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Properties of Buried SiC Layers Produced by Carbon lon
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Buried layers of SiC were formed in (100) single-crystal bulk silicon and silicon-on-
sapphire by ion implantation of 125-180 keV, (0.56-1.00) x 10'® C/cm?® at 30—-40 uA/
cm? into samples held at 450—650° C. The as-implanted and 950° C annealed samples
were characterized by differential infra-red absorbance and reflectance, Rutherford
backscattering and channeling spectrometry, x-ray diffraction, four-point probe mea-
surements, Dektak profilometry, I-V measurements, spreading resistance measure-

ments and secondary ion mass spectrometry.
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INTRODUCTION

The synthesis of chemical compounds and other
modifications of materials by very-high-dose ion
implantation are receiving increased attention for
applications in electronics, metallurgy and other
areas. In particular, the formation of buried, con-
tinuous layers of insulators in Si has great signif-
icance in the semiconductor field, for achieving new
silicon-on-insulator (SOI) technologies. Most of the
latter studies have concentrated on SiO, and, to a
lesser extent, 813N4, formed by O and N 1mplanta-
tion, respectlvely While these compounds are ex-
cellent electrical insulators, their mechanical and
thermal properties are quite different from those of
Si. By comparison, 8-SiC, a semiconductor with the
cubic zincblende structure and a bandgap of 2.3 eV,
whlch can, be obtained with a resistivity greater than
10° 2 cm,? is better matched to Si. The atomic den-
sities of single-crystalline Si, single-crystalline B-
SiC, amorphous SiO, and polycrystalhne 813N4 are
4.99, 4.83, 2.27 and 1.48 (1022 molecules/cm ), the
correspondlng average thermal expansion coeffi-
cients between 25 and 1000° C? are 3.8, 4.8, 0.46 and
3.3 (10 °%/°C) and the thermal conductwltles at room
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temperature (RT) are 1.5, 0.4, 0.014 and 0.09 (W/
c¢cmK). In addition, cubic 8-SiC has been grown ep-
itaxially on Si, startmg in the mid-1960’s, by chem-
ical vapor depos1t10n and on Si-on- sapphlre (SOS)
by chemical conversion,’ in spite of the 20% lattice
mismatch: a(B-SiC) = 4.3596 A, a(Si) = 5.4301 A
at RT. The orientation relatlonshlps between the -
SiC films and the (100) and (111) Si substrates are
parallel both in the plane and normal to it.® The
formation of SiC by ion implantation of C into Si
was first reported in Ref. 7 and single-crystalline
SiC was reportedly obtamed by shallow 40 keV C
1mp1ants at >10'" C/cm?® and =700° C.2 ThlS subject
was since investigated by a number of other groups,
but the most recent and systematic study was re-
ported in Ref. 9. To our knowledge, there has been
no report of the formation of SiC by C implantation
into SOS fllms except our own previous brief con-
ference report.'’ Implantations of O and N into SOS
have, however, been investigated.'*

In the present study, we demonstrate the forma-
tion of buried layers of highly oriented SiC by C
implantation into bulk Si and SOS. Our aim is to
investigate SiC so formed both as an insulator and
a semiconductor.

EXPERIMENTAL CONDITIONS

The 2 inch diameter, commercially available, (100)
n-type Si substrates used had resistivities of 10 2
c¢m (Czochralski) or 30 2 cm (float zone), and the 2
inch diameter, 0.65—0.85 um thick, commercial (100)
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Si films on Al,0; were undoped (p = 10° 2 cm). The
C implantations were performed in the second au-
thor’s laboratory, with a Varian Extrion 200-A2F
ion implanter. In a first set of experiments, Si and
SOS wafers were implanted with 180 keV, 1 x 10
C/em?® at a dose rate of =40 wA/cm?® over an area
of =3 X 3 cm?; the carbon beam was incident at 0°,
i.e. normal to the surface. These wafers were not
intentionally cooled or heated, and their surfaces
reached temperatures of 450-550° C, due to beam
heating. In additional runs, Si and SOS wafers were
first heated to =450° C and then exposed to the C
beam. These wafers were implanted with 150 keV,
8.85 x 10'" C/cmy, (Si) or 125 keV, (5.62 or 7.50) X
10" C/cm? (SOS), at dose rates of =30 uA/cm®. The
actual surface temperatures of these samples was
estimated to be =650° C during the implants. The
above doses were chosen to bracket the stoichio-
metric composition of SiC.

The samples were characterized in the as-im-
planted state and following 30—180 min. thermal
annealing at 950° C in flowing N, by the following
techniques: differential infra-red (IR) absorbance (Si)
and reflectance (SOS), using a Digilab QS 100
Fourier transform IR spectrometer; Rutherford
backscattering (RBS) and channeling spectrometry,
using 1.6-2.3 MeV *He" ions; x-ray diffraction
(XRD); high-sensitivity four-point probe measure-
ments, using a Four Dimensions 101 instrument;
Dektak profilometry; I-V measurements on mesa
structures; spreading resistance measurements; and
for one sample, secondary ion mass spectrometry
(SIMS). Most of the characterization studies, except
by the last three techniques, were performed by the
first and third authors.

RESULTS AND DISCUSSION

General Remarks

Most of the detailed results presented here con-
cern the intentionally heated set of samples, im-
planted at =650° C, for which no sputtering or sur-
face swelling was detected. The Si and SOS samples
heated only by the C beam, on the other hand, were
found to have lost =~1200 A and =2000 A of Si, re-
spectively, equivalent to dose-averaged sputtering
coefficients of 0.6 (Si) and 1.0 (SOS). We conjecture
that in these sputtered samples, an amorphous Si
layer was initially formed at the surface, and this
amorphous layer had a much larger sputtering coef-
ficient than single-crystalline Si. In the former
samples, no amorphous layer was formed at the sur-
face, due to the dynamic annealing of defects and
to the ion-beam-induced epitaxial growth occurring
above =200°C in Si.'? In principle, the displace-
ment damage, which in Si is associated with the nu-
clear elastic collisions, should be reduced for a well-
collimated C beam, if it is aligned with a major
crystallographic axis. The half-width of the chan-
neling dip for 125—-180 keV C — defect-free [100] Si
at RT is ¢, = 1.85-1.7°." However, in the present
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case, the reduction in displacement damage due to
channeling was probably minor, because of the non-
parallel scanning of the C beam and since the en-
ergy loss of C at the Si surface is more than 90%
electronic.’* The C-implanted region in the inten-
tionally heated samples was not visible in bulk Si,
while it had a light-brown color in the yellow-col-
ored SOS films (even after 950° C annealing). Fol-
lowing a brief dip in 10% HF, both C-implanted and
unimplanted regions were hydrophobic.

Infra-Red Measurements

Representative IR spectra are shown in Fig. 1 for
bulk Si and in Fig. 2 for SOS; the corresponding
parameters are given in Table 1. In each case, the
reference spectrum for the unimplanted region of
each sample has been subtracted electronically, and
for the reflectance case, the background spectrum
was measured with a high-purity, float-zone Si wafer.
Thus, these IR data represent essentially the net ef-
fect of the implanted C. All as-implanted samples
exhibit one major peak, located at 790-793 cm™! in
Si and 810-824 cm™! in SOS. The position of the
peak in bulk Si is identical to that reported for SiC.'s
The shift to higher frequencies in the SOS films may
be related to the =—0.4% compressive strain in such
films.'®* A 30 min., 950° C thermal annealing re-
sults in all the samples in a slight upward shift of
3-8 cm™! in the peak frequency and a reduction of
the full-width-at-half-maximum (FWHM) by 3-8
cm™!. The peak areas increase significantly in bulk
Si (by 32—50%) but only slightly in SOS (by 5-10%)
following the 950° C annealing. The increase in peak
area signifies an increase in the number of Si-C

WAVELENGTH (um)
10 12 16 20
0.6 T T T T 1

150 keV, 8.85 x 10'” C/cmz — (100) Si

o
E-N
]

950°C, 30 MIN —

-

ABSORBANCE (ARBITRARY UNITS)
o
()
]

N\
\\

-0.2 l l !
1200 1000 800 600

FREQUENCY (cm-1)

Fig. 1 — Net infra-red absorbance spectra of C-implanted (100)
bulk Si.



Buried SiC Layers Produced by Carbon Ion Implantation in (100) Bulk Silicon and Silicon-on-Sapphire

WAVELENGTH (um)
10 12 16 20

[ I D

125 keV,
5.62 x 10" C/cm2
— S0S

950°C, 30 MIN
-

o
>

AS IMPLANTED

REFLECTANCE (ARBITRARY UNITS)
o
o
T

1000 800 600

FREQUENCY (cm-)

Fig. 2 — Net infra-red reflectance spectra of C-implanted, 0.8
pm thick (100) Si-on-sapphire (from Ref. 10).
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bonds. The peak widths in SOS are =60% of the
values in bulk Si. One bulk Si sample (180 keV, 1
X 10" C/cm?, sputtered) was annealed for an ad-
ditional 2.5 h at 950° C; the IR spectrum did not
change further. A minor peak at =600 cm ™' was ob-
served in the C-implanted regions of the SOS sam-
ples; the area of this peak, which may be due to
substitutional C in Si, was =4% of the area of the
major peak.

Rutherford Backscattering/Channeling and SIMS
Measurements

RBS/channeling spectra of the Si and SOS sam-
ples previously characterized by IR spectroscopy are
shown in Figs. 3-4 and the pertinent parameters
are given in Table I. These data were measured on
the 1 MV Tandem accelerator at the California In-
stitute of Technology. They show that the as-im-
planted samples consist of a top single-crystalline
Si region (=800 A in Fig. 3a), a transition zone
(=2400 A thick) in which both the defect and car-
bon concentrations increase monotonically with
depth, a SiC, region (=1600 A thick) with 0.5 = x
= 1.3, where the C concentration peaks, a deeper
transition zone, where the defect and carbon con-
centrations decrease monotonically (=1200 A thick),
and finally single-crystal Si. The presence of C is
seen both as a decrease in the Si signal (in both ran-
dom and aligned spectra) and directly as a C signal

Table I. Results of 1.6 MeV *He* Rutherford backscattering and channeling spectrometry, differential
infra-red reflectance (SOS) and absorbance (Si), and x-ray diffraction measurements of C-implanted (100)
SOS and bulk Si. y, = Si surface channeling yield; x,, = Si channeling yield at the peak of the C
distribution; R = depth of C peak; x,, = maximum C concentration in SiC,; w, = IR peak position; 4w =
FWHM of IR peak; A = IR peak area = net intensity x FWHM (arbitrary units, a.u.); 60 = FWHM of x-ray
peak; S = x-ray peak area = net intensity x FWHM (a.u.). The XRD data for the two SOS samples
implanted at 125 keV were obtained under the same conditions, but those for the other samples were not;
thus the latter peak areas cannot be directly compared. The 180 keV implanted Si sample lost = 1200 A by
sputtering during the C implant; the value of R for this sample is as measured, i.e. uncorrected for the
sputtering loss. The RBS/channeling values for this sample were obtained with a 2.0 MeV *He* beam. The
channeling yields in these unimplanted SOS films were x° = 0.054 — 0.12 and y,, = 0.20 — 0.32, depending
on the sample and the position within the wafer; in the unimplanted bulk Si, x, = 0.028

and yx,, (4120 A) = 0.050.

X-Ray Diffraction
Characterization Technique RBS/Channeling Infra-Red (200) B-SiC (400)
Sample and Processing w, Aw dw dw
Xo | xm |RA) | xn (em™) Alo|ls|o| s
125 keV As-implanted | 0.32 | 0.89 | 3320 | 0.84 | 810 56 20
5.62 X ].017 C/Cm2 Annealed
— 0.8 um SOS 950° C. 30 min 0.17 | 0.85 0.77 | 818 50 22 1.8 320 2.4 96
125 keV As-implanted | 0.54 | 0.85 | 3400 | 0.98 | 824 56 36
7.50 x 1017 C/cm2 Annealed
— 0.65 um SOS 950° C. 30 min 0.36 | 0.87 1.06 | 830 48 38 1.4 500 | 2.6 170
150 keV As-implanted | 0.12 | 0.84 | 4120 | 1.29 | 790 82 24 1.3 [ 1210 | 2.7 330
885 X 1017 C/cm2 Annealed
— (100) Si 950° C. 30 min 0.09 | 0.88 1.38 | 795 79 36 14 | 2670 2.5 | 1260
180 keV As-implanted | 0.51 | 0.97 | 3500 | 1.56 | 793 | 90 31
1.00 x 10*® C/em® Annealed
— (100) Si 950° C. 30 min 0.30 | 0.92 1.64 | 796 83 41 1.0 | 200 | 2.3 115
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Fig. 3a — Rutherford backscattering and axial channeling spec-
tra of bulk (100) Si implanted with 150 keV, 8.85 x 10'" C/cm?®
at =650° C (dotted curves). CH = channeled, R = random. The
random spectrum of an unimplanted region of the same sample
is also shown. The signal from the C atoms, appearing at lower
energies, is not shown here. See Table I for numerical values.

appearing at lower energies (Fig. 4a). The thick-
nesses of the various zones and their crystalline
quality, as measured by the channeling yield, vary
with implanted dose and with the initial quality of
the substrate; the unimplanted SOS films, for ex-
ample, already have a high concentration of stack-
ing faults, microtwins and dislocations, increasing
monotonically from the Si surface towards the Si/
AlLQ, interface.'® However, in the as-implanted bulk
Si sample (Fig. 3a), x, = 0.12, which is a lower value,
indicating a correspondingly better surface crystal-
line quality, than in most published studies of high-
dose O or N-implanted Si, except for a very recent
study,'” where the Si wafers were heated resistively
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Fig. 3b. — Carbon concentration (crosses and solid curve) and Si
channeling yield (circles) in C-implanted bulk Si, calculated from
the RBS data of Fig. 3a.
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Fig. 4a — Rutherford backscattering and axial channeling spec-
tra of (100) Si/(0112) Al,0, implanted with 125 keV, 5.62 x 10"
C/cm? at =650° C (dotted curves) and of an unimplanted region
of the same sample (solid curves). CH = channeled, R = random.
The position of the Si/Al,O; interface appears at a lower energy
in the C-implanted region due to the higher stopping power of
this layer (from Ref. 10).

to 500° C during the 35 uA/cm?® 180 keV, 1.9 x 1018
O/cm?® 1mp1antat10n The Si channehng yleld in the
SiC, region is less than unity in all the samples,
and in fact exhibits a relative minimum at the depth
corresponding to the peak of the C distribution. The
implication of a channeling effect in the SiC, region
is that this material is at least (100) preferentially
oriented polycrystalline, and could even be single-
crystalline (although highly defective). This conclu-
sion is supported by the x-ray diffraction data, de-
scribed below. The 950° C, 30 min. annealing re-
sulted in a large decrease in the channeling yield
in the top Si region, signifying the annealing of ex-
tended defects there, with a smaller decrease as the
C concentration increased with depth. This im-
provement in crystalline quality was especially ap-
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Fig. 4b — Carbon concentration (crosses and solid curve) and Si
channeling yield in C-implanted SOS, calculated from the RBS
data of Fig. 4a.
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parent in the SOS samples and the sputtered bulk
Si sample, where the as-implanted channeling yields
were high. The annealing had little effect on the
carbon distribution. In order to calculate the carbon
profiles quantitatively (e.g. Figs. 3b and 4b), we used
the Si signals from the random spectra of C-im-
planted and unimplanted regions of the various
samples. We assumed that C was the only other ele-
ment present, and that Bragg’s rule for calculating
the energy loss of the “He" ions (from Ref. 18) was
valid. A numerical iterative procedure was used on
a programmable pocket computer. The intrinsic depth
scale of RBS, in units of molecules/cm? was con-
verted to A by assuming a weighted average of the
bulk densities of Si and SiC for x = 1, and the den-
sity of SiC for x < 1. The peaks of the C distribu-
tions for the 125 and 150 keV implants are =30%
deeper than predicted in Ref. 14 for C —» Sior C —
SiC (the predicted C ranges in Si and SiC are the
same within 1.5%). The experimental FWHM val-
ues are close to the predicted ones for 125 keV C —
Si, 15% lower for 150 keV C — Si, and 30% lower
for 180 keV C — Si (sputtered sample). In these ex-
perimental FWHM, we have already subtracted in
quadrature the system resolution, including strag-
gling of the *He™ beam. The measured C profiles
could not be fitted by Gaussians, because of the long
tails, especially towards the surface. The total car-
bon dose, obtained from a quantitative measure-
ment of the area under the C distribution, was within
5-20% of the nominally implanted dose, depending
on the sample, which is within the combined ac-
curacy of the measurements and calculations. It is
not surprising that the peak positions and shapes
of these C concentration profiles are different from
the values predicted for much lower dose (<1% at.)
implants, since the present cases involve ion beam
mixing, radiation-enhanced diffusion and sputter-
ing effects, in a matrix of continuously changing
composition.

A SIMS depth profile of the *C™ ions in the sput-
tered bulk Si sample was measured using a Cameca
IMS-3f spectrometer, with a Cs primary beam. The
shape of the C depth distribution was similar to that
obtained from RBS. A quantitative comparison would
require knowledge of the yield of *C~ ions as a
function of x in SiC,. The yield of matrix **Si~ ions
showed an inverse relation to the 2C~ yield, de-
creasing by a factor of 2.1 at the peak of the C dis-
tribution.

X-Ray Diffraction Measurements

The x-ray diffraction scans (Fig. 5 and Table I),
performed on a conventional powder diffractometer,
using CuK, radiation and a curved graphite mono-
chromator crystal in the diffracted beam, showed only
two peaks not due to Si or Al,O;. These two peaks
could be indexed as corresponding to either the (200)
and (400) planes of cubic 8-SiC or the (10-4) and
(20 - 8) planes of hexagonal SiC (or possibly a mix-
ture of the two structures). However, based on the
known properties of bulk and heteroepitaxial SiC,
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Fig. 5 — Single-crystal x-ray diffraction scans of C-implanted
(100) Si, showing only the two peaks not seen in the unimplanted
regions of the samples (from Ref. 10).

we will use for the present discussion the cubic as-
signment. These XRD results thus support the IR
data in identifying the chemical SiC in the im-
planted samples, and the ion channeling data in
concluding that the SiC layer is either (100) pref-
erentially oriented polycrystalline or (defective) (100)
single-crystalline. Characterization of the buried SiC
layers by reflection electron diffraction, transmis-
sion electron microscopy and diffraction, or Raman
spectroscopy should provide a definitive identifica-
tion of the microstructure. The 950° C, 30 min. an-
nealing increased the intensities of the (200) and
(400) peaks in the bulk Si sample (Fig. 5) by factors
of 2 and 4, respectively, while the corresponding
FWHM values of 1.3-1.4° and 2.5-2.7° remained
unchanged. The increased intensities signify an in-
crease in the number of Si-C bonds, as seen in the
IR data following annealing, but could also indicate
a reorientation of B-SiC crystallites into the [100]
direction and a reduction of local strains. However,
the ion channeling data did not indicate an im-
provement in crystallinity in the SiC layer follow-
ing annealing. For the two SOS samples implanted
at 125 KeV with 7.5 or 5.62 (10'" C/cm?), a factor
of 1.33 in dose, the ratio of the areas of the (200)
peaks was 1.5 and that of the (400) peaks was 1.8.
By comparison, the ratio of the IR reflectance peak
areas was 1.7, and that of the maxima in C con-
centrations (from RBS), x,, in SiC,, was 0.98/0.84
= 1.17.

Electrical Measurements

Spreading resistance profiles in the bulk Si sam-
ples, lapped at 0.6° (Fig. 6), showed a well-defined
n-type region, corresponding in thickness and depth
to the SiC, region seen in the RBS spectra, and to
a layer of different visual contrast seen in these
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Fig. 6a and 6b — Spreading resistance profiles in C-implanted
bulk Si: (a) Czochralski wafer, 10 {2 cm, n-type (b) float-zone wafer,
30 2 cm, n-type. The SiC, region is marked <. Probe load = 10
g, probe separation = 100 um, probe step = 1 um, bevel angle
= 0.6°.

lapped samples. The average resistivity of the layer
was of the same order as that of the Si substrates,
and at most a factor of =3 higher (Fig. 6b). The SiC,
layers in these bulk Si samples were indeed ex-
pected to be doped n-type, since the Si host crystals
were similarly doped, and because of the similar be-
havior of common dopants in Si and SiC. An addi-
tional feature seen was a deeper and =50% wider
region below the SiC,, which had a lower resistivity
than the bulk Si, corresponding to a donor concen-
tration in Si of mid-10'6/cm®. Following a 30 min.,
950° C annealing, the resistivity in that region in-
creased to a value close to that of the substrate. Thus,
the electrical activity in that deeper region was
probably due to decoration of deep damage [12] gen-
erated by the hot C implant. I-V characteristics
measured on a curve tracer were consistent with the
spreading resistance profiles. No spreading resis-
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tance measurements were made on the SOS sam-
ples and therefore the resistivity of the SiC layers
formed in these nominally undoped Si films was not
determined.

SUMMARY

The present results demonstrate the formation of
a buried layer of SiC chemical compound in 125-
180 KeV, (0.56 — 1.0) x 10" C/cm? implanted Si
and, for the first time, SOS wafers, held at 450—
650° C during the ion implantation. The chemical
nature of the SiC is brought out by the IR and XRD
data. Ion channeling and XRD further show that the
SiC layer is either preferentially oriented polycrys-
talline or possibly even single-crystalline (but de-
fective). RBS and channeling measurements show
that a high-defect Si region flanks the SiC layer from
the top and bottom, but that the Si surface is a rel-
atively good single crystal. The carbon distribution
is skewed towards the surface, and there are no
atomically sharp Si/SiC interfaces, but rather re-
gions of graded composition. A 30 min., 950° C an-
nealing in N, significantly improves the Si surface
region and increases the number of Si-C bonds, but
does not much change the C concentration-depth
profile or the crystalline quality of the SiC layer.
Heating the wafers to 450° C prior to the start of
and during ion implantation helps prevent the
probable initial formation of an amorphous layer and
attendant high sputtering of Si. No swelling or
sputtering is detected in such intentionally heated
samples, implanted at =30 wA/cm? in contrast to
the case of high-dose, hot 0 implants.'® The lack of
swelling is due to the good match in atomic density
(only 3% difference) between Si and SiC. The SiC
layer formed under the present conditions in the n-
type bulk Si samples is also doped n-type, as ex-
pected, and thus may have interesting applications
as a high-temperature semiconductor. The resistiv-
ity of the SiC layers formed in the nominally un-
doped SOS films was not measured. These and other
analytical measurements, as well as additional im-
plantation studies (e.g. into high-resistivity bulk Si)
and higher temperature annealing® are needed in
order to determine the requirements for obtaining
an insulating SiC layer by ion implantation.
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