure in which the islands may have equal size in all layers. If
one does not keep the Ge deposited amount constant in all
layers 共equal to the critical thickness of the first layer兲, but
adjusts this amount according to the effective critical thicknesses in subsequent layers, this can lead to the formation of
islands at the first nucleation stage in all layers. As a demonstration, a cross-sectional TEM image of an uncapped tenbilayer sample produced with this method is shown in Fig. 6.
A zoom of an island column along the growth direction is
presented in Fig. 6共b兲. The Ge growth in each layer was
stopped just after the appearance of three-dimensional spots
in the RHEED pattern. The Si spacer-layer thickness was
kept constant at 22 nm. As can be seen in Fig. 6共a兲, the
islands still exhibit a high correlation along the growth direction. An important result is that the islands have now
almost equal size and height in all layers 关Fig. 6共b兲兴, in contrast to the case presented in the inset of Fig. 1 in which the
Ge amount was kept constant in all layers.
Figure 7 shows the surface morphology of the corresponding sample. As expected, the surface exhibits islands
having dimensions much smaller than those obtained with a
constant deposited Ge amount 关Figs. 3共c兲 and 3共d兲兴. The av-

5856

VINH LE THANH et al.

PRB 60

FIG. 6. 共a兲 Typical cross-sectional TEM image taken along the 关011兴 azimuth of a sample with 10 Ge/Si bilayers, the last Ge layer was
not covered with Si. The deposited Ge amount was no longer kept constant but adjusted with the RHEED 2D-3D growth mode transition in
each layer 关see Fig. 5共b兲兴. 共b兲 A zoom of an island column along the growth direction. It is important to note that the islands have almost
equal size and height in all layers. The average island size is ⬃95 nm and the average height is 6–7 nm.

erage size of islands is ⬃80 nm, their height is ⬃6 nm. The
island density is about 2.5⫻109 cm⫺2. What is more surprising is that the islands observed here are even smaller 共in
particular in height兲 than the islands on a single layer 关Figs.
3共a兲 and 3共b兲兴. This clearly indicates that the island nucleation process has been significantly modified due to the presence of elastic strain induced by buried layers. Another interesting feature observed in this image is that the islands are
arranged in an almost perfect hexagonal symmetry, resulting
in a very regular interisland spacing. Indeed, only in a hexagonal symmetry the interisland spacing can be equivalent
along all crystallographic directions. This result suggests that
the surface diffusion of adatoms and/or islands is the dominant mechanism which governs the lateral ordering of islands in multilayer structures.
The low-temperature photoluminescence of the corresponding sample is shown in Fig. 8共a兲. A spectacular result
is that the PL component corresponding to the wetting layers
has almost disappeared, a behavior recently observed but
only on ‘‘precursor clusters’’ having much smaller dimensions 共of ⬃45 nm in size and ⬃1–2 nm in height兲.4 We note
that the weak peak observed at ⬃1034 meV is due to the
combination of transverse optical 共TO兲 and zone center (O ⌫ )
phonons of the silicon substrate.17 The quenching of the wetting layer PL component can be explained by the fact that the
carriers which were created in the Ge WL’s and the Si spacer
layers have been efficiently transferred into the islands, suggesting a high probability of radiative recombination of such
islands. It is interesting to note that the PL spectral shape of
the islands grown in this condition differs from the island
spectral shape reported in Fig. 4共b兲. The island-related component is now reduced to a single line 共apparently the exitonic no-phonon transition兲 instead of NP and TO assisted

recombination lines. This feature clearly indicates the influence of the island dimension on the interband PL signature.
Comparison of Figs. 4共a兲, 4共b兲, and 8共a兲 appears to show that
islands with sizes smaller than ⬃100–110 nm exhibit their

FIG. 7. 共a兲 AFM image of a ten-bilayer sample in which the Ge
deposited amount in each layer is adjusted with the 2D to 3D
growth mode transition. The scan area is 0.85  m⫻0.85  m. The
islands have an average size of ⬃80 nm and a height of ⬃6 nm.
Note that the islands are arranged in an almost perfect hexagonal
symmetry, resulting in a very regular interisland spacing. 共b兲 AFM
height profile along the island indicated by two small arrows in 共a兲.
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FIG. 8. PL temperature dependence of a ten-bilayer sample in
which the Ge deposited amount in each layer is adjusted with the
2D to 3D growth mode transition. Note that in the 2.7 K spectrum,
the wetting layer components have almost disappeared, indicating
that the carriers being created in the Ge WL’s and in the Si barrier
layers have been efficiently transferred into the islands.

noting that with increasing the temperature the island-related
PL line exhibits a slight shift to lower energy, approaching
the energy position of the islands in the single layer. Apart
from a variation of the island bandgap with temperature, this
shift can be partly explained by the fact that the multilayer
sample consists of islands of different sizes in subsequent
layers, resulting in different confinement potential. Due to
strain-driven nucleation, islands in the upper layers may have
sizes smaller than those on the single layer. Since islands of
larger sizes have a deeper confinement potential, when the
temperature increases the thermionic emission of the carriers
toward the Si barriers will first occur for the less deep levels,
i.e., for small islands in the upper layers. The PL of the
larger islands on the first layer, in which the carriers are more
deeply confined, is maintained at higher temperatures.
In conclusion, we have given evidence both from structural and optical characterizations, that the decrease of the
Ge wetting layer thicknesses in the upper layers is the main
mechanism which leads to the increase of the island sizes
and heights in multilayer Ge/Si structures. Such a decrease
of the Ge wetting layer thickness can be explained by an
accumulation of homogeneous elastic strain induced by the
buried Ge wetting layer共s兲. Though much effort still remains
to be done to understand in a more quantitative manner the
evolution of the islands as well as of the wetting layer in
each layer, it is believed that the present finding opens, on
one hand, the ways to produce Ge islands having equal size
in all layers, and introduces, on the other hand, a new physical parameter in the growth process of a multilayer structure.

interband PL in a single line, while larger islands manifest
themselves in a NP-TO pair. To further investigate the optical properties of such islands, we have measured the temperature dependence of the island PL 共Fig. 8兲. The Si substrate component is quenched at ⬃30 K while the island PL
persists up to 250 K. The quenching of the island PL at high
temperatures is attributed to the thermionic emission of the
carriers from the Ge islands to the Si barrier. It is worth
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