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High-dose carbon-ion-implanted Si samples have been analyzed by infrared spectroscopy, Raman
scattering, and x-ray photoelectron spectroscopy (XPS) correlated with transmission electron
microscopy. Samples were implanted at room temperature and 500 °C .with doses between 10'7 and
10'® C*/cm®. Some of the samples were implanted at room temperature with the surface covered by
a capping oxide layer. Implanting at room temperature leads to the formation of a surface
carbon-rich amorphous layer, in addition to the buried implanted layer. The dependence of this layer
on the capping oxide suggests this layer to be determined by carbon migration toward the surface,
rather than surface contamination. Implanting at 500 °C, no carbon-rich surface layer is observed
and the SiC buried layer is formed by crystalline 8-SiC precipitates aligned with the Si matrix. The
concentration of SiC in this region as measured by XPS is higher than for the room-temperature

implantation. © 1995 American Institute of Physics.

I. INTRODUCTION

High-dose ion implantation has been extensively used
for the synthesis of buried compound layers. In Si technol-
ogy, O and N are successfully implanted to form silicon-on-
insulator (SOI) structures, and different metals have been
implanted to form metallic or semiconductor silicides. In this
framework, the implantation of C in Si to form SiC layers is
receiving strong interest, due to the increasing interesting in

this material for UV sensor and high-temperature electronic

devices.!

Different authors have reported the synthesis of SiC by
high-dose ion implantation and anneal processes.>> Accord-
ing to these works, implanting at room temperature leads to
the formation of amorphous SiC and an annealing at tem-
peratures of 850-900 °C is needed to crystallize the SiC.
Moreover, implanting at high temperatures allows the direct
synthesis of crystalline 8-SiC. For implantation temperatures
higher than 850 °C, high-crystalline-quality B-SiC is ob-
tained, with SiC grains in epitaxial relationship with the Si
matrix.>’ :

In this work, the spectroscopic characterization of high-
dose carbon-ion-implanted silicon samples has been per-
formed for different implantation and annealing conditions.
The aim of the work is to deepen the knowledge of the
phases formed by high-dose ion implantation, as well as their
dependence on the implantation conditions and annealing
treatments. This knowledge is critical for the optimization of
the technological parameters to achieve the synthesis of
high-quality single-crystal SiC layers in Si. According to pre-
vious works, conditions that have been considered are the
implantation dose and temperature, as well as the presence of
a capping SiO, layer on the sample surface during
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implantation.>~® The presence of this layer has been pro-
posed to reduce contamination and channeling effects, as
well as to protect the surface from sputtering. Moreover, the
analysis of SOI structures formed by high-dose oxygen ion
implantation has shown a strong dependence of the structure
and density of defects of the samples on the presence of a
capping layer during the implantation process.’

The analysis of the implanted and annealed samples has
been performed by Fourier transtorm infrared spectroscopy
(FTIR), Raman scattering, and x-ray photoelectron spectros-
copy (XPS), in correlation with planar-view and cross-
section transmission electron microscopy (TEM).

Il. EXPERIMENTAL DETAILS

(001) B-doped device-grade Czochralski Si wafers
(16-24 Q) cm) were implanted at room temperature and
500 °C with different doses and energies, as follows.

(a) Implantations performed with the sample at room tem-
perature: The implantation energy was 150 keV, and
implanted doses were 10" and 10'® C*/cm®. Before
implantation, half of the wafers were covered with a 40
nm SiO, capping layer. These samples are labeled RT.

(b) Implantations performed with the sample at 500 °C:
The implantation energy was 300 keV, and the im-
planted doses were 10'7 and 5%10!7 C*/cm?. These
samples are labeled HT.

Implantations were performed at 7° to minimize chan-
neling effects. In these conditions, the projected ranges and
straggles of the implanted ions are 386 and 81 nm at 150 keV
and 677 and 106 nm at 300 keV, respectively, as calculated
with the Monte Carlo simulation code TRIM90.” The use of
these two energies for the implantations performed at differ- -
ent temperatures was related to the characteristics of the
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implanter machines: In each case, the energy was determined
by the value for which an optimum implantation current is
obtained. For the RT implantations, an implanter machine
with a large beam area was used, which allowed implantation
with a beam current density low enough to avoid self-
heating, while keeping a reasonable implantation time. For
HT implantations, a machine with heating capabilities was
required.

Samples from the wafers were annealed at different tem-

. peratures (up to 1150 °C) in a conventional furnace during
10 h in nitrogen ambient. Before annealing, the capping or
native surface oxide layer was removed in HF and a PECVD
Si0, layer (1 wm thick) was deposited.

FTIR transmission measurements were performed with a
BOMEM DA3 spectrometer. The spectra were measured in
vacuum at room temperature, using normal incidence and
with a spectral resolution of 1 cm™!. Absorption spectra from
the implanted samples were extracted by using the reference
spectra from wafers that were not implanted nor annealed,
with the same oxide capping layer when necessary. Raman
scattering measurements were done in backscattering geom-
etry with a Jobin—Yvon T64000 spectrometer coupled with
an Olympus metallographic microscope. To analyze the dif-
ferent Si-Si-, Si-C-, and C-C-related modes, the spectra were
measured in the broad spectral region between 100 and 1700
em™. Excitation was provided by an Ar* laser operating at a
wavelength of 514 nm. For this excitation wavelength, the
penetration depth of scattered light in single-crystal Si is
estimated to be of about 0.8 um; however, for highly defec-
tive material there is a significant reduction of this penetra-
tion depth, due to the increase in light absorption. Moreover,
the excitation power has been kept below 0.3 kW/cm? to
avoid thermal effects in the Raman spectra. All the spectra
are compared with those measured under the same condi-
tions from a nonprocessed Si wafer. _

XPS measurements were carried out with a Perkin—
Elmer PHI 5500 spectrometer with AlKa radiation. To in-
vestigate the distribution of the different phases formed in
the implanted samples, XPS measurements were performed
after sputtering the samples to different thicknesses with an
Ar*-ion beam at 3 keV. For the measuring conditions used,
the full width at half-maximum (FWHM) of the Ag3ds,,
line was of 1 eV. Finally, samples from the different wafers
were analyzed by planar-view and cross-section TEM using
either a Hitachi H-800-NA microscope operated at 200 keV
or a Philips CM30 SuperTwin microscope, operated at 300
keV.

lii. RESULTS
A. FTIR analysis

Figure 1 shows the infrared absorption specira from dif-
ferent implanted and annealed samples. As can be seen, all
the measured spectra are characterized by the absorption
peak related to the Si—C bond. For the RT sample implanted
at the higher dose (10'® cm™2), the spectrum shows a broad
band centered at about 700 cm ™. This is related to the pres-
ence of an amorphous SiC network in the implanted layer.3®
Annealing the sample the spectra become sharper and shift
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FIG. 1. Infrared absorbance spectra from RT samples (implantation dose
10"® ¢m™2) and HT samples (implantation doses 5X 107 and 10! cm™2). A
reference crystalline 8-SiC spectrum simulated according to Ref. 10 is also
shown.

toward higher wave numbers, approaching the values re-
ported for crystalline SiC. This indicates the crystallization
of SiC during annealing.

For the HT samples implanted at the higher dose
(5X10'7 cm “2), the spectrum from the as-implanted. sample
is rather similar to that of the annealed ones: The SiC peak
appears at a wave number of 785 cm ™! with a FWHM of
about 94 cm™ . These values suggest the formation of crys-
talline SiC already after implantation at 500 °C. After an-
nealing, the peak becomes sharper and approaches the value
of 794 cm™" of the TO phonon of 3-SiC. This can be seen in
Fig. 1, whete the reference spectrum from a single-crystal
B-SiC is also shown.!? These changes are determined by the
improvement of crystalline quality with annealing.

The spectra measured on the samplés implanted at lower
doses are similar; however, the final position of the SiC ab-
sorption peak after annealing at 1150 °C appears at a higher
wave number, about 822 cm™ L, According to previous data!!
this could be determined by the formation of SiC precipitates
in the Si matrix rather than a SiC layer.

B. Raman scattering

The formation of an amorphous phase after RT implan-
tation is clearly deduced from Raman measurements. In Fig.
2 are plotted the spectra measured in the samples implanted
at the higher doses. A similar behavior is observed for the
lower-implantation doses.

The Raman spectra of the RT samples implanted without
a capping layer [Fig. 2(a)] show the bands characteristic of
amorphous Si, superimposed on the attenuated first-order
peak from crystalline Si (c-Si, about 520 cm™"). The second-
order peaks of crystalline Si are not visible, due to the amor-
phization of Si in the scattering volume. In addition, a broad
band in the 1350—1580 cm™! region appears, corresponding
to C—C bonds. This indicates the amorphization of the im-
planted samples for the RT implantation, with the presence
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FIG. 2. Raman scattering spectra from samples: (a) RT (dose 10'8 cm™2); (b) RT implanted with capping oxide {dose 10'® cm™2); and (c) HT (dose 5x10"7
cm™?). Arbitrary units of ¥ scaled from spectra (b) are twice those from spectra (a) and (c).

of Si—Si and C—C bonds. In fact, similar spectra have been
measured in amorphous SiC layers with different composi-
tions obtained by glow discharge decomposmon of a silane
and methane mixture diluted by helium."

After annealing, the amorphous contribution in the spec-
tra disappears and the first- and second-order peaks from
¢-Si are restored. This can be seen in the spectrum plotted in
Fig. 2(a), which clearly shows the peak at 302 em™!
[2TA(X)] and the second-order band at the 900-1000 cm™'
region (associated with overtones and combinations invelv-
ing optical phonons),!? in addition to the first-order line at
520 cm™'. Moreover, no peaks directly related to Si—C or
C—C bonds are observed. This might be due to the fact that
the TO peak from crystalline B-SiC at 796 em™! is forbid-
den, as measurements are made in backscattering geometry
on a (001) surface, and assuming B-SiC to be aligned with
the Si matrix. Moreover, the LO peak at 972 cm ™! is super-
imposed to the broad band at 900—1000 cm " from c-Si.

The main feature observed in the sample implanted
through a capping layer is a strong enhancement of the C—C
bond contribution [Fig. 2(b)]; however, this component dis-
appeared after removing the capping layer by dipping the
sample in HF. The strong intensity of this component indi-
cates the formation of a carbon rich amorphous layer, likely
located at the Si0,-Si intertace region, which is removed by
HF etching.

On the other hand, no amorphous signal is detected in
the Raman spectra from the HT as-implanted samples [Fig.
2(c)], and only the firsi- and second-order peaks of c¢-Si are
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observed. The asymmetric shape and shift of the first-order
Raman peak and the lower intensity of the second-order
peaks in relation to the spectrum from nonimplanted Si indi-
cate the presence of a high density of structural defects. After
annealing the spectra become very similar to those measured
in a nonimplanted Si wafer, due to the improvement of crys-
talline quality, although the first-order c-Si peak shows a
small residual shift of about 0.15 cm™' toward the low-
frequency side. This could be determined by the presence of
both residual structural defects in the Si matrix or strain in-
duced by the implantation process.

C. XPS analysis

The distribution of the implanted ions and the different
species in the samples has been investigated by measuring
the Ar2p, Cls, Si2p, and O 1s spectra in samples sput-
tered with the Ar™ beam at different depths.

First of all, we have observed that there is no oxygen
contribution, except at the surface, due to the presence of the
native surface oxide and surface contamination. Moreover,
the Ar spectra measured at different depths have always the
same shape and position. This indicates that: (i) no charge
effects take place during the XPS measurements in the im-
planted layers, and (ii) there are no changes in the position of
the Fermi level as the measured depth increases. According
to this, changes observed in the spectra have to be assigned

Serre et al.

Downloaded 10 Jun 2010 to 161.116.168.169. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



Counts {a.u.)

~]
[

e

528111 97 290
Binding energy (eV)

Tt
280

FIG. 3. O s, Si2p, and C 15 XPS spectra measured at different depths in
the RT sample implanted with the dose of 10'® jons/cm?®

to changes of the chemical environment. This has been ob-
served in all the measured samples.

From these measurements, the carbon concentration at
the implanted peak has been estimated to be of about
2.3xX10* and 3x10% cm™ for the RT and HT samples im-
planted at the highest doses, respectively.

Figure 3 shows the spectra measured in the RT sample
implanted at the higher dose. The C 15 peaks observed in the
two first measuring cycles correspond to surface contamina-
tion. After this, there are two regions with a significant car-
bon content: a thin region just below the surface and the
buried region corresponding to the implantation peak. In the
subsurface region, the intensity of the peak decreases with

depth. Moreover, the peak appears at values above 284 eV. .
Increasing the depth, the peak shifts toward 283 eV, becom-
ing similar to the peak measured in the buried region. Ac-
cording to the data in the literature’*~'% this indicates the
presence of a C-rich layer in the surface region, with a domi-
nant contribution of C—C bonds, and correlates with the
features observed in the Raman spectra. As the depth in-
creases, the carbon content decreases and the peak tends to
the value corresponding to SiC. In the buried layer only the
SiC contribution is observed in the peak.

In the case of the samples implanted at 500 °C, no such
C-rich surface layer is observed, and only the SiC contribu-
tion is found in the buried region.

In agreement with C 1s spectra, the Si2p spectra after
deconvolution show the presence of two contributions: a
peak at 99.4 eV (corresponding to the Si phase) and a second
peak at about 100.1 eV, which is assigned to the SiC
phase.'*~' The fitting of the spectra with these contributions
has allowed us to determine the in depth distribution of the
percentage of Si atoms in both Si and SiC phases. In Fig. 4
these percentages are plotted for the samples implanted at the
higher doses, as measured by XPS. For the RT sample the
SiC phase shows a surface maximum (with about 80% of the
Si atoms bonded to C), corresponding to the surface C-rich
SiC region. At the implantation peak, about 47% of the Si
atoms is bonded to SiC, and 53% is bonded to Si. After
annealing, the surface peak disappears and the percentage of
Si atoms in the SiC phase slightly increases to about 52%,
the remaining being Si atoms bonded to Si. According to
these data, in spite of the high implanted dose (10'® cm ?), a
stoichiometric continuous buried layer is not achieved.

1.00

0.50

0.50

Component concentration (% of Si atoms)

Sputtering time (min)

)
FIG. 4. Percentage of Si atoms in Si (solid line) and SiC (dotted line) phase as measured by XPS vs sputter time from samples: (a) RT implanted with a dose
of 10" jons/cm? and (b) HT implanted with a dose of 5X10' jons/cm?. Etching rates were 6 nm/min (samples as implanted) and 4.9 nm/min (samples
annealed). Carbon concentration at the implanted peak is estimated to be about 2.3X10? and 3%10% em™2 for the RT and HT samples, respectively.
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TABLE L Peak position and FWHM (in V) of the two contributions ap-
pearing in the XPS spectra from the RT and HT samples implanted at the
highest doses (as implanted).

Sample Peak FWHM Assigned to
RT 99.4 2.03 Si
100.05 2.40 SiC
HT 99.4 2.03 Si
100.2 2.02 SiC

The comparison between the spectra from the as-
implanted RT and HT samples indicates that the SiC contri-
bution in the RT sample appears at a slightly lower energy
and with a higher FWHM than in the HT one. This can be
seen in Table 1, where the peak position and FWHM of both
contributions are indicated for these samples. This behavior
can be explained by taking into account the tetrahedron
model valid for amorphous SiC,'®!7 since FTIR shows an
amorphous contribution. This modé¢l assumes a possible con-
tribution of the five tetrahedral bonding components
Si-Siy_,C, with n=0-4. The fitting of the spectra accord-
ing to the data of Takeshita and co-workers'® shows some
contribution of the Si-Si;C configuration, in addition to the
Si-Si, and Si-C, ones in the RT as-implanted sample, as is
shown in Fig. 5. According to Mui and Smith,"” the two
tetrahedra with the highest probability of occurrence in
amorphous phases are always consecutive ones; therefore,
these data suggest the contribution in the buried layer of two
different phases: (i) a C-rich Si amorphous phase and (ii) a
stoichiometric SiC phase. After annealing, recrystallization
of SiC occurs—as indicated by FTIR—and only Si-Siy and
Si-C, configurations contribute to the spectra.

Implanting at 500 °C, no C-rich surface region is ob-
served at all. In this case the shape and position of the Si and
SiC contributions to. the Si2p spectra do not change with
annealing. This correlates with the FTIR and Raman data,
which suggest the formation of crystalline SiC already in the
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FIG. 5. XPS spectrum measured in the buried layer from the RT sample
implanted with 10 ions/cm?, and theoretical simulation showing the Si-Siy,
Si-Si;C, and Si-C4, contributions.

2982  J. Appl. Phys., Vol. 77, No. 7, 1 April 1995

FIG. 6. Cross-section TEM images of the HT samples (dose 5% 107 em™2):
(a) as implanted and (b} annealed at 1150 °C for 10 h.

as-implanted samples. Moreover, the implantation at 500 °C
appears as more effective for the formation of the SiC buried
layer. Higher SiC-to-Si ratios are obtained, in spite of the
lower implantation dose (5X 107 cm™?), although a continu-
ous buried SiC layer is still not formed. As is shown in Fig.
4, for the as-implanted sample about 63% of the Si atoms are
in the SiC phase at the implantation peak. After annealing,
this percentage increases to about 68%.

D. TEM observations

Figure 6 corresponds to cross-section images of the HT
samples (dose 5%107 cm™?) (a) as implanted and (b) an-
nealed. The first region that can be observed in the as-
implanted sample is a silicon surface layer with an increasing
density of spherical defects, probably B-SiC precipitates,
which extends to a depth of about 350 nm. Extended defects
are observed at the right-hand-side part of the figure that,
from planar-view results, form a networklike distribution
along [110] directions in the subsurface region and whose
nature has not yet been determined. Next a buried layer ap-
pears, with a thickness of 500 nm, which corresponds to the
implantation peak. Electron-diffraction diagrams from this
region show the presence of exira spots superimposed on the
ones of silicon, which are identified as being 8-SiC. They are
present in the form of precipitates and are perfectly oriented
to the silicon matrix, as obtained from diffraction diagrams
and by the presence of moiré fringes, observed at higher
magnifications. Finally, below the buried layer, {113}-type -
defects are observed in the Si substrate in the as-implanted
sample. They are separated from the buried layer by a layer
denuded of defects. These defects are related to a. self-
interstitial oversaturation, and have also been observed be-
low the buried layer synthesized for SOI structures formed
by oxygen and/or nitrogen implantation.18

After annealing the samples at the highest temperature
[Fig. 6(b)] little changes occur, the main ones being the re-
moval of the extended defects above and below the buried
layer and the extension of the small precipitates further be-
low the buried layer.

Serre et al.
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FIG. 7. Cross-section TEM image of the RT sample (dose 1X10'8 cm™2y
annealed at 1150 °C for 10 h. The inset shows a diffraction diagram of the
top silicon and buried polycrystalline layers, revealing the presence of fan-
domly oriented B-SiC in the buried layer. :

A cross section of the RT sample implanted with a cap-
ping oxide layer (dose 10'® cm™?) and annealed is shown in
Fig. 7. The first remark is the small surface rugosity. Down
to a thickness of 150 nm the layer is silicon with precipitates,
mostly spherical or octahedral in shape. Transmission elec-
tron diffraction diagrams did not reveal any crystallinity
from these precipitates. The second layer is a 190-nm-thick
buried polycrystalline layer, limited on the top and bottom by
regions with twins: The upper one is about 40 nm thick,
while the lower is 70 nm thick. Both regions are formed after
the annealing from the recrystallization of the amorphous
layer formed during the RT implantation. The inset in the
figure is a diffraction diagram from the top silicon (spots)
and from the buried layer (rings), and shows the polycrystal-
line nature of this layer. The presence of polycrystalline
B-SiC, already deduced from FTIR results, is confirmed by
the presence of some extra rings. In contrast with HT
samples, in this case crystalline SiC grains are randomly ori-
ented. Finally, below the lower twinned layer some small
precipitates are also visible, probably being amorphous SiC.

IV. DISCUSSION

The Raman scattering and XPS measurements point out
the existence of two mechanisms during the implantation
process: (a) the formation of a SiC phase in the buried im-
plantation peak region, and (b) a migration of C toward the
surface, similar to a surface gettering mechanism. At RT both
mechanisms are competitive, and take place. In this case, the
phases induced by the high-dose implantation are amor-

J. Appl. Phys., Vol. 77, No. 7, 1 April 1995

phous, according to the Raman scattering and FTIR data
The coexistence of both mechanisms leads to the formation
of a C-rich surface layer, in addition to the buried one. This
layer is characterized by the presence of both amorphous
carbon and SiC phases. So, both XPS and Raman spectra
show the contribution of these two phases. At the surface, the
C 1s XPS spectrum appears at the position corresponding to
carbon. Increasing in depth, the signal moves toward the SiC
one. This indicates a change of the dominant carbon-related
phase, from amorphous carbon to amorphous SiC. In front of
this, in the buried layer two.phases appear: C-rich amor-
phous Si and amorphous stoichiometric SiC.

The comparison between the Raman and XPS spectra
from samples implanted with and without the capping oxide
suggests that part of carbon migrating toward the surface is -
able to go away from the sample if the surface is free. This
would explain the similar carbon in-depth distribution in the
samples implanted at room temperature with and without the
capping oxide—as observed by XPS—and the high intensity
of the C-C contribution in the Raman spectra from samples
implanted with a capping oxide layer. When the sample sur-
face is covered by the capping layer, carbon cannot g0 away
from the sample, and likely accumulates in the Si0,/Si inter-
face region, forming an amorphous C-rich layer.

Increasing the implantation temperature, mechanism (a)
is enhanced in relation to mechanism (b). Implanting at
500 °C, no carbon signal is detected by XPS spectroscopy in
the surface region. At this temperature the synthesized phase
is B-SiC, the SiC precipitates being aligned with the Si ma-
trix. According to this, the higher implantation temperature
leads to a new SiC formation mechanist, the SiC grains
being epitaxially related to the Si lattice, and this mechanism
is far more favorable than carbon migration toward the sur-
face.

On the other hand, the differences in the implantation
energy could also have some influence in the inhibition of
mechanism (b) in the HT samples. In this case, the higher
implantation energy determines a higher penetration of the
ions and, hence, a lower role of the surface is to be expected;
however, previous observation of samples implanted at 300
keV at RT and lower doses indicates the occurrence of
mechanism (b). According to this, the disappearance of this’
mechanism in HT samples is determined by the higher im-
plantation temperature. On the other hand, differences of
straggling are not expected to play a significant role because
of the high doses used. Thus, differences observed between
the RT and HT samples are more likely determined by the
implantation temperature. The inhibition of carbon migration
to the surface observed for HT samples can explain the
higher carbon content in the buried layer as measured by
XPS, even if the implantation dose was half of the dose
implanted at room temperature.

Moreover, the structure obtained is very stable under an-
nealing: For annealing temperatures up to 1150 °C the only
change observed is essentially related to the removal of
structural defects, and no carbon distribution or phase
changes are observed. This'is in contrast with the behavior of
the samples implanted at room temperature: Annealing the
samples the C-rich surface layer disappears and SiC crystal-
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lizes. However, the crystallization mechanism differs from
the direct formation of crystalline SiC by high-temperature
implantation, as in this case the SiC crystalline grains do not
show a preferential orientation in relation to the Si matrix.

V. CONCLUSIONS

The characterization performed shows the dependence of
the SiC formation and structure on the implantation and an-
nealing conditions. Impiantation at room temperature leads
to the formation of a surface C-rich layer, in addition to the
buried implanted one, which reveals the existence of a car-
bon migration toward the surface. The behavior observed for
samples implanted with a capping layer allows us to rule out
surface contamination as the origin of this surface region.
Increasing the implantation temperature up to 500 °C inhibits
this mechanism, and B-SiC crystalline precipitates aligned
with the Si matrix are already formed after implantation. In
this case, the obtained structures are very stable with anneal-
ing treatments, for annealing temperatures up to 1150 °C.
These data suggest the interest to implant even at higher
temperatures for the formation of a continuous buried SiC
single-crystalline layer. According to Nejim and co-workers®
this would also allow the obtention of high-quality structures
with a very low density of structural defects even without
annealing.
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