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We demonstrate experimentally the power of a novel analytical tool for
X-ray spectromicroscopy. This provides a minimally intrusive elemental
mapping of surfaces at the nanoscale and holds the promise of remarkable versatility. We have applied our procedure to the characterization of
Ge(Si) islands on Si(111) substrates, with the aim of investigating the
surface stoichiometry gradients and gaining insight into the intermixing
dynamics. By identifying Si-richer edges with respect to the centers, we
are able to associate alloying in these islands to surface transport
processes.
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1. Introduction
Interest in the study of nanostructured materials is driving an ever-increasing demand for experimental techniques
that provide chemical information with very high spatial resolution. Most properties of various systems, ranging from
semiconductors to organic/inorganic interfaces, depend on
their nanoscale chemical features. Thus, the ability to probe
the nanoscale spectroscopically is much needed. Existing
techniques either offer a poor spatial resolution or are destructive. This is a major drawback, and therefore the development of flexible methods would represent a desirable
achievement. Here we demonstrate the power of a novel
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procedure based on X-ray photoemission electron microscopy (XPEEM), which may be exploited for a vast range of
nanostructured surfaces. We have applied our analysis to a
system of great current interest in materials science, namely,
the growth of self-organized Ge(Si) nanostructures. We
report top-view elemental maps of individual semiconductor
nanoislands with unprecedented lateral resolution
(30 nm). The surface of single Ge(Si) nanostructures is
shown to be rich in Ge at the centers and in Si at the edges,
implying that intermixing is mainly due to surface transport
phenomena.
Silicon surfaces with low crystallographic indices are
widely used as substrates to grow Ge(Si) nanoislands.[1, 2]
Such nanostructures may lead to several new devices with
applications in various fields, including nanoelectronics, optoelectronics, and single-electron computing.[3, 4] In particular, Ge(Si) quantum dots (QDs)[5] may allow the integration
of these new components with the existing Si technology.
The epitaxy of Ge on Si follows the Stranski–Krastanov
growth mode,[6] which arises from their 4.2 % lattice mismatch. After wetting the surface up to a critical thickness of
3–5 monolayers (MLs), a roughening transition occurs via
the nucleation of three-dimensional (3D) Ge(Si) islands.
The process leads to a substantial release of the strain
energy in the system.[7] Si/Ge atomic intermixing is another
possible pathway to further reduce the mismatch strain. The
average Si content within the wetting layer (WL) was mea-
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sured to be as high as 50 %,[8] whereas the stoichiometry of
the emerging 3D nanoislands is poorly understood and possibly inhomogeneous at the nanoscale. Moreover, in general
the alloying profile in semiconductor hetero-nanostructures
identifies a critical issue in crystal growth. When embedded
within the Si matrix, Ge(Si) nanostructures are expected to
confine charge carriers by virtue of the local stoichiometry
and strain gradients.[9, 10] Thus, addressing the detailed chemical composition within individual islands would represent a
great advancement. Here we demonstrate a novel technique
that allows the top-view stoichiometry of the surface to be
mapped with nanoscale resolution, based on XPEEM. This
method has already been successfully employed in numerous specific studies, including the core levels,[11] valence
band structure,[12] and size effects[13] of nanocrystals, and the
spatial resolution of C hybridization states[14] or of organic
molecules[15, 16] (by comparison of absorption data with reference spectra). Here we propose a widely applicable method
to quantify absolute atomic fractions in alloys, without any
need for reference data (see the Experimental Section for
details).

2. Results
Ge(Si) nanostructures were obtained by depositing ten
MLs Ge on Si(111) surfaces in the temperature range 450–
650 8C. After growth and quenching to room temperature,
XPEEM images and spectra were acquired with a lateral
and energy resolution of  30 nm and 0.25 eV, respectively.
The surface sensitivity of the probe is of the order of the
photoelectrons@ escape depth, which is  0.5 nm in our case.
This allows chemical information to be obtained from the
topmost  0.5–2 nm of the sample@s surface. Clearly resolved Ge/Si stoichiometry mapping was achieved by selecting and processing the spectra from relatively large 3D
structures. The general behavior can then be inferred by
scaling arguments, based on model descriptions of diffusion
in ripened islands.[17, 18]
Figure 1 A displays the absolute top-view surface composition map (vol % Si) of a triangular Ge(Si) 3D structure
grown at 450 8C. This shape is known to correspond to a
strained, coherent nanocrystal.[19] The relation between surface composition and topography can be determined by
comparison with the contour plot drawn from the lowenergy electron microscopy (LEEM) image reported in Figure 1 B. The stoichiometry map was obtained from the processed XPEEM micrographs in Figure 1C and D (see the
Experimental Section for details). The Si concentration is
highly inhomogeneous at the nanoscale, ranging from about
zero in the central region of the island to as much as 10 %
at the edges, especially at the corners.[20] We estimate the
absolute error in the measured concentrations as  2 vol %
for an acquisition time of up to two hours per spectrum.[21]
Surface chemical maps were obtained for  30 nanostructures grown at different deposition temperatures.
Figure 2 displays an example of a chemical map obtained
for a typical structure deposited at 550 8C. At island centers,
the surface can contain up to  15 % Si, which may rise mo-
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Figure 1. Typical Ge(Si) nanostructure grown at 450 8C. A) Estimated
silicon surface concentration map (  30 nm lateral resolution). The
contour plot superimposed on the concentration image represents
the island geometry as obtained from the electron microscopy image
in (B) and serves as a guide to the eye. B) Low-energy electron
microscopy (LEEM) image displaying the island-faceted topography
and edge orientation along the < 11̄0 > directions (  10 nm lateral
resolution). C) XPEEM image that results by integrating over photoelectron energies corresponding to the Si 2p core level. D) XPEEM
image integrated over the Ge 3d photoelectrons. In (C) and (D), the
X-ray flux impinges on the surface from left to right. In (C), the
island’s shadow is observed to its right. The island’s height, as estimated from the shadow’s length in the XPEEM micrographs, is
 25 nm (for details, see the Experimental Section).

notonically to  40 % towards the borders, depending on
lateral dimensions and substrate temperature. Increasing the
latter enhances surface and interlayer diffusion phenomena
and lowers the density of nucleation sites, thus enlarging the
average island dimensions. At the same time, intermixing is
promoted as a thermally activated process. Si/Ge alloying in
individual nanostructures was found to increase with deposition temperature, while preserving the qualitative inhomogeneity features described above. The Si content near the
center is always somewhat depressed, though there is no
clear pattern in the shape of the concentration contours,
which varies considerably from island to island. By scaling
considerations we also predict that the smaller nanostructures will be richer in Ge at the centers and in Si at the
edges.
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Figure 2. Absolute surface silicon content for a typical Ge(Si) ripened
island grown at 550 8C. Sequence (A–D) is as in Figure 1. The Si concentration increases from 15 % at the center of the island up to
some 40 % at the borders. The Si-depleted area tentatively corresponds to the partially eroded region visible in panel (B). This might
explain a possible pathway towards the formation of atoll-like morphologies through the removal of the highly strained Ge-richer portions of the island’s surface.

The analytical technique whose results are shown here
provides minimally intrusive chemical mapping,[11, 25] which
may be used for a wide range of sub-100-nm surface structures. This represents a substantial advantage with respect
to complementary methods presently in use. Some of these
suffer from poor spatial resolution (as most traditional spectroscopic tools, for example, X-ray photoemission spectroscopy). Some are considerably more destructive (e.g., crosssectional techniques like transmission or scanning electron
microscopy). Others would simply be rather impractical
(e.g., energy dispersive X-ray analysis applied to scanning
electron microscopy or scanning Auger microscopy would
require much longer acquisition times for a comparable accuracy).[26] The surface sensitivity of XPEEM will be particularly effective in the study of nanostructured materials
whose distinctive properties are determined by surface features, including, for example, nanostructured catalysts,[27]
fuel-cell materials, organic/inorganic interfaces,[28, 29] or biocompatible surfaces,[30] as long as the sample withstands prolonged X-ray exposure without substantial damage. Indeed
this should be in general regarded as the ultimate limit of
any X-ray-based technique. The power of our approach will
be further enhanced by the forthcoming use of aberrationcorrected optics, which ought to improve the lateral resolution of XPEEM to a few nanometers.[31, 32] Immediate developments of our procedure aim at mapping the strain in
high-k dielectric films (e.g. Si/Ge strained films),[33] another
important challenge for the semiconductor industry in the
near future.[34]

4. Conclusions
3. Discussion
Mapping the concentration profiles is important, among
other reasons, to understand the carrier confining behavior
of QDs. Their optoelectronic properties will generally
depend on local chemical and strain inhomogeneities. Although the surface sensitivity of XPEEM prevents it from
accessing buried layers, general considerations based on fundamental interdiffusion mechanisms allow us to infer the
overall 3D stoichiometry profile. Minimization of the strain
energy inside the islands and in the underlying WL may be
achieved through a Si-rich island core.[22] This would occur
via a flux of substrate atoms entering the 3D structures
through their lower base during growth, requiring significant
bulk mass exchanges. However, the thermal balance in the
system may not be sufficient to activate bulk diffusion processes within the investigated temperature range. The observed stoichiometry profile matches alloying models better,
based on surface transport phenomena. Highly mobile silicon atoms at the surface would diffuse throughout the WL,
reach island edges, and be incorporated therein by further
growth.[23] Surface-mediated incorporation would prevail
over bulk exchanges, due to the relative extent of the intervening potential barriers.[24] The resulting composition profile might display Si-richer edges with respect to the cores.
small 2006, 2, No. 3, 401 – 405

In conclusion, we have demonstrated experimentally
that XPEEM can be exploited as a versatile tool to quantitatively map the chemistry of surfaces. The lateral resolution
presently attains  30 nm and is soon expected to improve
by about one order of magnitude. When applied to self-organized semiconductor hetero-nanostructures, our technique
provides new insight on alloying dynamics. By identifying a
Si content gradient pointing from the centers towards the
borders of individual Ge/Si(111) nanoislands, we have associated intermixing to surface diffusion processes rather than
bulk mass exchanges.

5. Experimental Section
Experiments were performed at the Nanospectroscopy beamline located at the Elettra synchrotron facility in Trieste, Italy.[35]
The details for sample preparation are as follows: Si(111) substrates were cleaned in ultra-high vacuum by flash heating up to
1250 8C to remove the native oxide. This was repeated until a
sharp 1 5 1 to 7 5 7 phase transition was observed while cooling
down the sample.[36] Next, ten MLs of Ge were deposited at a
rate of 0.2 ML min1. After growth and quenching to room temperature, the relative Ge/Si surface stoichiometry of individual
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Figure 3. Scheme of a Ge(Si) nanostructure with a morphology typical
of those observed on the Ge/Si(111) surface. The X-ray flux (yellow
arrow) impinges the sample in a grazing configuration. Photoelectrons (green arrow) are collected from the normal direction. Outstanding features include the X-rays’ shadows on specific steep
facets of the islands and areas of the WL. Note however that the topmost (111)-oriented facet of the nanostructures is always completely
illuminated.

nanostructures was mapped in situ using energy-filtered XPEEM.
Figure 3 displays a scheme of the experimental conditions. In
this illustration, a Ge(Si) island emerges from the WL and is
probed by XPEEM. Photons impinge on the surface with a 168
grazing incidence angle, and photoelectrons are detected from
the surface normal direction. Shadowing effects stem from the
photons’ grazing incidence angle and are generally accounted
for while interpreting the data.[11] Nonetheless we have eluded
shadows by focusing our analysis on the flat areas of the uppermost bases of the islands. The geometry of the detecting elements provides a top-view perspective on the surface.
At the selected photon energy of 130.5 eV, the Ge 3d and
Si 2p photoelectron core level emissions are found at kinetic energies of  103 and 28 eV, respectively, which yields a  0.5 nm
escape depth.[37] The absolute Si fraction can be evaluated by
measuring and processing the overall signal stemming from the
elastically scattered Ge 3d and Si 2p photoelectrons. No further
physical quantities are to be estimated. Sequences of XPEEM
images were acquired while scanning the photoelectron energies
within ranges centered about the Ge 3d and Si 2p peaks. After
background subtraction,[38] the laterally resolved Ge 3d and Si 2p
spectra were integrated. This results in Ge 3d or Si 2p images of
the surface whose contrast is the overall signal from the Ge 3d
or Si 2p core levels. A direct comparison of these Ge 3d and
Si 2p images requires proper normalization. This may be performed by dividing the spatially resolved photoelectron yields
from the surface of 3D islands by those from the WL, which
allows them to be disentangled from experimentally inaccessible
variables.[39] Here the normalization images have been obtained
by interpolating the WL intensities to underneath the 3D nanostructures. Let iGe and iSi denote the normalized Ge 3d and Si 2p
images, respectively. The average Si content CSi within the topmost surface layers—that is, up to a depth of 0.5–2 nm, as defined by the 0.5-nm escape length of the photoelectrons at the
observed kinetic energies—then reads:

CSi ¼

ðiGe  1ÞiSi
iGe  iSi

ð1Þ

The details of the relevant theoretical framework have been
discussed elsewhere.[40] Equation (1) relates the Si fraction in
the alloy to merely experimental variables, that is, the integrated
Ge 3d and Si 2p photoelectron intensities. This should be regard-
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ed as an advantage with respect to any formulation that projects
a dependence of CSi on quantities such as photoemission cross
sections or electron escape lengths, which cannot be measured
in the same experiment. Moreover, no external reference is to be
used and knowledge of the detailed shape of the core level
spectra is unnecessary. In particular this allows the acquisition
time to be shortened considerably, which is critical to avoid or
reduce damage induced by X-rays.
While individual Ge 3d and Si 2p images alone may offer an
intuitive picture of the chemical inhomogeneity, a precise evaluation of the spatially resolved stoichiometry requires extreme accuracy in comparing and superimposing different sequences of
images. This entails an extensive yet possible experimental endeavor, as we have demonstrated.
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