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Investigation of the Copper Gettering Mechanism of Oxide
Precipitates in Silicon
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One of the reasons why the principal gettering mechanism of copper at oxide precipitates is not yet clarified is that it was not possible
to identify the presence and measure the copper concentration in the vicinity of oxide precipitates. To overcome the problem we used
a 14.5 nm thick thermal oxide layer as a model system for an oxide precipitate to localize the place where the copper is collected. We
also analyzed a plate-like oxide precipitate by EDX and EELS and compared the results with the analysis carried out on the oxide
layer. It is demonstrated that both the interface between the oxide precipitate being SiO2 and the silicon matrix and the interface
between the thermal oxide and silicon consist of a 2–3 nm thick SiO layer. As the results of these experiments also show that copper
segregates at the SiO interface layer of the thermal oxide it is concluded that gettering of copper by oxide precipitates is based on
segregation of copper to the SiO interface layer.
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The precipitation of interstitial oxygen in silicon wafers is a re-
search issue of ongoing interest since decades because it impacts de-
vice manufacturing in several ways. Among others, oxide precipitates
are utilized for internal gettering of metallic impurities in the front
end and back end of electronic device manufacturing.1–3 Although the
effect of internal gettering is known since the eighties the mechanism
of gettering is still under dispute.

In this work, we focus on gettering of copper impurities. Copper
is one of the most significant and harmful metal contaminants to take
care of in electronic device processing. It is known to degrade the
device performance by causing junction leakage currents and early
breakdown of gate oxides.4,5 Copper is also known to increase the
light induced degradation of solar cells.6

Dislocations and stacking faults are well known as efficient getter-
ing sites for copper7 but according to Istratov et al. the oxide precip-
itates are rather weak gettering sites.8,9 However, it was established
that oxide precipitates without accompanying secondary defects can
getter copper impurities.10,11 Väinölä et al. showed that under high-
intensity illumination, oxide precipitates provided effective hetero-
geneous nucleation sites for copper.12 Sueoka demonstrated that the
getter efficiency of oxide precipitates depends on their size and den-
sity and he defined a critical size versus density ratio.13 Hölzl et al.
found that the total inner surface is important for the getter efficiency
and they defined a critical normalized inner surface for efficient get-
tering of copper.14 Kot et al. showed that Hölzl’s threshold shifts
to lower values if the oxide precipitates have generated secondary
defects.15 Moreover, they found that gettering of copper impurities
at dislocations is stronger in samples contaminated with high copper
concentration where further growth of copper silicide precipitates oc-
curs by a repeated nucleation process on climbing edge dislocations.
In case of low copper contamination, gettering at dislocations was
less important and oxide precipitates became the main getter sink for
copper.

Several mechanisms for copper gettering were proposed. The cop-
per atoms can be trapped inside of oxide precipitates, in the re-
gion of strained Si around precipitates,16 at the surface of the oxide
precipitates,14 or even Si interstitials emitted from oxide precipitates
could be possible getter sites for copper contaminations.17,18 Sueoka
et al. calculated the total energy change for Cu in strain free Si at-
tached to the various getter sites.19 They found for single Cu atoms
that from the energetic point of view trapping at the surface of ox-
ide precipitates or the interaction with emitted silicon interstitials are
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possible mechanisms for Cu gettering. Bai et al. demonstrated that
copper is gettered to the Si/SiO2 interface during thermal growth of a
silicon oxide layer.20

Strained Si would also be a possible getter site but only if the sili-
con lattice is under tensile strain.16 The molecular volume of the oxide
precipitate is larger than the molecular volume of Si. Therefore, the Si
lattice surrounding the precipitate is compressively strained. However,
it was found for plate-like precipitates that the strain along the direc-
tion parallel to the precipitate is tensile in contrast to the strain along
the direction normal to plate-like precipitate which is compressive.21

This means that at the edges of plate-like oxide precipitates the sili-
con lattice is under tensile strain. Thus, plate-like precipitates could
provide getter sites for metal impurities.

In summary, it can be said that the principal getter mechanism at
oxide precipitates is not yet clarified. One of the main reasons is that
it is not possible to measure the copper concentration in the vicinity of
oxide precipitates because the sensitivity of techniques with suitable
spatial resolution, like EDX, is much too low. Therefore, the objective
of this work was to use a 14.5 nm thick oxide layer as a model system
on which to detect by time of flight secondary ion mass spectrometry
(ToF-SIMS) where copper from a suitably generated supersaturated
solution is collected. We also analyzed a plate-like oxide precipitate
by energy dispersive X-ray (EDX) investigation and electron energy
loss spectrometry (EELS) and compared the results with a similar
analysis of the oxide layer. These investigations enabled us to draw
conclusions about the nature of the gettering sink of copper at oxide
precipitates.

Experimental

For the experiments, samples of 1.3 cm × 1.0 cm size were cut
from a Czochralski silicon wafer with an oxide layer of 14.5 nm
thickness. The oxide layer was obtained by dry oxidation at 900◦C
with HCl added. The samples were contaminated afterwards with
copper by letting a drop of an aqueous solution containing 1000 ppm
of copper dry on the surface. In this way, we deposited copper in the
range of 1015 cm−2 on the samples. During a drive-in anneal at 500◦C
for 30 min in nitrogen the copper diffused into the silicon samples.
Then, the depth profile of the copper distribution was analyzed after
the drive-in anneal and again after 70 days of storage by ToF-SIMS
using oxygen (500 eV) and cesium (1 keV) sputter sources on an area
of 300 μm × 300 μm. The analyzing source was a bismuth source
(25 keV) analyzing an area of 100 μm × 100 μm.

Interface details of the thermal oxide were also carefully studied
to infer the mechanism of copper gettering at a thermal oxide layer,
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Figure 1. Depth profile of copper and oxygen in an oxidized silicon wafer
intentionally contaminated with copper analyzed by ToF-SIMS after drive-in
at 500◦C using an oxygen sputter source. The copper profile was measured
again after 70 days. The counts were normalized with respect to the counts of
30Si.

in the preliminary hypothesis that the interface of our model system
is structurally and chemically similar to that of an oxygen precipitate.

To confirm the hypothesis the interface properties of oxide pre-
cipitates were investigated in a sample obtained from a Czochralski
silicon wafer after a thermal treatment consisting of a rapid thermal
anneal (RTA) at 1250◦C for 30 s in argon atmosphere containing 1000
ppm of oxygen followed by a two-step furnace anneal at 800◦C for
8 h and 1000◦C for 16 h in nitrogen. A scanning transmission elec-
tron microscope (STEM) FEI TECNAI Osiris equipped with tools
for EDX analysis and EELS was used to analyze the interface and
composition of a plate-like precipitate located at a very thin place of
the foil prepared from the sample by ion milling. The results were
compared with a similar investigation of the samples of the oxidized
silicon wafer.

Results

Investigation of a thermal oxide layer.— Figure 1 shows the depth
profile of copper and oxygen in the oxidized silicon wafer analyzed
by ToF-SIMS after drive-in at 500◦C using the oxygen sputter source
which has a high sensitivity for copper profiles. It can be seen that the
copper concentration is increased in the part of the oxide layer which
is close to the silicon substrate. The copper profile remained nearly
the same after 70 days of storage.

In order to investigate the oxide layer with a higher sensitivity the
cesium sputter source was used and the sample stored for 70 days
was analyzed again by ToF-SIMS. The depth profiles of different
SixOy ions can be found in Fig. 2. Sputtering of copper is easier
in the positive ion mode that means if an oxygen sputter source is
used. Therefore, the copper profiles measured with the oxygen sputter
source are also shown in Fig. 2. Comparing the depth profiles of the
different ions analyzed it becomes clear that in the same region where
the copper concentration is enhanced also the SixOy species with a
high x/y ratio are enhanced while the species with the lowest x/y ratio
are enhanced in the central region of the oxide layer. This indicates
that the composition of the oxide layer close to the silicon substrate
is that of a suboxide. These results are in agreement with the results
of Fukuda et al. who used EELS to analyze the interface between
the silicon substrate and a 5 nm oxide layer.22 We have drawn two
interface lines in Fig. 2. Interface 1 is located at the depth where Si−

starts to decrease and Interface 2 is located at the depth where SiO2
−

starts to decrease. The region between the two interfaces is 2 nm wide.
If we look at the peaks in the Cu+ depth profiles, the layer width of
enhanced copper concentration is rather 3 nm.

We investigated the layer with enhanced copper concentration by
STEM in more detail and searched for copper silicide precipitates but

Figure 2. Depth profile of copper, silicon, and oxygen containing ions in an
oxidized silicon wafer intentionally contaminated with copper analyzed by
ToF-SIMS after drive-in at 500◦C followed by 70 days of storage using a
cesium sputter source. The graph also contains the depth profiles of copper
measured by ToF-SIMS using an oxygen sputter source after drive-in at 500◦C
and after 70 days of storage. The counts were normalized with respect to the
counts of 30Si.

no precipitates were found. This means that the enriched copper is
dissolved in the interface layer.

In order to get more detailed information about the region where
the copper concentration is enhanced we also used EELS and took
several EELS spectra in the interface region between the oxide and
silicon substrate. We investigated the plasmon peaks in the low loss
energy range. These peaks exhibit characteristic shapes and energy
losses for Si, SiO, and SiO2.23 The plasmon peak of SiO2 has a
maximum at about 23 eV and the maximum of the Si plasmon peak
can be found at about 16.7 eV. By EELS investigation of pure SiO,
we found that the maximum of the plasmon peak of SiO is located at
about 19 eV.

Figure 3 shows the EELS spectra of the plasmon loss taken every
0.4 nm along a line across the interface between the 14.5 nm thick

Figure 3. EELS spectra of the plasmon loss recorded every 0.4 nm along a
line across the interface between a 14.5 nm thick thermal oxide and the silicon
substrate.
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Figure 4. Deconvoluted (4) EELS spectra taken at positions −0.4 nm in the
silicon substrate (top graph), 2.4 nm (middle graph), and 5.6 nm in the SiO2
layer (bottom graph). The plasmon peaks of Si (1), SiO (2), and SiO2 (3) were
fitted to the spectrum. Before doing this, the zero loss peak of each spectrum
was used to extract the single scattering distribution by Fourier logarithm
deconvolution.

thermal oxide and the silicon substrate. The EELS spectra shown
in Fig. 3 belong to the positions where changes in the spectra were
observed. Before and after these positions the spectra did not change
anymore. Position 0 was defined as the point on the interface where the

Figure 5. Ratio of the plasmon intensity of Si, SiO, and SiO2 plotted as a
function of the position on a line across the interface between oxide layer and
silicon substrate. Position 0 is defined as the point of the interface where the
contrast changes from black to white in the STEM HAADF image.

contrast changes from white to black in the STEM high-angle annular
dark-field (HAADF) image. Comparing the EELS spectra in Fig. 3 it
can be seen that the maximum shifts to higher energy with increasing
distance of the position. Because we know the plasmon peaks of Si,
SiO, and SiO2, we can deconvolute the spectra in order to determine
the ratio between the plasmon intensities of the three components.
Before doing this, the zero loss peak of each spectrum was extracted
and used to calculate the single scattering distribution by Fourier
logarithm deconvolution.24,25 Examples of the deconvoluted spectra
at characteristic positions can be found in Fig. 4. The spectrum in Fig. 4
top was taken on the silicon substrate and the main contribution comes
from the silicon plasmons. In the spectrum of the SiO2 layer shown in
Fig. 4 bottom, the main contribution comes from the SiO2 plasmons.
At an intermediate position (Fig. 4 middle) the SiO plasmons are
dominating. In the region of both the silicon substrate and of the SiO2

layer also a small amount of SiO was found. This is due to a very
thin native oxide layer on the thin foil investigated by STEM which
contributes to the EELS spectra.

The ratio of the plasmon intensity of the different components
plotted for the different positions can be found in Fig. 5. It is clearly
seen that between the silicon substrate and the SiO2 layer an interface
layer exists which consists of SiO. The thickness of this region lies in
the range of 2–3 nm.

Investigation of an oxide precipitate.— The interface of a
plate-like oxide precipitate is shown in the bright field STEM image
in Fig. 6 left. The EDX images of oxygen and silicon in Fig. 6
middle and Fig. 6 right, respectively, confirm that it is an oxide
precipitate. The main plane of the platelet is located perpendicular to
the thin foil investigated by STEM. The side length of the precipitate
amounts 208 nm. From the EELS spectra described later we know
that it completely penetrates the sample foil which has a thickness
of about 30 nm at this place. The foil thickness was measured by
the EELS log-ratio technique26 which is integrated in the software
“DigitalMicrograph” from Gatan.

The HAADF image in Fig. 7 shows the precipitate and arrows mark
the line along which EELS spectra were recorded every 0.57 nm. In
Fig. 8, the EELS spectra can be found. Before and after the positions
of the spectra shown here the spectra did not change anymore. The
spectra look very similar to the spectra of the oxide layer in Fig. 3.
We can also recognize a similar shift of the maximum of the plasmon
peaks to higher energies with increasing distance of the position. Here,
the position 0 was also defined as the point on the interface where the
contrast changes from white to black in the STEM HAADF image.
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Figure 6. Bright field STEM image of a plate-like oxide precipitate (left) and the corresponding EDX images of oxygen (center) and silicon (right).

Figure 7. HAADF image of a plate-like oxide precipitate indicating the line
along which EELS spectra were recorded.

Figure 8. EELS spectra of the plasmon loss recorded every 0.57 nm along
a line across the interface between a plate-like oxide precipitate and the sur-
rounding silicon matrix.

We can confirm here also our earlier published result that the oxide
precipitate itself consists of SiO2

27 because the EELS spectrum at
position 3.42 nm located in the precipitate is a typical EELS spectrum
of SiO2.23

We deconvoluted the EELS spectra in the same way as in the case
of the spectra of the oxide layer. Examples of the deconvoluted spectra
at characteristic positions can be seen in Fig. 9. The spectrum of the
silicon matrix in Fig. 9 top exhibits a dominating Si plasmon peak
and in the spectrum of the oxide precipitate in Fig. 9 bottom nearly
only SiO2 plasmons were detected. At the intermediate position in
Fig. 9 middle, a large SiO plasmon peak was found similar to the
intermediate position of the oxide layer. The resulting ratios of the
plasmon intensities for the analyzed positions can be found in Fig. 10.
The results are very similar to the results of the oxide layer. We also
found a SiO interface layer with a thickness in the range of 2–3 nm.

An investigation of the copper distribution at oxide precipitates
is not possible because ToF-SIMS is not able to analyze such small
regions, although the detection limit of this method would be low
enough. EDX would be able to analyze the composition in such small
regions however the detection limit is several orders of magnitude
higher than the copper concentration.

Discussion

Yamazaki et al. also analyzed a Si/SiO2 interface and they found
that it is constructed from three components Si, SiO2, and an interface
plasmon state.23 Their so-called interface plasmon has the highest in-
tensity at the interface between Si and SiO2. The shape and location
of this plasmon peak corresponds very well to our SiO plasmon peak.
The existence of a SiO interface layer at the interface between an 140
nm thick SiO2 layer and a (111) silicon substrate was also demon-
strated by Moreau et al.28 Couillard studied gate stacks with 2 nm
and 10 nm thick oxide layers by detailed EELS investigation.29 In
their spectra a similar shift of the plasmon peaks as in our spectra was
observed. In summary, our results are well in agreement with other
works and the existence of an SiO interface layer between an SiO2

layer and a silicon substrate seems to be well established.
In case of oxide precipitates the stoichiometry is under dispute

since decades. Based on the analysis of the growth kinetics, Vanhelle-
mont proposed that their composition is rather that of SiO.30 This
was confirmed by FTIR studies by DeGryse et al.31 and TEM inves-
tigations of Nicolai et al.32 However, Borghesi et al. determined the
composition of plate-like precipitates by FTIR to be SiO1.8.33 Meduňa
et al. also found the x of the SiOx precipitates in the range between 1.8
and 2 by FTIR.34 Kot et al. found that the absorption bands attributed
to plate-like and octahedral precipitates can be both simulated by the
dielectric function of amorphous SiO2.27 Our present investigation
has shown that the plate-like precipitate investigated consists of SiO2

thus confirming the results of the latter works.
The interface between the silicon matrix and the oxide precipitate

was investigated for the first time in this work. It was shown that
it is similar to the interface between a thermal oxide layer and the
silicon substrate and that it consists of a 2–3 nm thick SiO layer.
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Figure 9. Deconvoluted (4) EELS spectra taken at positions −2.28 nm in
the silicon matrix (top graph), 1.14 nm (middle graph), and 5.13 nm in the
oxide precipitate (bottom graph). The plasmon peaks of Si (1), SiO (2), and
SiO2 (3) were fitted to the spectrum. Before doing this, the zero loss peak of
each spectrum was used to extract the single scattering distribution by Fourier
logarithm deconvolution.

We demonstrated that copper segregates to this SiO interface layer
in case of the thermal oxide layer. Based on these results it seems
reasonable to conclude that gettering of copper by oxide precipitates
is based on the same mechanism, i.e. what means that gettering by
oxide precipitates is by a segregation type of gettering.

Figure 10. Ratio of the plasmon intensity of Si, SiO, and SiO2 plotted as
a function of the position on a line across the interface between an oxide
precipitate and the surrounding silicon matrix. Position 0 is defined as the
point of the interface where the contrast changes from black to white in the
STEM HAADF image.

Isomae et al. found that the concentration of copper which is get-
tered is increasing with increasing copper contamination35 which is
in agreement with segregation type gettering. In contrast to relaxation
type gettering which is based on copper silicide precipitation and
thus requires supersaturated copper, segregation type gettering would
work at any copper concentration.36 In another work, we demonstrated
that oxide precipitates can getter copper, which was driven-in at only
300◦C, very efficiently.37 It is very unlikely that this is based on nu-
cleation of copper silicide precipitates because of the low temperature
and the low supersaturation. Segregation effects become more pro-
nounced with decreasing temperature and segregation gettering would
still work. At 300◦C, the diffusivity of copper is still high enough to
reach the gettering sinks.38

Conclusions

One of the reasons why the principal gettering mechanism of cop-
per at oxide precipitates was not yet clarified depends on the sensitivity
of techniques with suitable spatial resolution, like EDX, that is much
too low to allow the measurement of the copper concentration in the
vicinity of oxide precipitates. In addition, the nature of the interface
between oxygen precipitates and the silicon matrix was an experimen-
tal unknown. Therefore, we investigated both the interface between
a plate-like oxide precipitate consisting of SiO2 and the silicon ma-
trix and the interface between a 14.5 nm thick thermal oxide and the
silicon substrate. It was demonstrated that in both cases the interface
consists of a 2–3 nm thick SiO layer.

Copper contamination experiments have shown that copper seg-
regates to the SiO interface layer of the thermal oxide. From this
behavior and the similar nature of the interface it is concluded that
gettering of copper by oxide precipitates is based on segregation of
copper to the SiO interface layer.
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