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Abstract

In this work we investigated the diffusion and clustering of supersaturated substitutional carbon in 200 nm thick

SiGeC layers buried under a silicon cap layer of 40 nm. The samples were annealed in either inert (N2) or oxidizing (O2)

ambients at 850 �C for times ranging from 2 to 10 h. The silicon self-interstitial (I) flux coming from the surface under

oxidation enhances the C diffusion with respect to the N2 annealed samples. In the early stages of the oxidation process,

the loss of C from the SiGeC layer by diffusion across the layer/cap interface dominates. This phenomenon saturates

after an initial period (2–4 h) which depends on the C concentration. This saturation is due to the formation and growth

of C containing precipitates which are promoted by the I injection and act as a sink for mobile C atoms. The com-

petition between clustering and diffusion is discussed for two different C concentrations. � 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction

In recent years strong efforts have been devoted
to the investigation of the structural properties of
SiGeC alloy, due to its potential use as a Si-based
material with band gap [1] and lattice parameter

[2] tailoring properties. Recently, the role of C in
Si and SiGe alloys as a Si self-interstitial (I) trap
was evidenced by the reduction of boron equilib-
rium diffusion [3] and by the suppression of both B
transient enhanced diffusion (TED) and B oxida-
tion enhanced diffusion (OED) [4,5]. This stimu-
lated a renewed interest in the use of SiGeC layers
to control the diffusion of dopants in silicon de-
vices.
Therefore, understanding the behavior of C in

SiGeC/Si heterostructures under I supersaturation
is of crucial importance. It is known that C diffu-
sion is strongly enhanced by I supersaturation [6],

Nuclear Instruments and Methods in Physics Research B 186 (2002) 212–217

www.elsevier.com/locate/nimb

*Corresponding author. Tel.: +39-049-8277001; fax: +39-

049-8277003.

E-mail address: napolitani@padova.infm.it (E. Napolitani).
1 Present address: Agere Systems, 600 Mountain Ave.,

Murray Hill, NJ 07974, USA.

0168-583X/02/$ - see front matter � 2002 Elsevier Science B.V. All rights reserved.

PII: S0168 -583X(01)00868 -0



as the silicon self-interstitials promote the forma-
tion of mobile C interstitial atoms via the kick-out
or Frank–Turnbull mechanisms. Recently, a C-
diffusion enhancement caused by interstitial injec-
tion was also observed in SiGeC alloys with high C
concentration, above 1020 cm�3 [7]. Nevertheless,
even in the absence of an external I injection (i.e.
after inert thermal annealing), it has been reported
that the C tends to precipitate and form silicon
carbide clusters [8].
The control of the C behavior in Si-based ma-

terials under thermal treatments is therefore chal-
lenging for technological applications. In this work
we report on the diffusion and clustering behavior
of C in buried SiGeC layers under supersaturated
I non-equilibrium conditions. The non-equilibrium
conditions are caused by thermal oxidation of the
silicon cap. We describe the presence of a complex
competitive mechanism between C diffusion and C
accumulation in clusters.

2. Experimental

Two nominally 200 nm thick Si0:926Ge0:07C0:004

and Si0:922Ge0:07C0:008 layers covered by a 40 nm Si-
cap were grown over a 200 nm thick silicon buffer
layer by rapid thermal chemical vapor deposition
(RTCVD) at temperatures between 625 and 750

�C on a p-type Czochralski (1 0 0) silicon wafer.
The samples were cut in several pieces and ther-
mally treated in a furnace at 850 �C under O2 or
N2 fluxes for times ranging from 2 to 10 h. Even if
the samples resulted to be slightly not homoge-
neous in the layer thicknesses, Rutherford back-
scattering spectrometry (RBS) allowed monitoring
with high accuracy the oxide thickness of the
samples, as the thicknesses of the remaining Si cap
and of the SiGeC layer. The longest annealing time
of 10 h allowed nearly complete consumption of
the Si cap by oxidation, whether in none of the
processed samples oxidation of the SiGeC layer
occurred. The samples were then analyzed with
secondary ions mass spectroscopy (SIMS), high
resolution X-ray diffraction (HRXRD) and by
transmission electron microscopy (TEM).

3. Results and discussion

Figs. 1(a) and (b) report the C profiles obtained
with SIMS from the samples with the lower C
concentration annealed in O2 and in N2 at 850 �C.
A clear diffusion effect occurs in the first stages of
the annealing, as demonstrated by the shift of the
C interface in Fig. 1(a). Such non-fickian behavior
of C diffusion (no C is detected in the Si cap and
no broadening of the interface is observed) will be

Fig. 1. Carbon concentration profile of the 0.35 at.% C samples relative to: (a) as grown (continuous line), 10 h annealed in inert

atmosphere (marked by the arrow) and 2 and 4 h oxidation; (b) as grown (continuous line) and 4, 6, 8 and 10 h oxidation. The profiles

were shifted in order to have the Ge cap/layer interface at depth zero, marked by the vertical dashed line.
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explained in the following, during the discussion of
the results. It is worth noting that SIMS analysis
not reported here showed negligible Ge diffusion in
all the processed samples either at the cap/layer
and at the layer/substrate interfaces and no C
diffusion occurs in the deeper part of the layer.
This diffusion effect is much more remarkable in
the O2 annealed samples with respect to the N2

samples, indicating that the I flux enhances the
formation of mobile C, which can diffuse out from
the layer.
The C profile evolution for annealing times

longer than 4 h in O2 (Fig. 1(b)) proceeds rather
differently: as the annealing time increases the in-
terface still moves deeper into the sample but, at
the same time, an accumulation kink develops in
the region between 20 and 45 nm in depth. Hence,
a redistribution of C occurs inside the layer which,
as we will show, is strictly related to a structural
change of the material.
In Fig. 2 cross-section TEM image of the 0.35

at.% C sample annealed for 10 h in O2 atmosphere
is reported, where the formation of precipitates in
the SiGeC layers is clearly visible. The precipitates,
which do not form in the N2 annealed samples,
have a diameter of about 3–5 nm and are located
between 20 and 120 nm in depth with a maximum
density at a position where, according to the

SIMS, the C accumulates. XTEM after shorter
annealing times (not reported) showed that both
the total number of clusters and their maximum
distribution depth increase with oxidation time.
The TEM and SIMS results indicate that pre-
sumably the clusters contain C and act as a sink
for the mobile C produced by the I injection.
HRXRD analyses confirm and give further in-

sight to the above process. Fig. 3(a) reports the
(0 0 4) rocking curve of the same sample of Fig. 2.
Simulations of the rocking curves based on dy-
namical scattering theory were first attempted by
using the C and Ge SIMS profiles and considering
the Ge and C effect on strain as described in [2].
While this approach provided a successful fit of the
as grown sample, on the contrary in the case of the
oxidized samples we found no agreement between
the experimental HRXRD data and the dynamical
simulation (Fig. 3(a), dashed line). Therefore, after
annealing in O2 a certain amount of C is not on
substitutional sites.
Hence, guided by the results showed in Figs. 1

and 2, we assumed that in the first 40 nm of the
layer (kink zone) C is fully precipitated while in the
region between 40 and 100 nm its substitutional
fraction is varying linearly from 0 to 1, i.e. we
assumed a substitutional-C profile following the
solid line in Fig. 3(b). The agreement with the

Fig. 2. TEM cross-section of the 0.35 at.% C sample annealed in O2 atmosphere for 10 h. Three zones are visible in the picture. The left

zone corresponds to the substrate, the central zone corresponds to the layer while the white right zone corresponds to the glue. The cap

is not visible because almost completely oxidized and then removed by HF treatment. The precipitates are distributed inside the layer.
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experimental data is now satisfactory (solid line in
Fig. 3(a)), demonstrating conclusively the presence
of an extended region of non-substitutional C
atoms, which is qualitatively following the cluster
distribution revealed by TEM.
The surface injection of I produces a significant

structural change of the SiGeC layer, starting from
the cap/layer interface and proceeding towards
higher depths with the annealing time, involving a
thickness of about 100 nm after 10 h in O2 for a C
concentration of 0.35 at.%. It is proposed that the
main physical processes producing this structural
modification are caused by C diffusion and pre-
cipitation.
Further insights are given by the experiments

on samples with higher C concentration. Fig. 4
reports the C loss from the layer as a function of
annealing time and for different C concentrations,
compared to the I injected in the layer computed
as in [9]. During the early stages of the oxidation,
the amount of C lost by diffusion is, for both the
investigated C concentrations, comparable to the
number of I injected. This is similar to what ob-
served in thinner samples of similar C concentra-
tion [7], where the complete loss of C from the
layer was eventually observed. Our thicker samples
behave differently, showing instead only a partial
loss of C atoms which saturates after an initial
transient. According to Fig. 4, the saturation dose
appears to decrease with increasing the C con-
centration.

The saturation of the C loss can be understood
on the basis on the observed clustering phenome-
non. The mobile C atoms promoted by the I in-
jection can presumably diffuse both inside the layer
and towards the surface. During the first stages
of the annealing, the C atoms moving towards
the surface have an increased mobility, as they are

Fig. 4. C dose lost by the layer due to the oxidation process as a

function of the annealing time. The C loss is evaluated by cal-

culating the difference between the N2 annealed and the O2

annealed C dose. Data of both 0.35 at.% C series (full circles)

and 0.8 at.% C series (open squares) are reported. The dashed

line represents the I-injected during the thermal oxidation.

Saturating exponential fits are reported to guide the eye.

Fig. 3. (a) HRXRD (0 0 4) rocking curve of 0.35 at.% C 10 h oxidized sample (dots) compared to different simulations. (b) Con-

centration profiles used for the simulations. The Ge SIMS profile (dot-dashed line) was used for both the simulations. The C SIMS

profile (dashed line) was used for the dashed line simulation in (a), assuming C and Ge to be fully substitutional. Solid line is the

substitutional C profile used to generate the continuous line simulation in (a).
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moving inside a region which is both rich in I [9]
and poor in traps (as C itself is a trap for mobile C)
and therefore can easily leave the film through the
cap. This explains also why no C is detected in the
Si cap. The C which is diffusing through the cap is
probably so fast that the concentration there falls
below the SIMS detection limit.
Instead, C atoms moving inside the layer can

start nucleating clusters by reacting with other C
atoms. Moreover, following the calculations by
Scholz et al. [10] of an interstitial undersaturation
in the C-rich region, no mobile C would be pro-
duced inside the layer through the kick out reac-
tion. As a consequence, the C at the interface
which is made mobile by interaction with I and
diffuses out, is not be replaced by C atoms diffus-
ing from inside (that would instead occur in the
case of uniform C diffusivity). As a matter of fact,
after 2 h of annealing the net result appears to be a
simple shift of the cap/layer C interface instead of
a fickian broadening.
After 4 h, a slight slope change in the bottom

part of the interface shows the formation of the
first clusters. These clusters are revealed by TEM
in the first part of the layer. The growth of the kink
from 4 to 10 h of annealing demonstrates that the
clusters are able to capture the mobile C atoms
moving towards the surface. The C loss saturates
after 4 h, which suggests that at this stage of the
process the cluster density is sufficiently high to
trap the C diffusing atoms with 100% efficiency.
Following the above scenario, the fact that the

saturation dose decreases with increasing C con-
centration may be interpreted as an increased
clustering probability. The increase of the cluster-
ing probability would in fact cause a reduction of
the diffusion effects, as confirmed by the fact that
the saturation of the loss process is reached in a
shorter time (see Fig. 4). The increase in clustering
probability with the concentration is finally dem-
onstrated by Fig. 5, where the cross-sectional
TEM image of the 2 h O2 annealed sample grown
with a C concentration of 0.8 at.% is shown. As
can be seen, small clusters form just below the cap/
layer interface. No evidence of nucleation of such
precipitates where instead observed in a sam-
ple with 0.35 at.% C after the same annealing of 2
h in O2.

4. Conclusions

Clear evidence of a competitive mechanism
between C diffusion and clustering are reported in
this work. In the early stages of oxidation, out-
diffusion from the cap/layer dominates, whereas,
when clustering begins to take place the C loss is
progressively suppressed. Clusters are demon-
strated to be fully efficient in trapping the mobile C
after an initial transient of C out diffusion. The
transient duration and the total amount of C loss
depend on the C concentration. Indeed, we have
demonstrated that for the higher C concentration,
the clustering probability and efficiency in trapping
mobile C is increased. According to the results
presented in this work, both C clustering and dif-
fusion may be controlled by varying the layer
thickness and C concentration, beside the oxide
grown thickness.
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