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Novel architectures for electronics and photonics are expected to be developed using the forthcoming Si1−xGex

technology. However, in Si1−xGex-based heterostructures, materials and design issues rely on accurate control
of strain and composition of the alloy. The Raman spectroscopy has rapidly emerged as a reliable technique
for the quantitative determination of such parameters on a sub-micrometric scale. In this work we present an
investigation of the effects of the growth conditions of Si1−xGex graded layers on dislocation nucleation and
interaction. In particular, we focus on the crucial role the deposition temperature plays in the dislocation kinetics.
The analysis of threading dislocation densities is accompanied by a quantitative measurement of the residual
strain in Si1−xGex/Si heterostructures, carried out by means of the Raman scattering. Our approach is effective
in studying the physical mechanism governing dislocation multiplication and the sharp transition from a state of
brittleness to a state of ductility within a narrow temperature window.

PACS numbers: 61.72.Lk, 61.72.uf, 62.20.mj, 62.20.mm, 78.30.−j

1. Introduction

While in the past the striking increase in performance
of Si based microelectronic was achieved mainly by re-
ducing the device size, in recent years a new approach
has emerged, consisting of the use of materials having
optimal characteristics for a given application [1]. In
this perspective Si1−xGex alloys are of particular inter-
est since they are compatible with standard Si CMOS
processes: Si1−xGex has higher bulk mobilities than sil-
icon, and Si1−xGex/Si heterostructures allow band gap
and strain engineering [2, 3]. Nevertheless, once a thick
Si1−xGex layer is grown directly on top of a silicon wafer,
above a critical thickness, relaxation occurs via the injec-
tion into the epilayer of a large number of dislocations,
resulting in a threading dislocation density (TDD) larger
than what can be tolerated by many electronic and op-
toelectronic devices [4–6]. As a consequence, there have
been several methods developed in order to attempt to
obtain high quality Si1−xGex/Si buffers, a combination
which is usually referred to as a virtual substrate (VS) [7].
One of the most successful approaches in terms of surface
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morphology and final device performance, is the thick,
compositionally graded Si1−xGex buffer layer [8–11]. In
practice, the requirement for low defect densities is met
by slowly increasing the Ge content as the thickness of
the film increases, from zero to the desired composition.
In contrast to constant-composition films, the grading
rate offers an additional degree of freedom for control-
ling the strain at the growth front [10, 12, 13]. Extensive
research has been devoted to the optimization of the Ge
gradient [1, 11]. Low TDD, in the 105–106 cm−2 range,
were obtained on buffers with compositional gradients of
the order of 10%/µm or less [11, 14–16]. Nevertheless,
a basic and detailed knowledge of the effects of some
growth parameters on dislocation multiplication and in-
teraction is still lacking. While the role of the deposition
temperature is expected to be crucial in the determina-
tion of the TDD, because it strongly affects dislocation
nucleation and kinetics, its effect on TDD multiplication
and interaction is not clearly understood. To study this
further, for Si0.6Ge0.4/Si graded buffers we correlated
Raman measurements of residual strain and TDD data
determined by means of optical microscopy and atomic
force microscopy (AFM). Our results demonstrate the
existence of a sharp increase in the TDD in a narrow
window of the deposition temperature. In systems at low
plastic strain, such as Si1−xGex VSs, this rapid and mas-
sive dislocation generation can be explained by a brittle
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to ductile transition (BDT). Noticeably, our findings are
in good agreement with BDT temperature predicted by
a model based on a statistical mechanics description of
spontaneous dislocation generation [17].

2. Experimental details

A series of Si0.6Ge0.4/Si(100) graded buffers were
grown by low energy plasma enhanced chemical vapour
deposition (LEPECVD) [18] at a rate of 5–10 nm s−1

with the same composition gradient of about 7%/µm,
on RCA cleaned 4 inch Si(001) wafers which had been
outgassed for 10 min at 300◦C. For all the samples the
temperature was kept constant at 740◦C, while the Ge
content of the buffer was increased until xGe = 0.1 had
been reached. At this point the temperature was lin-
early decreased as the Ge content in the layer was in-
creased. Different temperature vs. Ge content profiles
were used such that the final Si0.6Ge0.4 layer, which was
always 1 µm thick, was deposited at temperatures rang-
ing between 520◦C and 580◦C. Diluted Schimmel etch
solution was used to reveal TDDs; etch-pit counting was
performed by AFM and Nomarski optical microscopy.

In order to probe the top-most epilayer of interest,
high-resolution Raman measurements were carried out
using the 458 nm line of an Ar+ laser. The scattered
light was analysed with a Jasco 800 mm double grating
monochromator and detected with a CCD detector. The
spectral pitch of the detector was 0.3 cm−1. Finally, the
laser power was chosen in order to limit the sample heat-
ing shifts to well below the measurements noise, and the
measured Raman spectra were calibrated by simultane-
ously collecting the emission lines of spectral lamps.

3. Discussion

It has been suggested that composition, x, and biaxial
strain, ε, of Si1−xGex/Si heterostructures can be mea-
sured directly from one Raman spectrum only [19]. How-
ever, it is worth noting that the composition effect, which
determines the three mode peak positions, is superim-
posed on the effect of the macroscopic biaxial strain. In
these epitaxial systems the analysis of the Raman spec-
tra is thus not straightforward and a precise measure-
ment of strain and composition can be performed only
if relations describing the x and ε dependence of the
Si–Si, Si–Ge and Ge–Ge Raman active phonon modes
are well known. Recently we compared Raman measure-
ments of Si1−xGex/Si heterostructures with high reso-
lution X-ray diffraction data. The results, outlined in
Ref. [20], demonstrate that the following dependencies:

ωSi–Si(x, ε) = 520.7− 66.9x− 730ε, (1)

ωSi–Ge(x, ε) = 400.1 + 24.5x− 4.5x2 − 33.5x3

−570ε, (2)

ωGe–Ge(x, ε) = 280.3 + 19.4x− 450ε (3)
are reliable and effective for the quantitative determi-
nation of strain and composition of Si1−xGex/Si het-

erostructures, enabling the exploitation of fundamen-
tal properties of such systems. Hence, here we evalu-
ated x and ε of the samples studied in this work, us-
ing Eqs. (1)–(3) and employing the procedure described
in detail in Ref. [20]. Raman analysis provided the al-
loy composition for all the samples, showing that it is
the same, within the experimental uncertainties (Fig. 1).
Raman results summarized in Fig. 2 demonstrated also
that the samples can be considered relaxed, as shown in
similar samples [21], because of their low strain values of
the order of some 10−4.

Fig. 1. Ge content of the alloy, obtained by Raman
analysis, as a function of the deposition temperature.

Fig. 2. Biaxial strain obtained by Raman analysis as
a function of the deposition temperature.

TABLE

Growth temperature and TDD obtained by AFM (A)
and Nomarski (B) measurements of the studied samples.
RMS roughness, measured by AFM, is also summarized.

T [◦C] TDD-A [cm−2] TDD-B [cm−2] RMS [nm]

522 1.0× 105 1.4× 105 3.0

531 1.5× 105 2.0× 105 2.9

540 2.0× 105 3.1× 105 2.9

549 1.4× 106 1.1× 106 3.0

558 1.7× 106 1.9× 106 2.7

567 2.5× 106 1.9× 106 2.8

577 2.4× 106 1.9× 106 3.0

As is clearly visible from Table the TDD suddenly in-
creases from 2 × 105 cm−2 to 2 × 106 cm−2, when the
graded buffer is deposited following a temperature pro-
file corresponding to a final temperature of 540◦C. The
smooth decrease in the biaxial strain with the increase
of the deposition temperature from about 1 × 10−3 at
T ≈ 530◦C to nearly complete relaxation at 580◦C (see
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Fig. 2) cannot, however, justify the increase of about
one order of magnitude in the TDD. A reasonable expla-
nation of such behavior is based on a BDT. The BDT
has been known for a long time to be related to an in-
crease in the dislocation density, but this mechanism has
never been studied in heteroepitaxial systems. The sig-
nificant point about the data reported in Table is the
massive increase in the TDD at a critical temperature
of 540◦C and the near coincidence of this point with the
BDT temperature of the alloy (≤ 600◦C) given by the
Khantha model [17, 22]. Remarkably, our findings are
in agreement with previous reports on Si, i.e. that the
transition range is only a few degrees (≤ 10◦C) [23, 24]
and the observed transition temperature is about half the
alloy melting point [17, 25]. Finally, the thermal stabil-
ity of the samples has been confirmed by an additional
sample deposited with a final temperature of 520◦C and
annealed for 15 min at 740◦C. In this heterostructure we
observed an increase in the degree of relaxation and no
significant variation in the TDD as compared to the as
grown sample.

4. Summary and conclusions

The strain-relieving mechanisms in Si1−xGex/Si het-
erostructures pose a number of basic questions concern-
ing the role of growth parameters and their consequences
on defect dynamics. It is clear that the understanding of
the vibrational properties is increasingly important be-
cause it provides the means with which one can study
these phenomena. The main aim of this work was thus to
study the lattice dynamics of Si0.6Ge0.4/Si graded buffers
in order to investigate the role of dislocations on the me-
chanical properties of the alloy. The growth of thick
graded buffers, studied in this work, is demanding for
conventional deposition techniques such as MBE, mainly
because of the very high growth rates required to ob-
tain a shallow Ge gradient profile within a reasonable
process time. Furthermore, the massive increase in the
TDD, within less than 10◦C, was observed in a low depo-
sition temperature window, not accessible with common
CVD. The main features of LEPECVD, namely a high
growth rate at a low substrate temperature, have indeed
been employed to gather insight into defect nucleation
in Si1−xGex/Si heterostructures. We have shown that a
sharp increase in the TDD takes place at a critical tem-
perature in good agreement with the brittle to ductile
transition temperature predicted by a literature model.
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