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Residual order in the thermal oxide of a fully strained SiGe alloy on Si
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Residual order in the thermal oxide of a fully strained SiGe alloy on a Si(001) surface was investigated by
synchrotron x-ray diffraction. Ordered SiO, was present in the oxide layer, and the crystalline order was
similar to that of Si. The dependence of the order on oxidation time and temperature was also obtained. On the
basis of these results, the oxidation reaction at the interface and the differences in rate enhancement between

dry and wet oxidation conditions are discussed.
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I. INTRODUCTION

The oxidation of SiGe alloys has been investigated for
both fundamental and technological reasons, as has Si oxi-
dation. It has been expected as the fabrication process for the
gate oxide of SiGe channel metal-oxide field-effect transis-
tors (MOSFETs), which have higher carrier mobility than Si
channel MOSFETs.! In recent years, it has also been em-
ployed in the fabrication of SiGe-on-insulator and Ge-on-
insulator substrates.>? These substrates have enabled high-
speed MOSFETs with channel materials of strained Si, SiGe,
and Ge.*

However, the oxidation mechanism of SiGe alloy is still
open to question,’ and clarification of the mechanism is more
difficult than with Si due to the added complexity induced by
lattice strain and diffusion of Ge atoms. The primary charac-
teristic of SiGe oxidation is the ejection of Ge atoms from
the interface between the surface oxide and the SiGe layer,
without their incorporation into the oxide layer. Ge atoms
accumulate at the SiO,/SiGe interface, and diffuse into the
SiGe layer.! In strained SiGe layers epitaxially grown on Si
substrates, the effects of strain relaxation and defect genera-
tion during oxidation must be taken into account.

The oxidation rate of SiGe alloy is significantly higher
than that of Si under wet oxidation conditions, but is almost
equal or slightly higher under dry oxidation.!”~7 This en-
hancement of wet oxidation increases with increasing initial
Ge concentration in the alloy. This could be interpreted as an
effect of the Si-Ge bond weakness, compared to the Si-Si
bond. However, bond weakness does not explain the differ-
ence between wet and dry oxidation, because it should result
in enhancement of the rate under both conditions. A point
defect suppression effect on SiGe oxidation has also been
proposed,' but this was not widely accepted.

It is important to investigate the atomic structure of the
thermally oxidized layer, because doing so allows us to un-
derstand what occurs at the oxidized interface. In a thermally
oxidized Si layer, the Si atoms in the oxide layer maintain
their order, which originates from the diamond structure of
the parent Si crystal, although the structure appears to be
amorphous at first glance.®? This provides a clearer picture
of the oxidation process and explains the nearly perfect prop-
erties obtained by electric measurements of the SiO,/Si in-
terface.

In the present study, the residual order in the thermal ox-
ide layer on a fully strained SiGe alloy was investigated by
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synchrotron x-ray diffraction. The dependence of this order
on the oxidation time and temperature is demonstrated. We
also obtained information regarding the strain relaxation pro-
cess of the SiGe layer and the diffusion of Ge atoms. On the
basis of these results, the oxidation reaction at the interface
and the mechanism of SiGe oxidation rate enhancement are
discussed.

II. EXPERIMENT

Si;_,Ge, (x=0.13) layers were epitaxially grown on
Si(001) substrates by chemical vapor deposition. The SiGe
layers were 85 nm thick, and fully strained, so that the lateral
lattice spacing of the SiGe layers was exactly the same as
that of the Si substrate. These samples were oxidized in dry
O, at temperatures from 850 to 1000 °C.

Synchrotron x-ray diffraction experiments were per-
formed on beam line 4C of the Photon Factory, KEK,
Tsukuba, Japan, employing a four-circle diffractometer with
an Si(111) crystal analyzer. The wavelength was chosen to be
0.154 nm. The intensity distributions along the crystal trun-
cation rod (CTR) scattering elongated from the 111 Bragg
point were measured under the symmetric condition, in
which the incident and outgoing angles were equal. Diffrac-
tion peaks from the ordered SiO, and the fully strained SiGe
layer were observed in the CTR scattering. Therefore, we
obtained information regarding the crystalline order of the
Si0, and SiGe layers simultaneously.

We also obtained reciprocal space maps around the 113
Bragg reflections to evaluate the crystalline order of the SiGe
layers. The measurements were carried out by using a four-
circle diffractometer installed on a 18-kW rotating anode
x-ray generator. X rays of Cu Kea; radiation were selected by
a multilayered mirror and a Ge(220) channel-cut monochro-
mator. A Ge(220) channel-cut analyzer was also employed in
front of the detector. The maps were obtained under the
asymmetric condition of small incidence angle.

III. RESULTS AND DISCUSSION

Figure 1 shows the intensity distributions along the CTR
scatterings elongated from the 111 Bragg points for the
Si;_,Ge,/Si (x=0.13) and Si substrates. Figure 1(b) shows
an enlargement around the 111 Bragg point. The diffraction
peaks of the SiGe layer were near those of the Si substrate,
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FIG. 1. (a) Intensity distributions of CTR scatterings elongated
from the 111 Bragg point of Si;_,Ge,/Si (x=0.13) and Si substrates
oxidized at 850 °C for 0 to 3 h. (b) Enlargement around the 111
Bragg point of (a).

and their position did not change during oxidation, whereas
the period of the intensity oscillation became larger. This
indicates that the SiGe layer became thinner as oxidation
progressed, but it maintained the original lattice strain.

Another intensity oscillation was recognized in the distri-
bution from the oxidized SiGe/Si sample, for which the pe-
riod was approximately AL=0.18 after 1 h of oxidation [see
Fig. 1(a)]. The period of this oscillation became smaller with
increasing oxidation time, and the peak centers of the pat-
terns were located around the 111 Bragg point of the sub-
strate. Therefore, this oscillation was a thickness fringe in the
diffraction pattern from the interfacial SiGe layer, with
higher Ge fraction, located at the SiO,/SiGe interface. The
thickness of this layer was estimated from the period of the
oscillation, and the Ge fraction was obtained by spectro-
scopic ellipsometer. The thickness gradually increased with
increasing oxidation time, and the Ge fraction was approxi-
mately 40%, as shown in Fig. 2.

The thicknesses of the SiO, and SiGe layers were also
estimated from the periods of their oscillation patterns. Table
I shows the relative amounts of Si and Ge atoms during the
oxidation, obtained based on the thickness, Ge fraction, and
strain of the samples. Since the oxide surface usually lacked
crystalline order, the oxide layer was actually slightly thicker
than our estimation.!? It is possible that some Ge atoms
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FIG. 2. (Color online) Thickness of surface oxide, interfacial
layer, SiGe layers, and Ge fraction of the interfacial layer during
oxidation.

evaporated from the SiGe surface during the initial stage of
thermal oxidation. The determined values are reasonable to
within the accuracy of the measurements, and demonstrate
the validity of the estimations.

Diffraction peaks showing the residual order in the oxide
layers were clearly observed around L=0.45 for the oxidized
SiGe samples. The intensity and the position of the peaks for
the sample oxidized for 1 h were nearly identical to those of
the Si0,/Si sample. This indicates that the residual order in
the oxide layers of both samples had the same crystalline
order. The intensity of the diffraction peak gradually in-
creased and the period of oscillation decreased with increas-
ing oxidation time. This indicates that ordered SiO, was
formed at the interface for further oxidation.

The residual order in the thermal oxide layer of the Si
substrates originates from the diamond structure of the par-
ent Si crystal. During the Si oxidation process, oxygen atoms
are inserted between the Si atoms and the bond configuration
is relaxed to release the resulting strain. However, the funda-
mental Si-O network configuration is maintained, indicating
that the structural rearrangement caused by the bond break-
ing and rebonding is not dominant. In our previous studies
we showed that the residual order in the Si oxide layer is an
unstable transition state.®!" Thermal annealing above 950 °C
for 1 h causes degradation of the residual order, transforming
it into an amorphous structure. We also reported degradation
by diffusion of atomic oxygen through the oxide layer.'?
These results indicate that the ordered SiO, did not crystal-
lize from the amorphous structure during the oxidation pro-
cess. Instead, the ordered SiO, was in the transition state
from the diamond Si structure to the amorphous oxide.

In SiGe oxidation, the SiGe substrate has the same atomic
configuration as the diamond structure of Si. However, the
Ge atoms are ejected from the oxide interface into the sub-
strate. Therefore, limited ordering is expected in the SiGe

TABLE I. Relative amounts of Si and Ge atoms in the samples
during oxidation.

Oxidation time (h) 0 1 2 3
Si 1 0.93 0.89 0.89
Ge 1 0.92 0.93 0.98
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FIG. 3. (Color online) Schematic drawing of diffusion of Ge
atoms at the interface into the substrate during oxidation.

oxide layer. However, the crystalline order is the same as that
of the Si oxide layer, as shown in Fig. 1. This indicates that
the Ge atoms at the oxide interface switched positions with
adjacent Si atoms before the oxygen atoms were inserted into
the back bond of Ge atoms (Fig. 3). The replacement of Ge
atoms incorporated in the oxide by Si atoms would degrade
the order, because the ordered SiO, was in the transition
state. The Ge fraction at the interface after 2 h oxidation was
approximately 40%, while the ordered SiO, formed continu-
ously. This indicates that the replacement of Ge atoms by Si
atoms below the interface occurred, even when the Ge frac-
tion was 40%.

Figure 4 shows the dependence of the crystalline order of
SiGe and SiO, layers on the oxidation temperature. The dif-
fraction peak of the SiGe layer became broad, and the oscil-
lation pattern disappeared after oxidation at 1000 °C. The
angular width perpendicular to the CTR scattering also
broadened (Fig. 5). These results indicate that the SiGe layer
degraded during high-temperature oxidation, which en-
hanced the diffusion of atoms and the strain relaxation.

Correspondingly, the diffraction peak of the ordered SiO,
broadened, and the oscillation pattern disappeared after high-
temperature oxidation. This degradation was not due to ther-
mal effects, but was mainly caused by degradation of the
SiGe layer, because the diffraction peak of the ordered SiO,
on the Si substrate oxidized at 950 °C had a clear oscillation
pattern in our previous studies.!! The crystalline order of the
Si0, depends on that of the SiGe layer, since it maintains the
residual order of the parent crystal. However, it should be
noted that the residual order remains in the oxide layer, even
after high-temperature oxidation.

Recently, a new linear-parabolic rate equation for the ther-
mal oxidation of Si in dry O, was proposed by Watanabe et
al.’3 In the Deal-Grove model,'* the oxidation rate is limited
by the interfacial oxidation reaction at the initial stage of
oxidation. Therefore, the oxide thickness increases linearly
with time. At longer oxidation times, the rate is limited by
the diffusion of O, through the thick oxide layer. In the
model proposed by Watanabe et al., the oxidation rate is not
limited by the oxidation reaction, but by the diffusion of O,
through a strained oxide region near the SiO,/Si interface
over a short oxidation time. No rate-limiting step due to in-
terfacial reaction was included in their model based on first-
principles calculations; the activation barrier for the interfa-
cial oxidation reaction is negligibly small.'>'® The interface
reaction by oxidizing species of H,O molecules limits the
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FIG. 4. (a) Intensity distributions of CTR scatterings elongated
from the 111 Bragg point of Si;_,Ge,/Si (x=0.13) and Si substrates
oxidized for 1 h at 850 to 1000 °C. (b) Enlargement around the 111
Bragg point of (a).

wet oxidation rate, according to the Deal-Grove model.

Based on this model, the difference in the rate enhance-
ment between dry and wet oxidation can be easily explained.
The results of the present study showed that the atomic struc-
ture of the thermal oxide on SiGe alloy and on Si substrates
were nearly identical. This indicates similar oxidation rates,
because of equivalent diffusivity of O, through strained SiO,
near the interface. However, for SiGe alloy, the enhancement
of the oxidation rate in wet oxidation is due to the weak
bonding between Si and Ge.

There is an inconsistency with respect to the dry oxidation
rate of SiGe alloy in the previous reports. LeGoues et al.
showed that the oxidation rate of SiGe alloy was the same as
that of Si® while other reports showed a slight enhancement
of the SiGe oxidation rate.!” We speculate that this inconsis-
tency appeared because the crystalline order of the SiGe
layer was not monitored, and this order depends upon the
epitaxial growth conditions, oxidation temperature, and Ge
fraction. The oxidation rate thus depends upon the crystalline
order of the SiGe layer, even if the oxidation conditions are
exactly the same. This is because the rate is limited by dif-
fusion through the interfacial SiO,, which depends upon the
crystalline order of the SiGe layer. In our results the oxida-
tion rate of the SiGe layer was slightly higher than that of Si
during the oxidation at 850 °C for 1 h. We considered that
this was due to slight degradation of the SiGe layer. Figure 6
shows the reciprocal space maps around the 113 reflections
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FIG. 5. (Color online) Intensity profiles perpendicular to the
CTR scatterings of the Si;_,Ge,/Si (x=0.13) samples. (a) and (b)
show the profiles at the SiGe and the ordered SiO, peaks, respec-
tively. The intensities are normalized at the peak positions.

of the as-grown sample and the sample oxidized at 850 °C
for 1 h. We can see the broad and very weak tail around the
SiGe Bragg reflection of the oxidized sample, indicating the
slight degradation of the SiGe layer.

In conclusion, the diffraction peak from the residual order
in the thermal oxide of SiGe/Si was observed by synchrotron
x-ray diffraction. The residual order had the same crystalline
order as the Si. This indicates that the Ge atoms at the oxide
interface switched positions with the nearest Si atoms before
the oxygen atoms were inserted into the back bond of Ge
atoms. The difference in the rate enhancement between dry
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FIG. 6. (Color online) Reciprocal space maps around the 113
Bragg reflections. (a) and (b) show the maps of the as-grown
sample and the sample oxidized at 850 °C for 1 h, respectively. The
contour levels are 0.5, 1.0, 5.0, 50.0, 100.0, and 1000.0 counts/sec.

and wet oxidation can be explained based on Watanabe’s
rate-limiting model.
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