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Composition of Ge „Si… islands in the growth of Ge on Si „111… by x-ray
spectromicroscopy
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The stoichiometry of Ge/Si islands grown on Sis111d substrates at temperatures ranging from
460 to 560 °C was investigated by x-ray photoemission electron microscopysXPEEMd. By
developing a specific analytical framework, quantitative information on the surface Ge/Si
stoichiometry was extracted from laterally resolved XPEEM Si 2p and Ge 3d spectra, exploiting the
chemical sensitivity of the technique. Our data show the existence of a correlation between the base
area of the self-assembled islands and their average surface Si content: the larger the lateral
dimensions of the 3D structures, the higher their relative Si concentration. The deposition
temperature determines the characteristics of this relation, pointing to the thermal activation of
kinetic diffusion processes. ©2005 American Institute of Physics. fDOI: 10.1063/1.1832747g
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I. INTRODUCTION

The heteroepitaxial growth of group IV semiconduc
is presently a subject of great interest due to the possibi
offers to engineer and tailor electronic components acco
to the technological needs. In particular, the ability to con
the self-assembly processes of Ge/Si nanostructures o
con surfaces will hopefully lead to the integration of mic
electronic and optoelectronic devices on the same Si ch1–3

It is well known that the growth of Ge on Sis111d in the
temperature range of 400–700 °C can be described
modifiedStranski–KrastanovsSKd process, where the ons
of three-dimensionals3Dd Ge/Si islanding follows the fo
mation of a uniform wetting layersWLd. The 4.2% lattice
parameter mismatch between Si and Ge leads to su
roughening and islanding, when the germanium coverag
ceeds a critical value of,3–5 monolayerssML d, depending
on substrate temperature and growth rate. The subse
nucleation of 3D islands represents an intriguing phen
enon, both from a scientific point of view and for poss
applications. The carrier confining properties of these n
structures may pave the road to the fabrication of quan
dot sQDd-based devices with a vast range of applicati
from light emitters to biosensors to quantum compu
Moreover, Ge/Si nanostructures grown on Si surfaces
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be easily integrated with the existing silicon-based tech
ogy, with obvious economic advantages.

Most of the geometric and thermodynamic features
of individual and of statistical ensembles of 3D islands
gether with the ultimate electronic properties of the sys
strongly depend on the surface local chemical compos
and stoichiometry. Intermixing and alloying allow the ac
mulated strain energy in the system to be partially relea
and are known to occur starting with the very first stage
Ge deposition on Si,4,5 even at relatively low growt
temperatures.6 The Si/Ge concentration profile in single
islands is presently the focus of many experimental rep
aimed at the description of the structural and electronic p
erties of the dots. Many groups have attempted to eluc
the dynamics of alloying in individual islands in related s
tems, by means of cross-sectional techniques, such as
ning tunneling microscopy7 sSTMd or transmission electro
microscopysTEMd.8–13 However, the preparation of a cro
sectional specimen may easily alter or damage the sa
On the other hand, little is known about the lateral in-p
intermixing gradient, hindering an understanding of the
damental diffusion processes that lead to the alloying it
This topic is highly controversial and alternative mod
based either on thermodynamic14,15or kinetic7,14,16,17consid-
erations, have been proposed to describe the existing e
mental results. Presently, a unique picture of the phe
enon is not available, and the experimental evidence, b

l:

s:
on the cross-sectional observations alone, is not conclusive.

© 2005 American Institute of Physics6-1
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In this article we report the combined results of lo
energy electron microscopysLEEMd and x-ray photoemis
sion electron microscopysXPEEMd experiments performe
in situ on Ge/Si nanostructures grown on Sis111d. Our mea
surements produced a two-dimensionals2Dd “top view”
mapping of the Si/Ge concentration distribution in the
most surface layers, thus offering a complementary v
point to existing cross-sectional data. In a recent lette
have outlined the central findings of our preliminary XPE
results.18 Here we provide a detailed description of the
perimental and analytical procedures that we develope
order to extract quantitative information from Ge
XPEEM spectra.

II. EXPERIMENT

The experiments were carried out using the spe
scopic photoemission and low-energy electron micros
sSPELEEMd at the nanospectroscopy beam line, whic
available at theElettra synchrotron facility in Trieste, Italy
The microscope allows LEEM and energy-filtered XPE
measurements to be taken. Using low-energy electron
x-ray synchrotron radiation as the probe, the microscope
duces direct images of the surface after collecting and
nifying the electronsor photoelectrond flux emitted from the
sample. A detailed description of the beam line and the
perimental chamber can be found elsewhere.19–21

Under LEEM operating conditions, the surface can
imaged with a lateral resolution of,10 nm and a time res
lution of few tens of milliseconds. For the imaging of
growth, the microscope was operated in a bright-field m
As a result, those portions of the island surface which
parallel to the substrate surface plane, i.e., the island top
the WL, appear bright, in a sharp contrast with the hig
stepped facets22,23 at the sides of the Ge/Si islands.

The XPEEM measurements allow the acquisition
core-level photoelectron spectra with an energy resolutio
,0.25 eV and a lateral resolution of,30 nm. The contras
in the resulting images is related to the chemical inhom
neity of the surface. Due to the x-ray grazing incidence a
of 16°, the presence of 3D islands resulted in a partial s
owing of the WL. This effect was exploited to estimate
morphology of the surface in the vertical direction.

Sis111d samples were degassed for several hour
600 °C and repeatedly flashed up to 1200 °C until a s
131 to 737 transition was observed while cooling the s
face down to room temperaturesRTd.24 Three different S
samples were prepared by depositingin situ 10 ML of Ge by
molecular beam epitaxysMBEd at a growth rate o
,0.2 ML/min, after stabilizing the sample temperature
460, 530, and 560 °C, respectively. After cooling the sur
to RT, the quality and morphology of the structures obta
were investigated by LEEM. Si2p and Ge3d XPEEM spectra
were then acquired from randomly selected 3D island
order to achieve representative statisticssthe selected photo
energy was 130.5 eVd. Qualitatively, the contrast in the r
sulting spectral images is found to be associated with
relative local Si/Ge stoichiometry at the topmost layer

the grown systems.
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III. QUANTITATIVE ANALYSIS OF XPEEM IMAGES
AND SPECTRA

A correct interpretation of the contrast observed in
laterally resolved XPEEM images requires an adequate
oretical framework and system modeling. In the follow
we will discuss in detail the analytical procedure that
developed to quantitatively evaluate the local Ge/Si su
concentration.

We consider as our elemental photoelectron sourc
infinitesimal volume elementdV of the sample with a S
concentrationCSi which is located at a depthh from the
surface. If we assume the escape depthl of the photoelec
trons at a given kinetic energy to be essentially indepen
of the local Ge/Si stoichiometry, the measured Si2p photo-
electron yield from the volume elementdV can be expresse
as25

dI ~ SSi2pCSie
−h/ldV. s1d

Here, SSi2p is the photoionization cross section of
Si2p core level at the selected photon energy. The pro
tionality factor accounts for all experimental paramet
such as local incident photon flux, detector acceptance
angle, and selected integration time. In our case, the e
depth l at the selected kinetic energies is on the orde
0.5 nm, which is much shorter than the photon attenu
length inside the sample. We can therefore assume
within the volume from which the output signaldI is signifi-
cant, the proportionality factor depends only on the coo
natesR parallel to the surface plane.

The Si2p photoelectron yield at every pointR on the
sample surface is given by the integral of Eq.s1d along the
coordinate z normal to the surface plane. It is convenie
explicitly write the spatial dependence of the Si concen
tion, CSisR ,zd. Referring to the sketch shown in Fig. 1,
hypothesize a profile of the form

CSisR,zd = 5CSi8sRd for 0 ø z, hisRd
CSi for hisRd ø z, hwlsRd
1 for zù hwlsRd.

6 s2d

We have chosen the sample-vacuum interface as th
gin of thez axissdirected towards the bulk of the sampled for
every pointR. We have modeled the concentration profile
a step function with a constant stoichiometry inside the
land and the WL at positionR. This is justified by the sma
value of the photoelectron escape depth. Only the elec
emitted by the uppermost surface layers escape from th
face and are collected by the microscope. Since our an
procedure is meant to yield a valueCSi

isRd for every island
our estimate has to be considered as an average over th
surface layers with the exponential weightse−h/l defined in
Eq. s1d. We also assume that the WL Si concentrationCSi

wl

and thicknessLwl=hwlsRd−hisRd are constant and indepe
dent of the positionR.

Integrating Eq.s1d over thez coordinate and using th
CSisR ,zd given in Eq.s2d yield a theoretical expression f
the Si2p intensitydISi

isRd collected from the island at po

tion R,
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dISi
isRd ~ SSi2pHE

0

hisRd
CSi

ie−z/ldz+E
hisRd

hisRd+Lwl

CSi
wle−z/ldz

+E
hisRd+Lwl

`

e−z/ldzJdA

~ SSi2plCSi
isRdf1 + Ose−hisRd/ldgdA. s3d

In the second term of Eq.s3d, we have explicitly listed
the different contributions due to the island, the WL, and
Si substrate. In the following, terms of the order ofe−hisRd/l

will be omitted, since the typical island height, as estim
by its XPEEM shadow length, is larger than 10 nm, thus
ratio hisRd /l is always larger than 20. The proportiona
factor in Eq.s3d is related to the same experimental par
eters as in Eq.s1d. The infinitesimal area element of t
surface region from which the intensity is collected,dA, cor-
responds to the lateral resolution of the microscope. T
the detected intensity corresponds to an average ove
inhomogeneities in the sample stoichiometry within the
elementdA. Furthermore, the variation in the surface x-
illumination is negligible over an area much wider than
lateral resolution of the microscope.20

We can also calculate the Si2p photoemission yield from
a region of the sample where no islands are present, b
ting hisRd=0. Equations4d models the photoelectron inte
sity emitted by that part of the surface covered by the
only,

dISi
wlsRd ~ SSi2plhCSi

wlf1 − e−sLwl/ldg + e−sLwl/ldjdA. s4d

FIG. 1. Schematic representation of a portion of the sample with a mo
island: sad side view andsbd top view.
Equationss3d and s4d represent the theoretical expres-
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sions for the Si2p intensity from the surface of a 3D isla
and from the WL, respectively. Thus, they can be dire
used to fit the experimental data once the background i
sity smainly due to inelastically scattered electronsd is sub-
tracted from the acquired spectra and images. To elim
the proportionality factor related to the incident photon
and acquisition parameters, we can introduce the ratirSi

between the Si2p intensities from an island and from t
surrounding WL. As a result, the infinitesimal areadA disap-
pears from the formulas, leading to an equation that con
only experimentally accessible parameters,

rSisRd =
CSi

i

CSi
wls1 − e−sLwl/ldd + e−sLwl/ld

. s5d

The same procedure can be applied to analyze thed
photoelectron peak. We will neglect the differences in
escape depths of the Si2p and Ge3d photoelectrons26 and use
the same symboll. Since the Ge concentration can be
pressed asCGesR ,zd=1−CSisR ,zd, we obtain

rGesRd =
1 − CSi

i

s1 − CSi
wldf1 − e−sLwl/ldg

. s6d

Taking the Si2p and Ge3d XPEEM spectra acquire
from the same region of the sample surface allows u
relate Eqs.s5d ands6d through the silicon surface concent
tion, thus obtaining the simple relation

CSi
i =

rGe− 1

rGe/rSi − 1
. s7d

Again, rSi is the ratio between the Si2p intensities emitted b
the 3D island surface and the bare WL in its proximity,
rGe represents the analogous ratio measured for thed
peak. Equations7d can now be used to estimate the stoi
ometry of the topmost layers of the individual islands un
investigation, from the integration of the measured l
Si2p and Ge3d spectra.

Figure 2 illustrates the procedure we have adopte
obtain the Si concentration in the islands. The measured
ues are intended as an average over the topmost layers
the exponential weightse−h/l in Eq. s1d. We have summe
images acquired at electron energies over a range c
sponding to the Ge3d core level. This provides a microgra
whose contrast is roughly related to the local overall Gd
photoelectron intensity and thus to the relative content o
ssee the discussion of Fig. 3d. In these micrographs, 3D
lands can be clearly identified as bright areas on a dark
ground. The contrast in Fig. 2sad is due to a stoichiomet
gradient in the topmost layers. Our images demonstrate
the surfaces of the grown 3D structures areenrichedin Ge
with respect to the surrounding WL.

To examine this segregation phenomenon quantitati
local photoelectron spectra are obtained from restricted
in the image field of view, representing the island and
WL. Figures 2sbd and 2scd show such spectra, which cor
spond to the average value of the photoelectron yield
the labeled regions of the micrograph in Fig. 2sad. After the

background subtraction, the spectra integration yields the
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overall Ge3d intensities, as shown by the shadowed curve
Figs. 2sbd and 2scd. The latter are used to calculate the
perimental ratiosrGe.

The same procedure is applied to the images taken
Si2p core-level energies. Figure 2sdd displays the Si2p mi-
crograph of the same structure as in Fig. 2sad. It clearly
shows a dark island on a bright WL, i.e., an inverted con
with respect to the Ge3d core-level images in Fig. 2sad. This
provides further evidence of a Ge enrichment of the topm
layers of the islands, relative to the WL stoichiometry.
Si2p spectra are processed through the steps illustrate
the Ge3d spectra, resulting in a value forrSi snot shown
hered. Finally, Eq. s7d allows us to calculate the Si conce
tration at the island surface. In the present case, we obt
CSi

i =s10±3d%.
Figure 2sed displays a LEEM image of the 3D structu

FIG. 2. sad: 2.533.4-mm2 XPEEM image, integrated over the Ge3d photoe
sbd andscd: Ge3d photoelectron spectra, averaged over the regions lab
raw data; thick line: background-subtracted data; shadowed curve: ov
photoelectrons peak, displaying the same island shown insad as a dark stru
in sad, showing its faceted structure. The deposition temperature was
Downloaded 24 Jan 2005 to 132.216.86.182. Redistribution subject to AIP
e

t
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in Figs. 2sad and 2sdd, showing the hexagonally shaped b
perimeter of the island. Its side facets are oriented alon
crystallographic directions of the substrate.

The subtraction of the background from the overall p
toelectron intensities represents a crucial step in the
scribed procedure. Figure 3 clearly proves the importan
accurately isolating the selected photoelectron signal o
the measured spectrum. This is remarkably true in the ca
the elastic Si2p peak, whose signal-to-background ratio m
be as small as 1/10. Figure 3 displays the common beh
of the grown islands. A spatially resolved integration of
raw Si2p spectra, as in Fig. 3scd, leads to images featuring
brighter center with respect to the periphery of the individ
islands. A close inspection of the nature of the detecte
tensity reveals that the brighter areas in the island imag
not stem from a higher Si2p signal but rather from the high

n kinetic energies, displaying the typical island-wetting layer Ge3d contrast
in: sbd from the top base of the 3D island,scd from the wetting layer: circles
intensity, used in the equations;sdd: 2.832.8-mm2 XPEEM image over the Si2p
on the bright wetting layer; andsed: 2.832.8-mm2 LEEM image of the islan

°C.
lectro
eledsad
erall

cture
530
background intensity at kinetic energies corresponding to the
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Si2p peak fsee Figs. 3sad and 3sbdg. Since the backgroun
yield at such energies is mainly due to inelastically scatt
Ge3d photoelectrons, this is actually consistent with a hig
Ge content at the island centers. After background sub
tion and integration over the elastic Si2p photoelectrons, th
contrast in the relevant image, e.g., in Fig. 3sdd, is inverted
with respect to the raw micrograph in Fig. 3scd. This pro-
vides definite proof of Si enrichment at the island bord
with respect to the center. This picture is consistent
alloying models based on kinetic considerations and, th
fore, on the overwhelming importance of surface, as opp
to bulk, diffusion phenomena.7,14,16,17Nevertheless, unrave
ing the nature of the intermixing processes requires a
tailed chemical composition mapping within single islan
which is presently beyond the resolution available.

We emphasize that the visual inspection of the raw
may be misleading and suggest a qualitative picture o
concentration profiles that does not correspond to the co

FIG. 3. sColor onlined Detailed analysis of the Si2p spectrum of the same
sblued and centersredd; sbd integrated intensities showing the typical con
the island center rather than at the border; after background subtracti
232-mm2 XPEEM raw Si2p-integrated imagesobtained by summing ove
Si2p peakd: the island center looks brighter than the periphery; andsdd 232-
integration sdetermined by first isolating the elastic contributions and
resolution, the center now appears dimmer than the borders. The dep
interpretation of the measurements. In our case, it may lea

Downloaded 24 Jan 2005 to 132.216.86.182. Redistribution subject to AIP
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to the imprudent conclusion that the island centers co
more Si than the edges. This would support bulk diffus
mediated intermixing models, according to which alloy
occurs through defect migration so as to minimize the s
in the system.14,15,27

Owing to the limited lateral resolution, the followi
will focus only on surface concentrations averaged ove
upper base of individual three-dimensional structures.

IV. RESULTS

We performed the analysis described in Sec. III for
eral islands from samples obtained by depositing Ge a
ferent substrate temperatures. At each growth temper
the acquired LEEM images revealed the coexistence o
lands with different geometrical features. Figures 4 an
acquired at deposition temperatures of 460 and 530 °C
spectively, show examples of individual 3D structures at

nd as shown in Fig. 2:sad representative spectra measured at the island b
t within the island surface: the overall raw yieldssunbroken linesd are higher a
d integrationscirclesd the overall Si2p signal yields display the opposite trend;scd
micrographs acquired within a range of photoelectrons energies inclu

XPEEM Si2p image resulting from background subtraction and consec
n summing over the images sequenced: we note that, despite the rather p
on temperature was 530 °C.
isla
tras

on an
r the
mm2

the
ositi
dferent stages of evolution. The smallest islands typically dis-
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play the shape of a truncated pyramid, with a triangular b
which evolves into a more asymmetric-faceted configura
upon further growth. The largest structures generally ex
a complex-rounded shape and often an atoll-like morp
ogy, i.e., a mass depletion at the island center. In some c
such mass depletion results in the exposure of the W28

Atoll-like structures are clearly highlighted in LEEM imag
by the presence of steep concentric contours inside the
base of the islands.

Figure 6 summarizes the results we obtained by app
the procedure illustrated in Fig. 2. Here, the Si surface
tent in individual islands is related to their base area.
inset in Fig. 6, taken at a deposition temperature of 530
demonstrates the coexistence of structures at different s
of evolution on the same sample. The experimental poin
Fig. 6 clearly show that the 3D structures with a larger

FIG. 4. 5003500-nm2 LEEM image of a typical triangular island acquir
from a sample grown at 460 °C. Note that the regular structure of the
that bound the island does not seem to be affected by the steps visible
WL.

FIG. 5. 131-mm2 LEEM image displaying an example of the largest
served islands, from a sample grown at 530 °C. The atoll-like morpho
is clearly visible with an asymmetric depletion that seems to expose an

portion of the WL.

Downloaded 24 Jan 2005 to 132.216.86.182. Redistribution subject to AIP
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also exhibit a higher surface Si content. The error bars re
the low signal-to-background ratio, which limits our abi
to accurately extract the elastic contributions out of the
toelectron spectra. Nevertheless, the 90% confidence
superimposed onto the data points suggest that at each
sition temperature, a monotonic relation between the Si
centration in the topmost layers and the basal area of th
islands can be established.29 The smallest and most regula
shaped structures exhibit a Si surface content typically l
than 25%, while their ripening proceeds via an enlargem
of their lateral dimensions and the simultaneous increa
CSi

i to up to 40%.
A description of a single island ripening through

change in morphological features, from regularly shape
atoll-like, has already been reported in the literature.30–32Our
data show that it can also be related to a variation in ch
cal composition. This is consistent with the observation
an increase in the Si content is generally a necessary c
tion for the enlargement of the contact area between the
and the emerging structures, at least until misfit disloca
appear.12,31,33,34Our results are qualitatively consistent w
Raman-scattering measurements performed on microm
sized Ge/Si islands on Sis001d mesas, which displayed co
parable features.35 On the computational side, Monte Ca
simulations were shown to predict a relationship analo
to the one we have reported for the very first stages of is
evolution.36 Figure 6 demonstrates that the stoichiometr

s
e

r

FIG. 6. sColor onlined Silicon surface concentration for selected island
their basal areas plotted with 90% confidence bands. Islands were gr
the indicated temperatures. Note that the 460 and 530 °C confidence
overlap over the entire accessed range. Inset: 4.534.5-mm2 LEEM image of
a sample grown at 530 °C. Ripened atoll-like structures coexist with sm
islands.
the geometric characteristics of individual islands may be
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thought of as equivalent parameters in the description o
ripening stage, at each given deposition temperature37–39

Moreover, we note that our results quantitatively suppor
segregation of Ge at the topmost layers of the islands th
inferred from the contrast in XPEEM images. Indeed
measuredCSi

i values always remain lower than the 50%
content reported for the WL.40,41 This observation agre
with theoretical models, which predict that the element w
the largest mismatch componentsi.e., Ge in this case, sin
the in-plane lattice parameters are in registry with the
strated will segregate into 3D clusters during heteroepita
growth.42,43

The substrate temperature during Ge deposition stro
influences the slope of the surface concentration—base
correlation. The 90% confidence bands superimposed o
raw data in Fig. 6 show that, while the samples grown at
and 530 °C display similar features, dramatic variations
found at 560 °C. Under these growth conditions, the Si
face content increases much more rapidly with the la
dimensions than at the lower temperatures. Owing to
temperature dependence, the phenomenon must ori
from kinetic processes. Yet, the nature and interplay of
tributing factors are not thoroughly understood. Accordin
alternative interdiffusion models, Si atoms may be predo
nantly incorporated into the WL and the 3D islands thro
their surface mobility,7,14 through an exchange mechani
involving the bulk,15 or both. To establish whether the dr
ing force for intermixing is provided by surface kinetic p
nomena only or by the tendency to minimize the total st
energy in the islands via a substantial mass exchange
the buried layers, a complete 3D concentration mappin
probably necessary. Surface diffusion alone, which is ma
driven by the entropy, should result in a maximum interm
ing located at the peripheries of the islands,7,14 while an op-
timum strain relaxation would be attained by increasing
Si content at the cores,14,15 requiring the exchange of Si a
Ge atoms in the bulk.44,45At low deposition temperatures t
first mechanism should be dominant due to the smaller
of the relevant potential barriers,46 but at high enough tem
peratures bulk mass exchange may start to play a signi
role. The sudden increase in the slope of the reported c
at 560 °C may be consistent with a thermal switching of
main diffusion phenomena occurring between 530
560 °C. At the same time, increasing the temperature ma
responsible for the earlier appearance of dislocations, w
would allow relatively small islands to relax the strain a
exhibit a lower aspect ratio.47,48This could be achieved by
temperature-accelerated erosion of the generally Ge-ric
land apex, which represents a step towards the develop
of atoll-like morphologies. The evolution of the proc
would gradually expose the layers beneath the apex, w
the Si content may be enhanced by bulk exchanges.
our results can be interpreted as the complex interactio
different thermally activated processes. To this end, fu
experimental evidence and sophisticated modeling
needed.

Future developments of the outlined experimental
analytical approach will aim at providing a detailed mapp

of the relative Ge/Si stoichiometry at the surface of indi-
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vidual islands grown at different temperatures. This will l
to the identification of the nature of the dominant diffus
phenomena that lead to intermixing in this system.

V. CONCLUSIONS AND OUTLOOK

We have shown that a quantitative measurement o
lateral concentration gradient in 3D islands resulting f
the SK growth of Ge on Sis111d can be obtained through
adequate analysis of a set of XPEEM images and sp
The application of the theoretical framework we have de
oped may allow a detailed 2D top view stoichiometry m
ping of the studied systems, which would yield complem
tary information with respect to cross-sectional techniq
Our present lateral resolution has allowed us to extract
age concentrations from the topmost layers of Ge/Si
assembled islands. This in turn yields a remarkably
wealth of information. We have estimated the Si surface
tent in sets of 3D structures grown at 460, 530, and 560
establishing a correlation between the degree of interm
and morphological features. As a rule of thumb, the la
the base area of individual islands, the higher the Si con
tration in their topmost surface layers, suggesting that
parameters can be used to describe their stages of evo
We observed that the surface Si content in less-ripene
lands is generally less than 25%, while it can increas
40% in ripened atoll-like structures. The deposition temp
ture plays a critical role in determining the characteristic
the established relationship between surface compositio
lateral dimensions. Thus, our results clearly demonstrate
the intermixing processes are governed by the interpla
different kinetic factors.

Future developments of our experimental activity
aim at pushing further the limits of the present lateral r
lution, so as to provide a concentration mappingwithin the
surface of individual islands. This is expected to yield a
breakthrough in the comprehension of the diffusion dyn
ics, leading to alloying at the atomic level.
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