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a b s t r a c t

Thermal oxidation of Ge-implanted Si (SiGe) was carried out in dry O2 at 1073, 1173, and 1273 K for var-
ious times. Rutherford backscattering spectrometry in random and channeling geometry was used to
characterize the SiO2 thickness and composition of the Si1�xGex layer to determine the oxidation kinetics
and to monitor changes in the Ge distribution in the implanted layer. Oxide thicknesses obtained in this
work were compared with published results for SiGe from the Deal and Grove (DG) model perspective
with modified constants for SiGe oxidation. Reasonable agreement between the data and the ‘‘ideal’’
DG curve is achieved, namely, the residuals are randomly scattered around zero, but the results of a sta-
tistical test suggest that the DG model equation explains only 70% of the variation of the data. The pos-
sible influence of point defects in implanted samples on the oxidation rate was further tested by
preannealing the implantation damage. It was found that oxide thicknesses measured for preannealed
samples differ from those for as implanted samples by less than 10%, which cannot explain the observed
discrepancies with the DG model. We thus suggest that the implantation damage is being annealed dur-
ing the thermal oxidation itself.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

In the last decade silicon–germanium (SiGe) alloys have been
implemented in the current semiconductor technology and numer-
ous publications have been dedicated to their properties [1,2]. Yet
questions regarding the SiGe oxidation mechanism still remain. SiGe
oxidation has been studied under a variety of oxidation conditions:
at atmospheric pressure and elevated temperature [3–18], and at
high oxygen pressure [6,19], using microwave oxygen plasma [20],
ultraviolet ozone [21], or rapid thermal oxidation [22,23]. The oxida-
tion experiments were performed in pure O2 (dry oxidation)
[3,4,8,9,13–17] or by bubbling N2=O2 through H2O (wet oxidation)
[5–7,9–12,18]. In these studies SiGe thin films were obtained by
different growth techniques such as chemical vapor deposition
(CVD) [4–6,19,12], molecular beam epitaxy (MBE) [7,8,14,19,21–
23], physical evaporation [3,18] as well as Ge ion implantation in
Si [9–11,13,15–17]. Despite the great differences in the preparation
of SiGe samples and oxidation procedures, the main features of SiGe
thermal oxidation may be summarized by the following:

� Pure SiO2 was formed during oxidation: Ge atoms that were
rejected from the growing silicon oxide piled up at the interface.
This was observed in all cases, unless the temperature was low
enough ð6 973 KÞ [24], or the oxidation pressure was high
All rights reserved.
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[6,19], or the Ge concentration, x, in the alloy satisfied x P 0:5
[7,8], or the oxidation time was very short [22,23]. All these con-
ditions prevent Ge diffusion away from the reacting interface.
� The oxidation rate of SiGe in a wet atmosphere was enhanced in

comparison to pure Si [4,5,9–12,18,25], while there was no
enhancement in the dry O2 [9,16,22,25] (unless the sample
was first pre-enriched with Ge to form approximately one
monolayer of Ge at the interface [9]).
� Oxidation rate enhancement occurs during an initial linear

regime of oxide growth [10].

SiGe oxidation rate enhancement has been explained by: (i) the
weaker Si–Ge bond [11], (ii) Ge catalytic role for oxidation reaction
[12], and (iii) changes in defect generation at the reacting interface
[12]. It was shown for Ge ion implanted samples that the Deal and
Grove model (DG model) for Si oxidation can still be applied with
the linear B/A constant modified to take into account enhanced oxi-
dation kinetics at the SiGe=SiO2 interface [9,10,13].

The DG model for Si thermal oxidation [26] assumes that the
oxidation occurs by diffusion of the oxidant to the SiO2=Si interface
where it reacts with Si. The oxidation rate is described by the par-
abolic equation:

x2
0 þ Ax0 ¼ Bðt þ sÞ; ð1Þ

where x0 is the oxide thickness, t is the oxidation time, A and B are
constants for a given set of oxidation conditions, and s ¼ x2

i
þAxi

B is the
shift in the time coordinate due to the presence of the initial oxide
layer, xi. Two different growth regimes are usually considered: a
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linear regime where t � A2
=4B that leads to the relation

x0 ¼ B
A ðt þ sÞ and a parabolic regime where t � A2=4B and x2

0 ¼ Bt
for the oxide thickness. In the DG model the growth rates in the lin-
ear and parabolic regimes of growth are controlled by interface
reaction and diffusion of the oxidant through the oxide layer,
respectively. As proposed by Deal and Grove, the linear constant
B/A is relevant to the processes at the SiO2=Si interface via the oxi-
dation reaction rate at the interface. The parabolic constant B refers
to the properties of the oxidant in the oxide layer via a dependence
on the diffusion coefficient. A new model for Si oxidation has been
recently suggested [27]. Despite using the same parabolic equation
as in the DG model (Eq. (1)), Watanabe et al. arrive at this result
from totally different assumptions. Namely, Watanabe et al. assume
that diffusivity is suppressed in the strained oxide region ð� 1 nmÞ
near the SiO2=Si interface. This assumption leaves Eq. (1) and the
parabolic B constant unmodified and does not treat the interface
reaction as a limiting stage.

So far, no attempt has been made to consider a possible influ-
ence of the defects in the SiGe layer on the oxidation rate. There-
fore, the aim of this work is to analyze published results
regarding only the dry SiGe oxidation from the DG model point
of view and explore the influence of point defects on the oxidation
rate of Ge ion-implanted Si samples. Ion implantation is believed to
produce a relatively high and well predicted initial concentration
of point defects in comparison with SiGe thin film deposition tech-
niques (e.g., MBE). Rutherford backscattering spectrometry (RBS)
in random and channeling geometry is used to characterize the
SiO2 thickness and the composition of the Si1�xGex layer to deter-
mine the oxidation kinetics and to monitor changes in the Ge dis-
tribution in the implanted layer.

We found that thermal oxidation kinetics of SiGe can be
approximately described by a simple Deal and Grove model equa-
tion x2

0 þ Ax0 ¼ Bðt þ sÞ. The initial high concentration of point de-
fects in the implanted SiGe layer increases the oxidation rate only
slightly. Thus, annealing of the implantation damage decreases the
oxide thickness by less than 10%. The latter result can be explained
by taking into account initial Ge and point defect distributions in
the implanted layer and including the assumption about partial
annealing of the implantation damage during the oxidation process
itself. We compare our results with earlier publications on the oxi-
dation rate in the SiGe system.
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Fig. 1. Silicon oxide thickness as a function of oxidation time for Si and SiGe
samples oxidized at 1273 K in dry O2. Thicknesses are measured from RBS spectra
assuming SiO2 stoichiometry.
2. Experiment

Czochralski (001) Si single crystals (n-doped, 1–15 X cm) were
implanted with Ge ions at an energy of 25 keV and to a fluence of
1� 1015 cm�2. The implantation was performed at room tempera-
ture with a sample tilted by 60� at 10�7 Torr.

The as-implanted samples were oxidized in dry O2 at 1273 K for
30, 60, 120 and 180 min and at 1173 and 1073 K for 60 min along
with pure reference Si samples (to ensure accurate comparison of
the oxidation effects) in a quartz-tube furnace using a quartz boat.
The furnace was pumped down to � 25 mTorr prior to annealing to
remove residual oxygen and water vapor traces, thereby prevent-
ing oxidation during the temperature ramp. To remove implanta-
tion damage, selected samples were preannealed in N2 or in
forming gas (4.96% H2 in N2) in a tube furnace for 30 min at
1273 K or in a Rapid Thermal Annealer (RTA) for 10 min at
1373 K in dry N2 atmosphere.

The RBS was performed for several spots on the sample to check
the uniformity of the oxide layer. Rotating random and channeling
incidence along the [100] crystallographic direction with a detec-
tor mounted at 170� were done using a 1.5 MeV 4Heþ ion beam. A
Bi-implanted amorphous silicon sample with a known total 209Bi
content of 4:81� 1015 atoms=cm2 located � 16 nm below the
surface was used to determine the detector solid angle and accu-
rately monitor the variation of Ge content. Backscattered ion en-
ergy distributions were simulated using SIMNRA software, v. 6.05
[28] and the information on the Ge dose, Ge segregation, diffusion,
crystal quality and oxide thickness were determined.
3. Results and discussion

All the RBS spectra measured for Ge-implanted samples contain
the main features widely discussed in the literature (see Section 1):
namely, Ge piles up at the SiGe=SiO2 interface and pure SiO2 is
formed. The kinetic curve for SiGe samples oxidized at 1273 K in
dry O2 are presented in Fig. 1 together with data obtained for pure
Si oxidized under the same conditions. We conclude that there is
no enhancement in the oxidation rate within the experimental
uncertainty, as one might expect from the experimental conditions
used in this work. In contrast, the oxidation enhancement in dry O2

of approximately 10–20 nm was reported in [4,14] for the samples
with the low Ge content. This may be simply due to the lateral non-
homogeneity of oxide thickness along the sample surface or due to
other experimental discrepancies (see further discussion below).
The last statement is difficult to verify since a discussion of exper-
iments where the oxide thickness is measured by different tech-
niques is beyond the scope of this work.

Oxide thicknesses obtained here were compared with published
results for SiGe dry oxidation only. The comparison curve is pre-
sented in Fig. 2. The data are plotted using normalized coordinates
[26]: X ¼ 4Bðt þ sÞ=A2 and Y ¼ 2x0=A in which Eq. (1) is simply
Y2 þ 2Y ¼ X. This approach allows one to account for both differ-
ences in oxidation temperature and enhancement in the oxidation
rate, but not for the differences in Ge concentrations between sets
of samples. Modified A and B constants have been taken directly
from [9] or calculated using activation energies as reported in
[13,26] and using the Arrhenius equation. For comparison, the
‘‘ideal’’ DG curve is also shown. Note that many references lack
some experimental details and/or values of measured oxide thick-
nesses: therefore they cannot be included in this analysis which
may explain the scarcity and dispersion of the data points.

Reasonable agreement between the data points and the ‘‘ideal’’
DG curve is achieved, where the residuals appear to be randomly
scattered around zero. The latter observation is a first indication
that the model describes the data well. But the results of a R-square
statistical test suggest that the DG model equation explains only



Fig. 2. Thermal oxidation of SiGe in dry O2. The solid line represents the DG model
[26]. Experimental and literature data were reduced using values of A and B
determined in [9]. Modified A constant has been used in the case of the reported
oxidation rate enhancement.

Table 1
Comparison of preannealed and as-implanted SiGe samples. Values of %Ge are given
with an uncertainty of 13%.

% of GeSi % of Ge loss SiO2 areal density

(1015 at/cm2)

SiGe as implanted 13 N/A 890
N2 anneal 87 –a 830
Forming gas anneal 86 0 840
RTA 49 0 830

a Corresponding number was not calculated due to the high background between
Si edge and Ge peak in RBS spectra.
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Fig. 3. Depth profile of Ge implanted in Si at 25 keV, 60� off normal. SRIM profiles
for implanted Ge and Si vacancies are shown for comparison. All curves are
normalized to 1 and a logarithmic scale is used for clarity.
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70% of the variation of the data (for a list of possible reasons see
below). On the another hand, for dry oxidation, low Ge concentra-
tion and high oxidation temperatures (see Section 1), pure Si and
SiGe have basically the same oxidation rate and one might simply
use the original A and B constants derived by Deal and Grove for
pure Si [26]. But in this case the residuals, which are systematically
positive for much of the data range indicate a poor fit for the data.
For further proof of the validity of the first approach, longer oxida-
tion times (e.g. 101–103 h) are needed.

In summary, our results show that the DG model equation cor-
rectly predicts the tendency of changing SiGe oxide thickness with
oxidation time. The observed discrepancies may be due to the
following:

� Ge concentrations varied within the range 1–40 at.% range in all
the samples tested in our work and reported previously. How-
ever, the A and B coefficients from [9], which are referenced to
a specific Ge concentration (i.e., 80 keV Geþ ion implantation to
a fluence of 2� 1016 cm�2), may differ for changed Ge content.
� Different experimental techniques may give unlike absolute

values of oxide thicknesses. Note that simulations of RBS spec-
tra allow one to determine the oxide thickness with an accuracy
better then 2–3 nm due to the well established scattering cross
sections at the energy used in this experiment and due to the
presence of three reference points used for the fitting: (i) shift
of the Ge peak position due to the segregation (see Section 1),
(ii) shift of the step-like feature on the Si edge due to the oxida-
tion, and (iii) oxygen peak area. The ideal fit describes all three
reference points and gives the total high accuracy of the mea-
surement. In addition, RBS avoids assumptions related to struc-
ture-dependent parameters, i.e. the refractive index of the
growing oxide as used in ellipsometry.
� Finally, there is an increase in the number of defects due to the

implantation damage in Ge-implanted samples. In this case, A
and B constants derived for ion implanted samples may not
be applicable to samples grown by CVD and MBE techniques.

Oxide thicknesses for the samples oxidized at 1273 K in the cur-
rent work are higher than those predicted by the DG model for the
same oxidation times; measurement errors cannot account for this
difference (uncertainties are smaller than the size of the symbols
used). In order to search for an influence of the implantation dam-
age occurring during sample preparation on the oxidation rate, we
preannealed some of the samples as described in Section 2 and
compared the oxide thicknesses with as-implanted samples. The
Ge loss during the anneal may be of concern, but in all cases it
was insignificant as indicated in Table 1.

Ion implanted samples usually contain an increased number of
point defects in comparison with MBE or CVD samples. In the case
of SiGe, these defects are correspondingly host atom vacancies
ðVSiÞ, knocked-on host atoms ðSiiÞ, implanted atom interstitials
ðGeiÞ, as well as Ge atoms on Si lattice sites ðGeSiÞ or some combi-
nation of these four sources. The implanted ion and vacancy distri-
butions were calculated using SRIM [29] and are presented in
Fig. 3. Though SRIM correctly predicts the Ge implanted ion profile
in Si, we expect that values for the number of vacancies and dis-
placed Si atoms may exceed the actual values by an order of mag-
nitude since SRIM does not model well the recombination of
defects during implantation and thermal diffusion effects (all the
simulations are done at 0 K) [29]. As indicated in Fig. 3, one should
expect the maximum vacancy concentration to occur at � 6 nm,
with a relatively large number of vacancies throughout the entire
implanted region (at the surface �80% of the maximum value).
The latter fact is confirmed by the presence of a thin amorphous
Si layer (�40 nm thick) with a Ge projected range of �10 nm, as
indicated by RBS.
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By comparing the Ge peaks in RBS spectra obtained for random
and channeling geometries, we were able to estimate the number
of substitutional Ge atoms in Si. As indicated by column 1 in Table
1, a long anneal in N2 or forming gas allows one to force Ge onto
the Si crystalline positions, thereby healing the implantation dam-
age. However, the oxide thicknesses measured for preannealed
samples differ from those for as implanted sample by less than
10% (�8 nm). This result cannot account for the difference with
the values predicted by the DG model (Fig. 2). In this model, as dis-
cussed in Section 1, the switch between the linear and parabolic re-
gime of growth happens for an oxidation time t � A2

=4B, which is
�10 min at 1273 K. The system exists in the linear regime of oxide
growth for at least 2–3 min with the linear constant A/B = 2.17 nm/
min. We thus suggest that the implantation damage may be an-
nealed during the thermal oxidation itself, before the region with
maximum vacancy and/or Ge concentration (Fig. 3) is reached. Fur-
ther investigation with an alternative oxidation mechanism (elec-
trochemical oxidation, liquid O2 oxidation) is needed, since simply
lowering the temperature will only increase the time needed for
the oxide/SiGe to move to the highly damaged region and therefore
will increase the annealing time itself. Our finding does not ex-
clude other possibilities, namely the use of the wrong A and B coef-
ficients, taken for now from the work of [9], or the wrong
assumption concerning the validity of the DG model for SiGe oxi-
dation for short times.

4. Conclusions

Ge-implanted Si samples were oxidized in dry O2 at 1273 K for
30–180 min and at 1073/1173 K for 60 min. Obtained oxide thick-
nesses were compared with published results in the framework of
the DG oxidation model for pure Si with modified constants for
SiGe. The R-square statistical test suggests that the DG model
equation explains only 70% of the variation of the data. Therefore
the hypothesis of a possible influence of the defects on the oxida-
tion rate was tested by preannealing the samples and it was shown
that oxide thicknesses measured for preannealed samples differ
from those for as-implanted samples by less than 10%. This result
cannot account for the differences in the oxide thicknesses ob-
tained in this work with values predicted by the DG model.
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