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Composition of Ge(Si) islands in the growth of Ge on Si(111)
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X-ray photoemission electron microscopy (XPEEM) is used to investigate the chemical composition
of Ge/Si individual islands obtained by depositing Ge on Si(111) substrates in the temperature range
460-560 °C. We are able to correlate specific island shapes with a definite chemical contrast in
XPEEM images, at each given temperature. In particular, strained triangular islands exhibit a Si
surface content of 5%—20%, whereas it grows up to 30%—40% for “atoll-like” structures. The
island’s stage of evolution is shown to be correlated with its surface composition. Finally, by

plotting intensity contour maps, we find that island centers are rich in Si.

Institute of Physics. [DOI: 10.1063/1.1758304]

Current attempts to advance the existing Si technology
and to integrate micro- and optoelectronic devices on the
same Si wafer have spurred significant efforts, directed to-
ward the possibility of growing Ge nanostructures on silicon,
with particular interest in quantum dots (QDs).'~* The aim is
to exploit the electronic properties of these novel systems to
engineer completely new components that are compatible
with today’s Si-based devices. In this context, the growth of
QDs by self-assembly is an emerging technology.

There are at least three critical issues to be addressed in
the growth of self-assembled semiconductor QDs, namely:
(i) the controlled positioning of QDs on a suitable sub-
strate; > (ii) the ability to grow stable dots with the uniform
size and shape;’ (iii) the control of the composition of indi-
vidual QDs, which ultimately determines their physical
properties.® !

Intermixing has been previously investigated in different
systems, either statistically from sets of islands,'? or by ana-
lyzing the cross section of single QDs.'® In this letter, we
report spectro-microscopy measurements of Ge/Si alloying
from the surface of individual Ge islands grown on Si(111),
which allows the representation of their stoichiometry by
means of two-dimensional contour maps. The islands nucle-
ate as a result of a modified Stranski—Krastanov growth
process,14 when Ge coverage exceeds ~3 monolayers (ML).

After degassing at 600 °C for several hours, Si(111) was
flashed at ~1200 °C in ultrahigh vacuum conditions. Three
samples were grown at substrate temperatures of 460, 530,
and 560 °C, depositing ~10 ML of germanium by molecular
beam epitaxy. The morphology and chemical contrast of the
grown structures was studied at room temperature by x-ray
photoemission electron microscopy (XPEEM) at the Nano-
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spectroscopy beamline (Elettra, Trieste),'> allowing one to
acquire photoelectron spectra with high lateral resolu-
tion.!>!® Tmaging was carried out at energies close to the
Si2p and Ge 3d core levels, thereby highlighting Si- or Ge-
rich areas of the surface.!”

Figure 1 displays a comparison between XPEEM images
obtained by integrating the Si2p and Ge 3d spectra from the
same surface region. In the Si2p image the wetting layer
(WL) appears brighter than the three-dimensional (3D) is-
lands, indicating that the latter contain less silicon.'® The
opposite contrast is revealed in the Ge3d photoelectrons
image.!” Islands with different heights coexist on the surface
at a given temperature.'* At the same time, islands with dif-
ferent aspect ratios exhibit a different chemical contrast, cor-
relating geometrical features to the relative Si/Ge con-
centration.”’ We therefore conclude that these parameters are
equivalent to describe the stage of evolution of an individual
island. In particular, structures richer in Si appear to be flat-
ter. This supports the suggested picture of a morphological
transition leading to the formation of atoll-like islands,'* if
ripening occurs through the progress of the intermixing pro-
cess. Together with the formation of a trench around the
islands,'® this results in a partial release of the accumulated
strain energy due to the lattice mismatch.?!

The contour plots reported in Fig. 2 clearly show the
silicon surface concentration profile of the islands. A Si-rich
central zone is generally observed, even in strained triangular
islands which precede atoll formation. One interesting debate
focuses on the topological characteristics of Si/Ge alloying
in individual islands, which could cast light on the dynamics
of the intermixing process. Different models have been pro-
posed, pointing either to bulk driven alloying,?> which tends
to relax the strain due to the Si/Ge lattice mismatch, or to a
surface mediated diffusion process,” which occurs randomly
as a consequence of the high mobility of surface adatoms. If
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FIG. 1. 4X4 um? integrated XPEEM images taken in correspondence of (a)
the Si2p core level peak and (b) the Ge 3d core level. Examples of spectra
are shown in the insets. Circles: raw data; shaded curves: background sub-
tracted data, averaged over the labeled regions. The micrographs are ob-
tained by integrating the spectra with ~20 nm lateral resolution. The x-ray
energy was 130.5 eV. The growth temperature was 560 °C. The measured Si
concentrations for the 3D islands are labeled in panel (a).

the first phenomenon is predominant, then a Si-rich island
core should result, as a consequence of atomic exchange pro-
cesses at its base during growth. Conversely, if surface dif-
fusion processes are dominant then alloying should prevail at
island edges. Experimental studies on different systems at
different growth conditions have alternatively shown a Si-
richer center'? or perimeter.?* In the present case, which con-
firms bulk driven alloying, we can interpret the Si-rich cen-
tral zones as a step in the pathway toward island evolution,
until atolls appear.”

When photoelectron yields from very close regions of
the same image are directly compared, and the spectra from
all atomic species present on the sample are available, the
chemical composition of the surface can be evaluated.?® If
we name the ratios between the Si2p and the Ge 3d yields
from the islands and from the WL in proximity of the islands
as Rg; and Rg., respectively, and relate them through the
island surface concentration, the Si concentration xg; may be
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FIG. 2. (Color) 2X2 wm? integrated XPEEM image taken at the Si 2p core
level, together with the contour plots from a more (top) and a less (bottom)
ripened island. Photoelectron yields are increasing from blue (lowest) to red
(highest). The darkest regions in the panels are produced by the shadows of
the 3D islands, due to the 16° grazing incidence angle of the x-ray beam.
The growth temperature was 530 °C. The estimated surface Si concentra-
tions for the selected islands are indicated. The wetting layer appears to be
inhomogeneous.

expressed as a function of Rg; and R, through the simple

relation:>"-?
Rge— 1
Xg=——T. (1)
5" Ree/Rgi— 1

Equation (1) allows one to estimate the islands’ Si sur-
face concentrations xg; from a set of individual islands grown
at a given substrate temperature and to relate them to their
geometrical features.”” Figure 3 displays a graph of Si con-
centration plotted as a function of island base area. The plot
clearly shows that islands with different morphological and
chemical characteristics coexist at the three different growth
temperatures. The following description is thus suggested:
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FIG. 3. (Color) Base area dependence of the Si surface content in the ob-
served islands. At each deposition temperature, the stoichiometry is deter-
mined by the island’s lateral dimensions.
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the ripening stage of an individual island can be equivalently
associated with its geometrical features or to the island’s Si
surface concentration, at a given growth temperature. The
latter defines the details of the stoichiometry—morphology
relation in the single 3D islands and determines the popula-
tion of the coexisting species. Most islands have a Si con-
centration ranging from 5% to 20% and a reduced area or
high aspect ratio, whereas ripened islands are typically char-
acterized by a value of xg; greater than 25%. The measured
Si concentrations are consistently lower than the 50% value
previously reported for the WL.** Increasing the temperature
alters the relative population of the two species, privileging
ripened islands,'* also shifting the surface Si concentration
of strained islands to higher values. We remark that the data
sets obtained at 460 and 530°C do not exhibit major
changes, while evident alterations of xg; values are found at
560 °C. This is clearly related to the kinetic activation of the
diffusion processes between the substrate, the WL, and the
3D islands. However, this does not allow us to establish
whether they occur predominantly at the surface or at the
underlying layers (e.g., through vacancy migration). More-
over, the outlining of two distinct island species at these
temperatures points to the existence of two metastable con-
figurations, which rules out an island evolution caused by
Ostwald ripening alone.’! Nevertheless, it was previously
shown that room temperature imaging does not allow one to
relate the observed statistics to island thermodynamics at a
given deposition temperature.*

In conclusion, we have shown that specific geometrical
features are unambiguously related to a definite chemical
contrast in XPEEM images in the temperature range 460—
560 °C, and thus to a specific Si/Ge composition at the is-
land’s surface. XPEEM yields quantitative information and
leads to surface concentration—morphology graphs for sets of
individual islands. This technique can also be used to plot
contour maps which indicate concentration gradients at the
surface of single Ge(Si) islands. The resulting values point to
the presence of two island configurations: strained triangular
islands characterized by a Si surface concentration of 5%—
20%, and ripened atolls that contain up to 30%-40% Si.
Higher growth temperatures induce faster ripening of the 3D
islands and a shift of the surface Si content in the strained
islands toward higher values, indicating a thermally activated
interdiffusion process that partially relaxes the strain energy
in the islands. This set of observations may be used to con-
trol the composition/morphology of self-assembled semicon-
ductor QDs.

F.Ra. is grateful to the International Council for Cana-
dian Studies for a graduate fellowship. F.Ro. acknowledges
support from INRS start-up funds, NSERC of Canada, and
salary support from FQRNT and the Canada Research Chairs
program. We thank M. Pasqualetto for technical support and
J. A. Miwa for a critical reading of the manuscript.

'B. Voigtlander, Surf. Sci. Rep. 43, 127 (2001).

2L. Vescan, J. Phys.: Condens. Matter 14, 8235 (2002).

3. Berbezier, A. Ronda, and A. Portavoce, J. Phys.: Condens. Matter 14,
8283 (2002).

Ratto et al.

4C. Teichert, Phys. Rep. 365, 335 (2002).

SA. Sgarlata, P. D. Szkutnik, A. Balzarotti, N. Motta, and F. Rosei, Appl.
Phys. Lett. 83, 4002 (2003).

®K. Men, F. Liu, P. . Wang, C. H. Chen, D. L. Cheng, J. L. Lin, and F. J.
Himpsel, Phys. Rev. Lett. 88, 096105 (2002).

"M. Suzuki and Y. Shigeta, Surf. Sci. 539, 113 (2003).

81t was shown that intermixing occurs since the very first stages of Ge
deposition on Si. See, e.g., P. Castrucci, R. Gunnella, M. De Crescenzi, M.
Sacchi, G. Dufour, and F. Rochet, Phys. Rev. B 60, 5759 (1999).

°]. C. Aubry, T. Tyliszczak, A. P. Hitchcock, J.-M. Baribeau, and T. E.
Jackman, Phys. Rev. B 59, 12872 (1999).

1P, Lever, H. H. Tan, C. Jagadish, P. Reece, and M. Gal, Appl. Phys. Lett.
82, 2053 (2003).

1S Heun, Y. Watanabe, B. Ressel, D. Bottomley, Th. Schmidt, and K. C.
Prince, Phys. Rev. B 63, 125335 (2001).

12 A. Malachias, S. Kycia, G. Medeiros-Ribeiro, R. Magalhaes-Paniago, I.
Kamins, and R. S. Williams, Phys. Rev. Lett. 91, 176101 (2003).

BM. Floyd, Y. Zhang, K. P. Driver, J. Drucker, P. A. Crozier, and D. J.
Smith, Appl. Phys. Lett. 82, 1473 (2003).

4N. Motta, J. Phys.: Condens. Matter 14, 8353 (2002).

ISA. Locatelli, A. Bianco, D. Cocco, S. Cherifi, S. Heun, M. Marsi, M.
Pasqualetto, and E. Bauer, J. Phys. IV 104, 99 (2003).

1%1n brief, XPEEM yields a microscopic image of the sample, out of pho-
toelectron yields, resulting from the excitation of surface atoms by syn-
chrotron x-ray radiation. Electrons with energies corresponding to the
bond value for a given chemical species are filtered and collected on a
CCD camera. The contrast in the image is related to the local concentra-
tion of the selected atoms. See, e.g., Th. Schmidt, S. Heun, J. Slezak, J.
Diaz, K. C. Prince, G. Lilienkamp, and E. Bauer, Surf. Rev. Lett. 5, 1287
(1998).

7 The sensitivity of the technique in the direction perpendicular to the sur-
face plane depends on the escape length of the excited electrons at a given
kinetic energy. The escape length for the Si2p and Ge 3d photoelectrons
at the selected x-ray wavelength is ~0.5 nm. Thus XPEEM images show
the composition of the uppermost surface layers of the sample.

I8N. Motta, F. Rosei, F. A. Sgarlata, G. Capellini, S. Mobilio, and F.
Boscherini, Mater. Sci. Eng., B 88, 264 (2002).

19 The darkest areas in the images represent an artifact due to the geometrical
setup of the experimental system: they are related to the shadowing effect
of the incident x rays caused by the 3D islands themselves. In principle,
the shadow’s length allows one to estimate the island height.

2G. Capellini, M. De Seta, and F. Evangelisti, Appl. Phys. Lett. 78, 303
(2001).

2IR. Magalhaes-Paniago, G. Medeiros-Ribeiro, A. Malachias, S. Kycia, T. 1.
Kamins, and R. Stanley Williams, Phys. Rev. B 66, 245312 (2002).

22X Z. Liao, J. Zou, D. I. H. Cockayne, J. Qin, Z. M. Jiang, X. Wang, and
R. Leon, Phys. Rev. B 60, 15605 (1999).

2N. Liu, J. Tersoff, O. Baklenov, A. L. Holmes, Jr., and C. K. Shih, Phys.
Rev. Lett. 84, 334 (2000).

2y, Denker, M. Stoffel, and O. G. Schmidt, Phys. Rev. Lett. 90, 196102
(2003).

B Very similarly, Si capping of Ge/Si(001) islands also leads to atoll-like
structures. See, e.g., A. Rastelli, M. Kummer, and H. von Kanel, Phys.
Rev. Lett. 87, 256101 (2001).

26 The high surface sensitivity of XPEEM does not allow one to describe the
alloying dynamics in the buried layers.

?"We start by integrating the formulas for the photoelectron yields from an
infinitesimal volume element of the sample (Ref. 20) over the coordinate
perpendicular to the surface. The Si concentration profile within the is-
land, WL, and substrate was modeled as a constant function with values
Xsi> Xsiwr» 1, respectively.

#F. Ratto, F. Rosei, A. Locatelli, S. Cherifi, S. Fontana, S. Heun, P. D.
Szkutnik, A. Sgarlata, M. De Crescenzi, and N. Motta (unpublished).

% Due to the low value of the photoelectrons’ escape length, the measured Si
concentrations xg; can be interpreted as an average value, with exponential
weights, over the surface of individual 3D islands.

0F Boscherini, G. Capellini, L. Di Gaspare, F. Rosei, N. Motta, and S.
Mobilio, Appl. Phys. Lett. 76, 682 (2000).

31T 1. Kamins, G. Medeiros-Ribeiro, D. A. A. Ohlberg, and R. S. Williams,
J. Appl. Phys. 85, 1159 (1999).

2F. M. Ross, R. M. Tromp, and M. C. Reuter, Science 286, 1931 (1999).

Downloaded 26 Feb 2008 to 131.181.251.66. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



