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Vertically self-organized Ge/S{001) quantum dots in multilayer structures
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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.
[S0163-18299)03132-X

During the last few years, much effort has been devotedtructures is that the average island base size increases with
to creating Ge/Si quantum dot®D’s), as these structures increasing the number of deposited layé&s increase by a
are expected to be potential candidates for the realization dactor of about 3 has been, for example, obtained in Refs. 5
silicon-based quantum electronic and optoelectroniand 6 after the deposition of 20 SiGe/Si bilayerEhe in-
devices! In particular, it has been recently demonstrated thatrease in the island size has not received up to now a clear
the Ge/S(001) QD’s exhibit intraband absorption at300  explanation, but from the technological point of view this
meV, thus opening the route towards the fabrication of midsmay be considered as one of the main drawbacks for the
infrared QD-based photodetectdrsAmong the different application of multilayer arrays. Indeed, for most QD-based
ways to produce QD’s, the self-assembled technique, whichpplications it is desirable to have islands with sizes as small
takes advantage of the strain-driven transition from two-as possible to obtain an efficient quantum confinement inside
dimensional(2D) to three-dimensional3D) growth mode the islands. In a recent paper, Mateesigal}? have pro-
(Stranski-Krastanow growjft has received particular inter- posed, on the basis of TEM investigations, that the merging
est since this technique could allow one to produce quanturaf small islands is the main mechanism leading to the in-
sized islands without needing any kind of mask or patterncrease of the island size and the improvement of their size
ing. However, due to the random process of islanding nucleuniformity. This proposal, in our opinion, can not be gener-
ation, the self-assembled technique suffers from broad distrialized for at least two reasons. First, the authors treat a case
butions both in size and in position. Although in a recentin which the vertical correlation between islands occured
work we have presented the ways to obtain uniform island ironly after the deposition of a certain number of layers
a single layef but their formation has been found to depend(~10-15 layers This is not the general case of mutilayer
critically on the growth parameters, such as the depositedtructures:'®* Secondly, according to the merging mecha-
coverage and the growth temperature. nism, the island size should be stabilized when the vertical

Recently, it has been shown that starting from a singlecorrelation is achieved. This is not coherent with previous
layer with inhomogeneous islands one can finally obtain unitesults[see, for example, Fig.(¢) of Ref. 7, and Refs. 10,
form islands by growing multilayer structures, i.e., structuresll, and 13, in which the average island size still increased
which consist of successive layers of pure ®e of SiGe after the one-to-one vertical correlation had been achieved.
alloys) separated by Si barrier layet§.An interesting fea- We also note that irall previous works the authors have
ture observed in multilayer structures is that the islands irmainly focused on the influence of the thickness of the bar-
the upper layers grow on the top of the buried ones, givingier layer§'”’ or the growth parametergrowth temperature,
rise to a vertical correlation between islands along thegrowth raté®} on the self-organization, but very little at-
growth direction. This vertical self-organization has been obtention has been paid to the growth mode of @e InAs)
served both in InAs/GaA&Refs. 7 and Band Ge/SiRefs. 5, itself.

6 and 9—13systems, while its origin has been attributed, for  In this work, we investigate the Ge growth behavior in a
instance, to preferential nucleatoor directional adatom Ge/S{100) multilayer structure. To understand the growth in
migration’ due to inhomogeneous strain fields induced bythe most general manner as possible, we have considered a
buried islands. Another general trend observed in multilayestandardself-organized system, a system that exhibits a high
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vertical correlation. The advantage of our work consists of
the use ofin situ reflection high-energy electron diffraction
(RHEED) 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 depositioflUHV-CVD) system. Pure SiH
and hydrogen-dilute0%) GeH, were used as gas sources.
The system has a base pressure better thad0L °Torr,
and the pressure during growth was aboxt® * 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 hydrideg to 10 * Torr).
During experiments, RHEED patterns were recorded using a
camera-based video recording SYS_tem- Details of the experi- FIG. 1. Typical bright-field cross-sectional TEM image taken
mental SeEUP and growth conditions have been reportediog the[011] azimuth of a sample with 10 Ge/Si bilayers. The
elsewhere? PhotoluminescencéPL) measurements were geposited Ge amount was kept constant in all layers, the last Ge

" Aaser (power layer was not covered with Si. The image clearly shows that the

performed at low temperatures, using an
density of 400 mW/crf). The PL signal was detected with a isiands on the upper layers grow on the top of the islands in the
liquid-nitrogen-cooled Ge photodetector using a standargbwer layers, giving rise to a high vertical correlation between is-
lock-in technique. Atomic force microscofAFM) images lands. Shown in the inset is a zoom of an island column along the
were recorded with a Park Scientific Instruments AFM setupgrowth direction. The small arrow indicates the strain field induced
operating in contact mode. Transmission electron microsin the Si spacer layers by buried islands.
copy (TEM) measurements were performed on cross sections
using a 400 kV microscope. vertical correlation between islands. It is worth noting that
The Ge growth temperature was chosen to be 550 °Cthe vertical ordering already occurs for the second deposited
based on our recent work which established that growing aayer, which is similar to what has been previously reported
this temperature results in a relatively narrow size distribufor both 11l-V (Ref. 7 and IV-IV heterostructure%10:11:13
tion of islands® The Ge growth rate determined from the This indicates that the structure investigated here can be con-
RHEED oscillations was 1 monolaygML) per minute sidered as a standard case of self-organization. Displayed in
(1ML=1.457A). Due to a very low Si growth rate at the inset of Fig. 1 is a zoom of an island column along the
550 °C, Si deposition was carried out at 600 °C and withouggrowth direction. Two main features can be clearly seen
growth interruption to avoid island coalescen& deposi-  from this figure. First, the Si spacer layer appears to be thick
tion was started at 550 °C, the growth temperature was theanough to flatten the growth front prior to the deposition of
slowly raised to 600 °C The Si growth rate determined from each new Ge layer. Secondly but more importantly, the fig-
high-resolution TEM was of 2.2 nm/min. The thickness of ure shows that the islands undergo a drastic change both in
the Si spacer layers was chosen to-b22 nm, not too thick  size and height from the first to the third layer, while they
in order to preserve a high vertical correlation between ishecome almost stable from the fifth layer. It is interesting to
lands, but also not too thin in order to avoid interactionsnote that the strain field§ndicated by a small arrowin-
between islands in different layers which may result in theduced by buried islands in the Si spacer layers are only ob-
formation of cone-shaped defeétsTwo main series of served in the first and second spacer layers. Figure 2 sum-
samples were grown. The first, serving as reference samplesiarizes the evolution of the island sideft axis) and height
consists of a single Ge layer, covered or not with a Si cafright axi9 as a function of the number of deposited layers.
layer for PL and AFM investigations, respectively. The sec-The data have been obtained by evaluating about 20 island
ond series consists of 10 Ge/Si periods, the last Ge layarolumns from[011] cross-sectional TEM images. The aver-
being not covered with Si for AFM analysis. age island size is found to increase frerd00 nm in the first
Figure 1 shows a representatiy®11] cross-sectional layer up to~180 nm in the fifth layer and then remains
TEM image of a sample with 10 Ge/Si bilayers. Regions ofnearly unchanged. Similar behavior is observed for the island
dark constrast correspond to the thin Ge wetting layerdeight, which increases fron¥8.6 nm in the first layer to
(WL’s) and Ge islands, while light constrast regions corre-~12.3 nm in the fifth layer and becomes stable from the fifth
spond to the Si spacer layers. The amount of deposited Ge Iayer on.
each layer was chosen to be equal to the critical thickness The increase of the island size and height is also con-
determinedor the first layer(this thickness has been consid- firmed from AFM measurements, as indicated in Fig. 3. We
ered as the thickness at which the transition from 2D to 3Dnote that the island sizes measured from AFM are relatively
growth mode occurred The critical thickness determined in good agreement with those obtained from TEM while is-
from RHEED oscillations was of 4 ML’s, the corresponding land heights are significantly overestimated. The overestima-
growth time ¢,) was 240 s. The Ge amount was keph-  tion of the island heights can be explained due to the convo-
stantduring the deposition of the upper layers. The imagedution of the AFM tip with the islands, both having a
clearly shows that each island in the upper layers grows onomparable radius. However, since we are essentially inter-
the top of the islands in the lower layers, indicating a highested in the variation of the island dimensions, the relative
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200———T T - —— T 18 two values being 1.4-1.5 times larger than those correspond-
] ing to the single layer. The island density is about 2
x10°cm ™2, that is slightly higher than that on the single
layer. This indicates that there does not exist a real one-to-
one island vertical correlation throughout the layers. It is
interesting to note that the islands are now much more regu-
larly 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 ex-
hibit a low dispersion in siz&.

The photoluminescence spectrum of the same sample is
shown in Fig. 4b). For comparison, we report in Fig(a}
the PL spectrum of a single layer. The single layer was cov-
ered with a 22-nm thick Si cap layer, i.@gnticalto the first

FIG. 2. Evolution of the island sizefeft axis and island Dilayer of the multilayer sample. Apart from the narrow peak
heights(right axi$ as a function of the number of deposited layers. at 1098 meV which is attributed to the phonon-assisted re-
The data are obtained by evaluating about 20 island columns ieombination of the free-exciton in the Si substrate, the
cross-sectional TEM images. Full curves are only guides for thesingle-layer spectrum consists of two separate components
eye. characteristic of the Ge wetting layer WL and Ge islands,

respectively. The WL component is characterized by two

character of these values is not embarrassing. Figui@s 3 main lines located at~1024 and~967 meV, which are,
and 3b) show an AFM image and a height profile along anrespectively, due to the excitonic no-phondNP) and
island of an uncapped single-layer surface. It is important taransverse-optical (TO)-phonon-assisted transitions of
note that the Ge growth was stopped just after the appearanpaseudomorphic Ge layers in SiThe energy difference be-
of three-dimensional spots in the RHEED pattern, i.e., at theween the NP and TO lines is57-58 meV, which corre-
early stage of island nucleation. The corresponding Ge covsponds to the Si-Si optical phonon energy it SThe emis-
erage was 4 ML's {;=240s). The surface exhibits islands sion band lying at the lower energy, of768 meV, is
which are relatively uniform in sizéa deviation of about attributed to three-dimensional Ge islands as previously
10%), but randomlydistributed along the surface. The aver- reported The multilayer spectrum also consists of two com-
age size of islands is 100 nm, their height is about14—15  ponents as discussed above, but, importantly, both of them
nm. The areal density of islands is1.3x10°cm 2. The  now contain two separate parts. The first part originates from
surface of an uncapped 10-bilayer sample is shown in Figghe first layer while the second part can be attributed to the
3(c) and 3d). As can be seen in these figures, the islandsest of the layers. The Ge WL component now contains four
have now a size of~170 nm and a height of21 nm, these main lines, denoted NPTO,, NP, and TQ,, instead of the
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FIG. 3. Comparison of the surface morphology between single-layer and ten-bilayer sa@pdesl(b) correspond to the single-layer
sample,(c) and(d) are for the multilayer sampléa) 0.95umx0.95um 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{&) AFM height profile along the island indicated by two small arrows(an (c) 0.85um
X 0.85um AFM image of a ten-bilayer sample. Note that the deposited Ge amount was kept constant in al(daydFs] height profile
along the island indicated by two small arrows(@).
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heights in the upper layers. On the other hand, the shift to

LA L R DL L A LR R L LR

higher energies of these two peaks compared to thg ISL

[ Islands ] [We“i"g 'aye'% peak is presently not well understood. An almost similar ef-
- si fect has been observed in a five-bilayer Ge/Si structtte.

NE, TO, NR 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 aothermalinterdiffusion 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
oy temperature the islands exhibit a narrow size distribution.
07 0.8 0o 1.0 11 12 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

Energy (eV) minimize the Ge/Si interdiffusiofSi deposition was started
at 550 °C, the growth temperature was then slowly raised to
FIG. 4. 6 K photoluminescence spectra of a single lageand 600 °Q, thermal interdiffusion between Ge and Si might oc-

of a ten-bilayer sampléb). The single layer is covered with a cur at both interfaces during this increase of the growth tem-
22-nm thick Si cap layer, i.e., identical to the first bilayer in the perature, which may result in a lower Ge content inside the
multilayer sample. Note that the wetting layer and island compoisjands, and therefore a blueshift of island-related peaks.
nents of the multilayer-sample spectrum consist of two separatejowever, since the growth temperatures for Ge and Si were
subcomponents: the low-energy subcomponent {fB0;,NP)  the the same for the single-layer and multilayer samples, the
originates fromiSIthe first layer, while the subcomponent at highelafiect of thermal interdiffusion was expected to be the same

energy sidgTOS', NP, TO,, and NR) can be attributed to the in both cases

upper layers. To further clarify the existence of other types of Ge WL's

_ _ in the upper layers of the multilayer sample, we have under-
two ones observed in the single-layer spectrum. Thedfl 5 en 3 RHEED analysis, by measuring the transition from a
TO, lines, which are located at the same energies as the Nfy,q_dimensional to a three-dimensional growth mode during
and TO lines in the single-layer spectrum, can be unambigupe Ge deposition in different layers of a ten-period sample.
ously assigned to the no-phonon transition and its TO replic&jnce the transition to a 3D growth mode is characterized by
for the first Ge wetting Ia}yer. Two a(jditional lines, NBnd e appearance of bulk-type diffraction spHtswe have
TO,, are observed at higher energies-01048 and~991  mneasyred the variation of the RHEED intensity of one of
meV, respectlvely._Inter_estlngly, the separation in energy begege spots as a function of the deposition tihgg,). A
tween these two lines is still 0f57-58 meV, a value ex- nica result for the first and the second layers of the ten-
pected for the energy separation between the NP and TQqiqg sample is reported in Fig(&. We note that the
lines of a pseudomorphic 2D Ge layer. The appearance Qfample was grown in the same conditions as the one inves-
these two lines can then be interpreted as arising from Otheifgated in Figs. 1 and 4, i.e., each Ge layer was separated by
Ge wetting layers, which have a thickness smaller than tha{ 25 _nm thick Si spacer layer. Prior to the deposition of each
of the first layer. For the |_s||and-relatr-lzd component, threég,e\y Ge layer, the Si surface exhibited a well-developed 2
peaks, denoted to as ISLTO;, and NFY', can be resolved  x 7 streaky RHEED pattern, indicating that the Si surface
after a deconvolution by using a set of three gaussian lineyas smoothed out. The figure shows that the 2D-3D transi-
shaped peaks, which have their maxima at 768, 833, and 87%g) is very sudden, allowing a relatively precise determina-
meV, respectively. The fact that the energy position of thejon of the corresponding critical thicknesé.j. To pre-
ISL, peak is the same as that of the island-related peak in th&sely determinen,, in each layer, we searched the inflexion
single layer unambiguously indicates that this peak_stemﬁoint M of I(t,), and assumed thdt, corresponds to the
from the islands in the first layer. The other two peaksyNP intersection pgint of the tangent M with the base line.
and TG can be attributed to no-phonon and phonon-assisteghown in Fig. &b) is the evolution of the 2D-3D transition
transitions of islands from the second to the ninth layers. Weime and the critical thickness versus the total number of the
assume that the uncapped last layer has no contribution teposited layers. The Ge critical thickness, which is of 4
the PL due to nonradiative surface recombination. The enmML's (t,=240s) for the first layer, is found to rapidly de-
ergy separation between the fRand TG peaks is~42  crease within the three first layers and reaches a stable value
meV, a value close to the TQ.. phonon energy? The  of 2.08 ML's (ty=1255) after the fifth layer. As the result of
separation of the island-related emission into two peaks NIRHEED analysis, the multilayer structure is found to present
and TO(or the appearance of a phonon-assisted trangitionfive critical thickness, which are of 4, 2.5, 2.25, 2.13, and
may be indicative of a decrease of the carrier localizatior2.08 ML'’s for the first, second, third, fourth, and the last six
inside the islands due to the increase of their sizes anthyers, successively. The fact that only two WL-related

PL Intensity
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LI B B B L 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
layen(s); the second one is the inhomogeneous strain field
due to partially strain relaxed islands and the 4% compres-
sively strained wetting layer in between them. The second
parameter, which has been recognized to be responsible for
the vertical ordering of islands; is expected to play an
important role only in the island nucleation process. To bet-
ter 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
50 100 150 200 250 300 350 layer were chosen to be successively of 1, 2, and 3 ML's,
Growth time (sec) while the Si spacer layer was kept consté# nm). As these
thicknesses are smaller than the critical thickn@s$/1L’s)
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(b). 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 evolu-
tion of the Ge critical thickness and, as a consequence, the
evolution of the island dimensions in subsequent layers. The
Number of deposited layers number of layers at which the Ge critical thickness stabilizes
FIG. 5. (a) Intensity evolution of a bulk spot of the RHEED may correspon_d_to a saturatic_)n of accumulated elastic strain
pattern as a function of the deposition time during the deposition OE:Fer the deposition of a certalr_l number of layers. Of course,
is layer number has not a fixed value, but was found to

the first and second layers of a ten-period sample. Note that th . .
growth time at which the transition from 2D to 3D growth mode epend on the thickness of the initial Ge layer and that of the

occurs is observed at 150 s for the second layer compared to at 248 SPacer layers. A detailed analysis of such an evolution as
s for the first layer. The Ge growth rate is 1 ML/mit) Evolution & function of the first layer Ge thickness and of the Si spacer

of the 2D-3D transition timéto the lefy and of the critical thick-  1ayer thickness will be presented in a separate paper.

ness(right axi9 as a function of the number of deposited layers in ~ The finding of the decrease of the Ge 2D layer thickness
a ten-period sample. in the upper layers of a multilayer structure has conducted us

to a very simple idea for the realization of a multilayer struc-

NP-TO pairs are observable in the corresponding PL speaure in which the islands may have equal size in all layers. If
trum [Fig. 4(b)] can be explained as follows. The pair at the one does not keep the Ge deposited amount constant in all
lower energy side has been attributed to the first layer, théayers(equal to the critical thickness of the first layebut
high-energy one might stem from the last six layers startingadjusts this amount according to teéectivecritical thick-
from the fifth one. The other layers in between have thick-nesses in subsequent layers, this can lead to the formation of
nesses very close to that of the last layers and may manifeitlands at the first nucleation stage in all layers. As a dem-
themselves only in a broadening of the 2.08 ML-related PLonstration, a cross-sectional TEM image of an uncapped ten-
lines. This assumption is supported by the fact that the enbilayer sample produced with this method is shown in Fig. 6.
ergy position of the NPline, observed at 1048 meV, is very A zoom of an island column along the growth direction is
close to that of the NP linefoa 2 ML-deposited sample presented in Fig. ®). The Ge growthin each layerwas
(Enp=1039 meV forty=2 min in Fig. 4 of Ref. 4 We fi-  stopped just after the appearance of three-dimensional spots
nally note that the RHEED results provide a good explanain the RHEED pattern. The Si spacer-layer thickness was
tion to the previously discussed results observed by TEMept constant at 22 nm. As can be seen in Fi@),6the
(Figs. 1 and 2 The increase of the island size and heightislands still exhibit a high correlation along the growth di-
from the second to the fifth layer and the stability of therection. An important result is that the islands have now
island dimensions after the deposition of the fifth layer wellalmost equal size and height in all layéEg. 6b)], in con-
correspond to the decrease of the Ge critical thickness olirast to the case presented in the inset of Fig. 1 in which the
served by RHEED. The above structural and optical result&e amount was kept constant in all layers.
have therefore indicated that the decrease of the Ge wetting Figure 7 shows the surface morphology of the corre-
layer thickness in the upper layers is responsible for the insponding sample. As expected, the surface exhibits islands
crease of the island size and height. having dimensions much smaller than those obtained with a

How can we explain such a behavior of the Ge wettingconstant deposited Ge amoufigs. 3c) and 3d)]. The av-

RHEED Intensity

P T S W N ST E TN NS S AT AT A TR WY

280

L L L
240
200

160/

1
[ ]
w
w
Critical thickness (ML)

2D - 3D transition time (sec)

1201 © 32
-.I.-.I1..I.|.I...I.--T
2 4 6 8 10 12




5856 VINH LE THANH et al. PRB 60

FIG. 6. (a) Typical cross-sectional TEM image taken along [f@&1] 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 layefsee Fig. 8)]. (b) 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 size9 nm and the average height is 6—7 nm.

erage size of islands is80 nm, their height is~6 nm. The  recombination lines. This feature clearly indicates the influ-
island density is about 22510° cm™2. What is more surpris- ence of the island dimension on the interband PL signature.
ing is that the islands observed here are even sméher Comparison of Figs. @), 4(b), and 8a) appears to show that
particular in heightthan the islands on a single layléfigs.  islands with sizes smaller than100—110 nm exhibit their
3(a) and 3b)]. This clearly indicates that the island nucle-
ation process has been significantly modified due to the pres-
ence of elastic strain induced by buried layers. Another in-
teresting 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 hex-
agonal 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 domi-
nant mechanism which governs the lateral ordering of is-
lands in multilayer structures.

The low-temperature photoluminescence of the corre-
sponding sample is shown in Fig(@8. 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 dimen-
sions(of ~45 nm in size and-1-2 nm in height* We note
that the weak peak observed atl034 meV is due to the nm| b) —
combination of transverse optiodlO) and zone centei@") Height: ~ 6 nm
phonons of the silicon substrateéThe quenching of the wet-
ting 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, sug- rig. 7. (3 AFM image of a ten-bilayer sample in which the Ge
gesting a high probability of radiative recombination of suchgeposited amount in each layer is adjusted with the 2D to 3D
islands. It iS interesting to note that the PL Spectra| Shape erowth mode transition. The scan area is Q18'5X 085[um The
the islands grown in this condition differs from the island islands have an average size-980 nm and a height of-6 nm.
spectral shape reported in Figh# The island-related com- Note that the islands are arranged in an almost perfect hexagonal
ponent is now reduced to a single lit@pparently the exi- symmetry, resulting in a very regular interisland spaciiy.AFM
tonic no-phonon transitioninstead of NP and TO assisted height profile along the island indicated by two small arrowéain
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T L I 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

‘Islands Si

% 27 K larger sizes have a deeper confinement potential, when the
c temperature increases the thermionic emission of the carriers
2 120 K 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
i x 2.5 160 K larger islands on the first layer, in which the carriers are more

deeply confined, is maintained at higher temperatures.

x 25 200 K In conclusion, we have given evidence both from struc-
M tural and optical characterizations, that the decrease of the
250 K 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 layés). Though much effort still remains

FIG. 8. PL temperature dependence of a ten-bilayer sample i#® be done to understand in a more quantitative manner the
which the Ge deposited amount in each layer is adjusted with th€volution of the islands as well as of the wetting layer in
2D to 3D growth mode transition. Note that in the 2.7 K spectrum,€ach layer, it is believed that the present finding opens, on
the wetting layer components have almost disappeared, indicatingne hand, the ways to produce Ge islands having equal size
that the carriers being created in the Ge WL's and in the Si barriein all layers, and introduces, on the other hand, a new physi-
layers have been efficiently transferred into the islands. cal parameter in the growth process of a multilayer structure.
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interband PL in a single line, while larger islands manifest The authors would like to thank D. Darre for his assis-
themselves in a NP-TO pair. To further investigate the optitance during AFM measurements and A. Charrier for her
cal properties of such islands, we have measured the tenconstant help in graphic and photographic work. This work
perature dependence of the island @Hig. 8. The Si sub- was partially supported by CNET under Convention, No.
strate component is quenched-a80 K while the island PL  981B044. One of us(V.L.T.) would like to thank the
persists up to 250 K. The quenching of the island PL at hightMENRT-CNRS for financial support for his project on the
temperatures is attributed to the thermionic emission of th&e/Si nanostructure$Grant No. PC/LK 98.37b in the
carriers from the Ge islands to the Si barrier. It is worthframework of “Actions Speifiques MENRT-DS2.”
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