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Probing the composition of Ge dots and Si/Si,_,Ge, island superlattices

J.-M. Baribeau,a) X. Wu, and D. J. Lockwood
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Ontario KI1A OR6, Canada

(Received 19 August 2005; accepted 13 February 2006; published 4 May 2006)

We use analytical transmission electron microscopy to map the composition of Ge dot and
Si/Si,_,Ge, island structures grown on (001) Si by molecular beam epitaxy or ultrahigh vacuum
chemical vapor deposition. Energy-dispersive x-ray spectroscopy reveals that nominally pure Ge
dots grown by molecular beam epitaxy at 650 °C exhibit considerable intermixing with the average
Ge composition typically increasing from nearly zero at the base to about 50% at the top of the dot.
In pyramid shaped dots, the Ge composition increases linearly up to the top of the dot, while for
dome dots, a saturation of the incorporation rate is seen beyond a distance of 7 nm from the
substrate interface. Probing of Si/Si;_,Ge, island superlattices also reveals large Si/Ge intermixing
with a Ge accumulation at the crest and Ge depletion at the troughs of the islands. These results are
corroborated by x-ray diffraction and Raman scattering measurements. © 2006 American Vacuum

Society. [DOL: 10.1116/1.2186658]

I. INTRODUCTION

The study of semiconductor three-dimensional (3D) is-
lands and quantum dots has been a very active area of re-
search in the last decade. In particular, Ge dots and
Si/Si;_,Ge, island superlattices on (001) Si have emerged as
prototypical model systems for the study of self-assembly of
semiconductor nanostructures.'™ Although the nucleation,
size distribution, and evolution of Ge dots and Si;_,Ge, is-
lands are now fairly well understood, there remain questions
concerning the chemical and strain profiles within these
nanostructures. A better knowledge of these properties is cru-
cial for the exploitation of these nanostructures in quantum
devices.

Techniques such as x-ray scattering,3 X-ray absorption,4
atomic force microscopy,” transmission electron microscopy
(TEM),® Raman scattering,” electron energy-loss spectros-
copy (EELS),® and photoluminescence9 have been used to
probe the composition of individual or ensembles of Ge is-
lands and dots. Although most results point to intermixing
and an increase in Ge concentration towards the top of the
dots, the actual Ge distribution within a single dot has not
been fully mapped out without ambiguity. The chemical
modulation within stacked Si/Si;_,Ge, island superlattices
has also not been investigated in any detail. Here, the ana-
lytical transmission electron microscopy is used to map the
composition of various Ge dot and Si/Si;_,Ge, island struc-
tures grown by molecular beam epitaxy (MBE) or ultrahigh
vacuum chemical vapor deposition (UHV-CVD). The mea-
surements confirm that considerable intermixing takes place
within nominally pure Ge dots. Furthermore it is found that
pyramid- and domelike dots exhibit different concentration
profiles both in the growth direction and parallel to the inter-
face. The probing of Si/Si;_,Ge, island superlattices reveals
intermixing in the growth direction as well as lateral diffu-
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sion of Ge in the structures. These results are corroborated
by x-ray diffraction and Raman scattering spectroscopy
measurements.

Il. EXPERIMENTAL DETAILS

The Si/Si,_,Ge, heterostructures were prepared on (001)
Si by MBE (VG Semicon V80)' or by UHV-CVD (Leybold
Syrius).11 The Ge dots were grown by MBE by depositing
~6 ML of Ge at a temperature of 650 °C and a growth rate
of 0.05 nm s~!. The MBE grown Si/Si,_,Ge, island superlat-
tice structure was grown at 625 °C and consisted of ten pe-
riods of Si (13.7 nm) and Si;_,Ge, (4 nm, x=0.48) layers.
The UHV-CVD grown Si/Si;_,Ge, island superlattice was
comprised of ten periods of alternating Si;_,Ge, (4 nm) and
Si (12.5 nm) layers with a nominal Ge composition of x
=0.6. This structure was grown at 525 °C, with deposition
rates of 0.02 nms~! for the Si spacer layers, and of
0.067 nm s~ for the Sij,Ge, ¢ layers. The MBE and UHV-
CVD temperatures were calibrated by infrared pyrometry to
a £25 °C accuracy.

The TEM work was performed on a JEOL JEM-2100F
field emission source transmission electron microscope oper-
ating at 200 kV. For the present study high-angle annular
dark field (HAADF) scanning TEM images were obtained
using a Fischione annular dark field detector attached to the
JEM-2100F. The chemical composition of the various Si/Ge
nanostructures was studied quantitatively by scanning trans-
mission electron microscope energy-dispersive x-ray spec-
troscopy (STEM-EDS) using an Oxford INCA Energy TEM
200 using a probe size of 0.7 nm. Spectra were recorded with
sample drift compensation and calibrated by probing thick
Si/Si;_,Ge, heterostructures of known germanium composi-
tion. The thickness of the TEM cross-section samples was
measured by electron energy loss spectroscopy (Gatan GIF
Tridiem) using standard methodology.12 The sample regions
investigated were typically 50—60 nm thick.

©2006 American Vacuum Society 663
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Fic. 1. STEM HAADF image of a pyramid Ge dot on (001) Si and EDS
chemical profile line scans measured along the dotted lines indicated. The
dotted lines in panels (b) and (c) indicate the dot boundary.

The Raman scattering experiments were carried out in an
ambient atmosphere of helium at a temperature of 295 K in a
quasibackscattering Brewster angle geometry.13 The
457.9 nm incident light was polarized in the scattering plane,
while the scattered light was recorded without polarization
analysis. X-ray diffraction (400) rocking curves from island
superlattices were recorded on a Philips MRD system
equipped with a four-bounce Ge (220) monochromator.

lll. RESULTS AND DISCUSSION
A. Ge pyramid and dome dots

Analytical TEM techniques have recently been used to
investigate the structure and composition of Ge
nanostructures.* Figure 1 displays a HAADF micrograph of
a pyramid dot along with the Ge concentration profiles mea-
sured by STEM-EDS line scans along the growth direction
and parallel to the wafer surface. Considerable Si—Ge inter-
mixing is observed with the dot Ge concentration increasing
almost linearly from close to O at the base to about 0.5 at the
apex of the pyramid. The EDS scans in the direction parallel
to the interface suggest that at a given height, there is a small
Ge depletion at the periphery of the dot.
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FIG. 2. STEM HAADF image of a dome Ge dot on (001) Si and EDS
chemical profile line scans measured along the dotted lines indicated. The
dotted lines in panels (b) and (c) indicate the dot boundary.

Similar measurements for a dome dot are shown in Fig. 2.
Here the Ge concentration increases in the growth direction
at a rate similar to that of pyramid dots to reach about x
=0.4 at a 5 nm height. Beyond that point, however, the Ge
concentration only builds up slowly over the remaining
~20 nm to reach x=0.6 at the top of the dome. In the case of
dome dots, the Ge concentration at a given height was found
to be remarkably uniform laterally, as is shown in Fig. 2 for
two particular line scans parallel to the surface.

Before discussing those results, it is important to note that
all the TEM samples examined were submitted to a final
ion-milling treatment to form a thin wedge (6° angle) ori-
ented parallel to the sample surface. All the EDS scans per-
pendicular to the layered structures are thus done at a con-
stant thickness (typically about 50 nm). For scans parallel to
the surface, the thickness variation is small (Iess than 5 nm
or 10%) across the width sampled and this may have intro-
duced a small sloping background in the lateral scans of
quantum dots (Figs. 1 and 2). This, however, does not invali-
date the general conclusions of the analysis. Note that the use
of thinner TEM sections could lead to erroneous results if the
peak of the quantum dot has been milled away.
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FiG. 3. STEM HAADF image of a Si/Si;_,Ge, island superlattice grown by
MBE on (001) Si and EDS chemical profiles in the growth direction mea-
sured along an interface crest (open circles) and along an interface valley
(full circles). The nominal average Ge concentration profile as determined
by x-ray diffraction is shown by the dotted line.

The results obtained here corroborate the earlier studies
that point to considerable intermixing in dots grown at high
temperatures. In particular, the vertical concentration profile
and lateral uniformity in the dome island is in excellent
agreement with an EELS study of the Ge island concentra-
tion of dome islands as a function of temperature.15 The re-
sults are also in agreement with the anomalous x-ray scatter-
ing measurements'® that showed a rapid increase of the Ge
concentration in the dots in the first 2 nm from the surface.
The line profiles parallel to the surface are useful to deter-
mine whether the dots can be modelled by a shell model with
the Ge composition decreasing radially towards the centre of
the dot or by a lamellar structure where the Ge gradient is
perpendicular to the dot/substrate interface. For both types of
dots, our data points to a lamellar structure rather than a
shell-like structure predicted in atomistic simulations'” or in-
ferred from x-ray scattering studies.'® A comparison of the
composition profiles in Figs. 1 and 2 shows differences exist
in the Ge profile in the growth direction between dome and
pyramid dots prepared under identical growth conditions.
The stronger intermixing in the pyramid is likely mediated
by strain as these dots remain heavily tetragonally distorted
in comparison to the domes that adopt a relaxed lattice con-
stant close to that of bulk Ge near the top of the dot.

B. Si/Si,_,Ge, island superlattices

The concentration profile in the growth direction in island
superlattices was also investigated by STEM-EDS. Figure 3
compares the Ge profiles in the growth direction measured
along a crest and a trough in the MBE grown island super-
lattice. As was observed in the dot structures, large Si—Ge
intermixing takes place in the island superlattice. The maxi-
mum Ge concentration is about 0.25 along the crests and
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only 0.15-0.20 along the troughs. This peak concentration is
less than the nominal value of x=0.48 due to a broadening of
the Ge profile that spreads within the Si spacer layers. The
integrated Ge signal per superlattice period at a crest is, how-
ever, close to that of the nominal structure. In the troughs,
the Ge concentration is significantly reduced and the inte-
grated Ge signal corresponds to approximately 50% of that
of a nominal superlattice period, indicating significant sur-
face lateral diffusion during growth. The Ge profiles in Fig. 3
also point to the Ge surface segregation, as evidenced by an
exponential decay of the Ge concentration at the trailing
edge of the Si;_,Ge, layers. The decay length, is about
3.3 nm, in good agreement with the values reported for pla-
nar Si/Si;_,Ge, heterostructures.'® The decay of the total Ge
content in successive troughs also indicates higher chemical
contrast and better defined Ge-rich islands as growth
progresses, as is also seen in the HAADF image of Fig. 3.
There is, however, no evidence of a decay of the Ge peak
concentration in the crest in the upper layers as has been
reported in similar structures.

By contrast, in the UHV-CVD grown sample, the Ge pro-
file in the each superlattice period exhibits a symmetrical
triangular shape indicating that interdiffusion takes place at
both the leading and trailing interfaces of the Si;_,Ge, alloy
layers. The decay length of the Ge concentration is about
2.5 nm and there seems to be no appreciable Ge segregation,
possibly because of the surfactant effect of hydrogen created
by the dissociation of silane and germane during growth. For
the line scan performed along a superlattice crest, the inte-
grated Ge signal is equivalent to a Ge composition of 0.48,
which is less than that of the nominal composition of x
=0.6, based on growth parameters. In comparison, the line
scan along a trough shows a depletion of the Ge signal that
corresponds to an equivalent Ge concentration of 0.35. Varia-
tions in the Ge composition from period to period are also
seen in the UHV-CVD sample. The undulation of both types
of interfaces progressively leads to a loss of registry of the
superlattice period with respect to the nominal structural pa-
rameters, a phenomenon that is not observed with MBE. The
average Ge composition is significantly lower than the nomi-
nal value expected from growth calibrations in steady-state
conditions. This can only be explained by transients in the
Si/Ge incorporation rates when the Ge flow is switched on
and off affecting the nominal composition of very thin films.
The lack of self-organization of the undulations as compared
to the MBE case may be due to the surfactant effect of sur-
face hydrogen and lower growth temperature both inhibiting
lateral mass transport.

In the case of the wavy superlattices, again the TEM
samples are thin enough (50 nm) so that in the scans of the
wave crest perpendicular to the surface, only the SiGe wave
is probed and not the surrounding Si. The fact that there is no
significant variation in the height of the SiGe crests for ad-
jacent self-assembled waves in Figs. 3 and 4 also suggests
that the island center is included in the foil or the dot section
in the foil is at least very close to it. It is possible that in the
case of perpendicular scans along a valley, a small amount of
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FiG. 4. STEM HAADF image of a Si/Si,_,Ge, island superlattice grown by
UHV-CVD on (001) Si and EDS chemical profiles in the growth direction
measured along an interface crest (open circles) and along an interface val-
ley (full circles). The nominal average Ge concentration profile as deter-
mined by x-ray diffraction is shown by the dotted line.

surrounding Si is also probed. This may have contributed to
the apparent Ge depletion measured in the valleys.

C. X-ray diffraction and Raman scattering

The island superlattices discussed above were also inves-
tigated by x-ray diffraction. Figure 5 presents (400) rocking
curves from the MBE and UHV-CVD grown superlattices. In
both cases, the simulation profiles are also displayed. Curves
(b) are the best fits to experiment, assuming planar inter-
faces, calculated using the composition profile shown by the
dotted line in Figs. 3 and 4 for the MBE and UHV-CVD
cases, respectively. For the MBE sample, the rocking curve
is consistent with the presence of 3.7-nm-thick Si;_,Ge, lay-
ers with x=0.475, in excellent agreement with the nominal
growth parameters. In the UHV-CVD sample, the best fit is

UHV-CVD
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FIG. 5. (a) Measured (004) x-ray rocking curves from the MBE (left) and
UHV-CVD (right) Si/Si,_,Ge, island superlattices and simulated curves cal-
culated for a planar structure (b) and for the Ge concentration profile in the
trough (c) and crest (d) as determined by STEM-EDS.
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FiG. 6. Frequencies of the three optic modes in Si/Si;_,Ge, island superlat-
tices (open circles) and planar superlattices (solid circles) as a function of
composition x. The solid lines are for bulk material (Ref. 21).

obtained with Si;_,Ge, layers 4 nm thick and with x=0.42,
confirming a significantly lower Ge content than the nominal
value as concluded from the STEM-EDS study. For both
samples, the experimental satellite peaks show considerable
broadening arising from the undulation of the interfaces and
lateral variations in the Ge composition. Simulations (¢) and
(d) were calculated using the composition profiles deter-
mined by STEM-EDS at the wave peak and trough, respec-
tively, and show to what extent the satellites are expected to
shift and their line shape to be altered by composition and
thickness modulations. A superposition of intensity profiles
reflecting the lateral nonuniformity of the superlattice is con-
sistent with the peak broadening observed.

Raman spectroscopy has been widely applied to charac-
terizing the strain and composition of Si;_,Ge, dots grown
epitaxially on Si.? In the Raman spectrum of Si;_,Ge,, vibra-
tional modes appear at approximately 500, 400, and
300 cm™!, associated with the Si-Si, Si—Ge, and Ge-Ge lat-
tice vibrations. The Si-Si (Ge-Ge) mode frequency de-
creases (increases) linearly with x, while the Si-Ge mode
behavior is best represented by a fourth order polynomial.21
All three optical modes are sensitive to the presence of
strain, which causes a shift in their mode frequencies.22

In Fig. 6, the frequencies of the three optic modes are
displayed as a function of x-ray determined x for the strained
planar superlattice on Si (solid circles),”! island superlattice
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grown by MBE (open circles) and unstrained alloy (solid
lines). The long (short) dashed lines in Fig. 6 are from fits of
the planar (island) superlattice mode frequencies to linear or
quadratic functions of x. It shows that the three mode fre-
quencies in the island superlattice behave as a function of x
quite differently from those in both the unstrained bulk alloy
and strained planar superlattices. This indicates that apart
from strain and composition other factors such as island size,
distribution, and shatpe23 might have to be taken into account
in analyzing the behaviors of the optic phonon mode fre-
quencies in an island or dot nanostructure. The results pre-
sented here are consistent with an accumulation of Ge at the
crest of the undulations that produces a decrease of the Ge
fraction in the continuous alloy layers between the islands
thereby causing an overall shift down in frequency for the
alloy vibration modes. In fact, the Si—-Ge and Ge—Ge vibra-
tional frequencies in the undulated case are close to those
measured in planar superlattices with about a 10% lower
nominal Ge concentration, consistent with analytical TEM
results. The out diffusion of Ge results in Si rich alloy re-
gions in the valleys (between the Si;_,Ge, crests) that are
under compression. This contributes to shifting the Si—Si line
frequency above the expected nominal value for a given “av-
erage” concentration x.

IV. CONCLUSION

In summary, STEM-EDS has proven to be an effective
technique to probe the atomic distribution within Ge dots and
Si;_,Ge, island superlattices. For Ge dots obtained by depo-
sition of pure Ge on (001) Si, the measurements show that
atomic diffusion during growth results in considerable inter-
mixing. Larger intermixing is found at the base of the dots,
but the concentration at the top of the Ge dots grown at
625 °C was found to not exceed 55%—-60%. Also, the com-
position of dome dots was found remarkably uniform later-
ally, while a small Ge depletion near the edges of the dots
was measured in pyramid dots. STEM-EDS also confirmed
the lateral composition variations in Si;_,Ge, island superlat-
tices characterized by the accumulation of Ge at the crest of
the interface undulations. Interesting differences in the
atomic distribution of analogous structures grown by MBE
and UHV-CVD were revealed.
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