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Multiple energy phosphorous ions were implanted into 4H-SiC at room temperature and at an
elevated temperatures500 °Cd followed by annealing at various temperatures. Deep ultraviolet
Raman microscopy was used to analyze the effect of the implantation dose and postannealing
temperature on the recovery of surface layers damaged by the implantation. The Raman analysis
showed that the recovery rate of the crystallinity increased with an increase in the annealing
temperature. However, for highly dosed samples, recovery was not complete even with annealing
temperatures up to 1700 °C. With room-temperature implantation, part of the implanted layer was
converted into a 3C structure with heavy stacking faults. New Raman bands were observed at below
500 cm−1 in samples heavily dosed with 4.031016 cm−2 after annealing, which revealed that excess
phosphorus precipitates. A downshift of the phonon Raman bands and a reduction in the
LO–TO-phonon frequency splitting were observed in as-implanted samples and ones that are not
completely recovered by annealing. This feature is discussed based on several mechanisms. ©2005
American Institute of Physics. fDOI: 10.1063/1.1931039g

I. INTRODUCTION

Ion implantation is a key technology for impurity doping
in semiconductors. This technology can be used to produce
well-defined doping profiles in semiconductor device struc-
tures. However, it generates a high density of defects in crys-
tals. High-temperature implantationshot implantationd fol-
lowed by high-temperature annealing is required to restore
crystallinity and to activate the implanted dopants by replac-
ing them to lattice sites.

Optimization of the ion implantation and annealing pro-
cesses requires characterization of the physical properties of
the implanted region on a microscopic scale. Various tech-
niques including transmission electron microscopysTEMd,
electron-transport measurement, and optical spectroscopy
have been used for characterizing ion-implanted and postan-
nealed layers. Among the optical techniques, Raman spec-
troscopy has been actively used to evaluate implantation-
induced damages in semiconductors as well as strain and
electrical activity of the implanted dopants. This is because
the Raman probing depth is comparable to the depth of the
implanted layers when a suitable visible laser source is used.
Extensive Raman scattering studies have been performed on
III-V compounds1–14 and IV-IV semiconductors including
diamond,15–17 Si,18–22 and wide gap semiconductors such as
SiC sRefs. 23–29d and GaN.30–32 However, up to now, Ra-
man analysis of the semiconductor surface using visible ex-
citation has been limited to narrow and midgap semiconduc-
tors; no systematic studies have been performed on wide gap
semiconductors. The main reason for this limitation is that

visible light penetrates deeply into wide gap semiconductors,
and the strong signals arising from the substrate prevent the
observation of signals from thin implanted surface layers.
Recent high-speed device fabrication requires shallow junc-
tions, which need implanted layers on a nanometer scale.
Nondestructive characterization is obviously needed for such
thin layers.

Here we report on the use of Raman microspectroscopy
to study phosphorous ionsP+d-implanted 4H-SiC crystals.
We used a deep ultravioletsDUVd laser as an excitation
source, whose optical penetration depth is comparable to the
implanted layer thickness. Phosphorous implantation has re-
cently attracted much attention because it gives low sheet
resistance.33–37We used ion-implanted samples with different
doping levelss3.331017 to 8.031020 cm−3d to analyze the
recovery of the crystallinity by postannealing as a function of
the annealing temperature. We studied and compared the Ra-
man spectra of samples implanted at room temperature and
at 500 °C.

II. EXPERIMENT

A. Sample preparation

We usedp-type epitaxial layers grown on 8°-off 4H-SiC
s0001d substrates. The carrier density in the virgin epitaxial
layers was 5.031015 cm−3. After a standard RCA cleaning,
10-nm-thick oxide films were grown at 1200 °C in a dry O2

atmosphere. Multiple energy implantation was performed at
room temperature and at 500 °C to create a box-shaped pro-
file with a uniform dopant distribution to a depth of 300 nm.
The implantation energy was varied from 10 to 280 keV. The
total doses were 1.031013, 9.031013, 1.031015, 7.0adElectronic mail: nakashima-s@aist.go.jp
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31015, and 4.031016 cm−2, corresponding to phosphorous
atom concentrations of 3.331017, 3.031018, 3.331019,
2.331020, and 8.031020 cm−3. The postimplantation an-
nealing was carried out after conventional chemical cleaning
followed by dipping in dilute HF. The implanted samples
were rapidly heated to the annealing temperature within 1
min in an Ar atmosphere. After the annealing, the samples
were cooled down to room temperature. These were cooled
down to 1000 °C within 1 min from the annealing tempera-
ture. The annealing temperature and time were varied be-
tween 1200 and 1700 °C, and between 30 s and 30 min,
respectively. The free-carrier density in the implanted layers
after thermal treatment was estimated from the results of
Hall-effect measurement.

B. DUV Raman measurements

The unpolarized Raman scattering spectra of the im-
planted samples were recorded at room temperature using a
micro-Raman spectrometer recently constructed at our insti-
tute. Details of this system are described elsewhere.38 The
spectra were excited with an intracavity frequency-doubled
Ar+ laser operated at 244 nm. The laser beam was guided
into a microscope and focused through a Cassegrain objec-
tive with a numerical aperture of 0.38 and a working distance
of 7.3 mm. The power and spot size of the laser beam were
15 mW and,3 mm on the sample surface, respectively. The
scattered light was collected by the same objective and fo-
cused onto the slit of a filter spectrometer with a subtractive
double monochromator, and dispersed by a 1.5-m monochro-
mator sSopra UHRS F1500d with a grating of
2400 grooves/mm. This monochromator can be used for
single- and double-pass configurations. The signals were de-
tected by a liquid-nitrogen-cooled charge-coupled device
sCCDd detector of an open electrode type. The reciprocal
linear dispersions of the spectrometer were 40 and
20 cm−1/mm for the single- and double-pass configurations,
respectively, which corresponded to 1 and 0.5 cm−1/pixel on
the CCD. The accuracies of the frequency measurement were
±1.0 and ±0.5 cm−1, respectively. The absorption coefficient
a of SiC at a 244-nm excitation calculated from optical con-
stants reported elsewhere39 is 0.53105 cm−1. Since the Ra-
man scattering was done using a quasibackscattering geom-
etry, the Raman probing depthf1/s2adg was approximately
100 nm for 4H-SiC, which is comparable to projected range
in the present experiment. This ensured that we detected Ra-
man signals from the implanted surface layers alone. We
used transverse-opticalsTOd- and longitudinal-opticalsLOd-
or LO-phonon plasmon coupledsLOPCd bands for monitor-
ing the structural disorder and electrical properties, respec-
tively. Because of the resonance Raman effect, 4H-SiC crys-
tals show an intense and narrow folded longitudinal acoustic
sFLAd band at 610 cm−1 in the DUV region.38 The FLA
mode can also be used as a monitor band for the crystallinity
with DUV excitation.

To examine how DUV light probes thin SiC implanta-
tion layers, we measured the Raman spectra of a 4H-SiC
crystal ion implanted at room temperature and postannealed
at 1200 °C using three different laser lines: DUVs244 nmd,

UV s364 nmd, and VIS s488 nmd. The dose was 7.0
31015 cm−2, and the thickness of the implanted layer was
300 nm. As shown in Fig. 1, the DUV Raman spectrum
shows broad TO and LO bands, while the VIS and UV spec-
tra show sharp TO and LO bands which arise from the un-
derlying nonimplanted region. The UV excitation was not
sufficient for evaluating thin ion-implanted SiC layers with
submicron thickness. This demonstrates that the Raman pen-
etration depth of the DUV light is less than the thickness of
the implanted layers300 nmd in SiC and that DUV excitation
is well suited for probing submicron ion-implanted regions.
On the other hand, for completely amorphized surface layers
as implanted with a high dose at room temperature, the Ra-
man spectra obtained with VIS and DUV excitations are al-
most identical, due to the very shallow penetration depth
resulting from the strong absorption in the amorphous region
of both VIS and DUV lights. This means that the visible
Raman excitation is also useful for almost amorphized SiC
layers.

III. EXPERIMENTAL RESULTS

A. Hot implantation with low dose

Raman measurements were carried out for phosphorous
implanted 4H-SiC crystals with an implant concentration of
3.031018 cm−3. After implantation at 500 °C the samples
were annealed at temperatures from 1200 to 1700 °C for 1
min. Figure 2 shows Raman spectra of as-implanted and
postannealed samples. The spectrum of a virgin crystal
shown for reference exhibits an FLA mode at 610.4 cm−1, a
folded transverse opticalA1 fFTOsA1dg mode at 776.4 cm−1,
and an LOsA1d mode at 964.1 cm−1.23 The mode at
784.4 cm−1 is a Raman forbidden TOsA1d mode, which can
be observed at a 244-nm excitation, presumably due to the
breakdown of the polarization selection rule under the reso-
nance condition.38 As shown in this figure, the Raman spec-
tra vary greatly with the annealing temperature. All the Ra-

FIG. 1. Raman spectra of 4H-SiC crystals P+ implanted at room temperature
with a dose concentration of 2.331020 cm−3 and subsequently annealed at
1200 °C for 30 min. The spectrum measured with DUVs244 nmd excitation
is compared with those observed with UVs364 nmd and VIS s488 nmd
excitations.
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man bands of the as-implanted sample are markedly
broadened. The TOsA1d and FTOs2/4d bands merge into a
single peak, indicating that the implanted layer is highly
damaged but not completely amorphized. As the annealing
temperature is increased from 1200 to 1700 °C, these TO
bands become sharper and more intense, and are observed
separately. The LO band also varies greatly with the anneal-
ing temperature.

Figure 3 shows the spectral profiles of the LO bands in
Fig. 2 on an expanded scale. At lower-temperature annealing
s1200 and 1400 °Cd the LO band becomes narrower and
stronger. At higher-temperature annealings1600 and
1700 °Cd, this band shifts toward the higher-frequency side
and takes an asymmetric shape. Such behavior is a charac-
teristic feature of the LO-phonon mode coupled with
plasmon.

The peak frequencies of the FLA, FTOsE2d, and LO
sLOPCd bands are plotted as a function of the annealing tem-
perature in Fig. 4. The FLA and LO bands for the as-
implanted sample shift to the low-frequency side. After an-
nealing at temperatures above 1200 °C the FLA and TO
bands lie at the same positions as those of the virgin sample.
For the annealing at temperatures below 1600 °C, the fre-
quency of the LO band is below that of the pure LO band,
though the frequencies of the FLA and TO bands are identi-
cal to those of virgin crystal. The LO band shifts to higher
frequencies with asymmetric broadening after annealing at
1600 °C. The behavior of the LO mode is explained as fol-
lows. With relatively low-temperature annealings1200 and
1400 °Cd, the crystallinity partially recovers. However, deep
centers resulting in the trapping of free carriers still remain.
As a result, annealing at 1200 or 1400 °C yields a sharp
symmetric LO band. Annealing at 1600 or 1700 °C increases
the free-carrier density due to a reduction of the number of
the deep centers and activation of the dopant, resulting in a
broad asymmetric LOPC mode shifted to the higher-
frequency side, as shown in Fig. 3. The downshift of the LO
mode after annealing at 1200 or 1400 °C may be due to a
dielectric anomaly, as will be discussed in the next section.
For the annealing at 1700 °C, the free-carrier density and
electrical activity estimated from the peak frequency of the
LOPC mode28 are about 1.531018 cm−3 and 50%, respec-
tively. The electrical activity of the doping impurity deduced
from the Raman analysis is consistent with the result of Hall
measurementssn=1.9331018 cm−3d.

B. Room-temperature implantation with high dose

Figure 5 shows the Raman spectra of 4H-SiC implanted
at room temperature with a high concentration of phosphorus
s2.331020 cm−3d and subsequently annealed at 1200, 1600,
and 1700 °C for 30 min. The as-implanted sample shows no
fine structures, indicating that the implanted layer is com-

FIG. 2. Raman spectra of 4H-SiC crystals P+ implanted at 500 °C with a
dose concentration of 3.031018 cm−3 and subsequently annealed at several
temperatures for 1 min.

FIG. 3. LO-phonon bands of samples for which spectra are shown in Fig. 2.

FIG. 4. Peak frequencies of Raman bands of samples for which spectra are
shown in Fig. 2, plotted as a function of annealing temperature. The solid
circles, triangles, and squares correspond to FLA, FTOsE2d, and LO
sLOPCd modes, respectively.
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pletely amorphized. After annealing at 1200 °C broad TO
and LO bands appear. The FLA band at 610 cm−1 is absent,
and the TOsA1d and FTOsE2d bands merge into a single band.
Furthermore, the TO and LO bands lie at frequencies lower
than those of a virgin sample.

For the annealing at 1600 and 1700 °C weak and rela-
tively sharp FLA, FTOsE2d, and TOsA1d bands appear. A
broad shoulder band is observed on the higher-frequency
side of the TOsA1d band extending up to about 795 cm−1,
corresponding to the frequency of the TO mode of 3C-SiC.
This broad asymmetric band is attributed to the TO band of
the 3C structure accompanying the high-density stacking
faults. The Raman spectra of heavily disordered 3C-SiC have
been studied by Rohmfeldet al.40 and Nakashimaet al.,41

who showed that a broad band appears below the TOsGd
band for disordered 3C-SiC. The formation of the 3C stack-
ing in the implanted layer is also supported by the observa-
tion that the FLA band at 610 cm−1, which is characteristic
of 4H-SiC structure, is weak. The presence of weak FTOsE2d
and TOsA1d modes in addition to the weak FLA mode indi-
cates that the implanted layer after annealing consists of
heavily disordered 3C structure mixed with a 4H structure.
The conversion from implanteda-SiC to 3C-SiC by anneal-
ing was previously reported by Satohet al., who showed that
6H-SiC layers implanted at room temperature and postan-
nealed consists of twinned 3C-SiC.42

For the implantation at room temperature, the LO-
phonon band shows a striking downshift after annealing. For
annealing at 1200 °C, the downshift amounts to 18 cm−1. For
annealing at temperatures from 1400 to 1700 °C, the LO-
phonon band is broad and its frequency is 6–9 cm−1 lower
than that of the virgin crystal. Even after annealing at

1700 °C, the LO-phonon band that accompanies the low-
frequency tail is still located at a frequencys957.8 cm−1d
below that of the pure LO-phonon modes964 cm−1d. The
downshift of the LO mode shown in Fig. 5 can be attributed
to phonon confinement and strain effects, as discussed later.
It should be noted that in the present work polytype conver-
sion in the implanted layers was found only for samples
implanted at room temperature.

C. Hot implantation with high dose

Raman measurement was performed on samples P+ im-
planted at 500 °C with a dose concentration of 2.3
31020 cm−3. They were postannealed at 1200, 1300, 1400,
and 1700 °C for 30 min. The as-implanted sample was al-
most amorphized. Broad TO and LO bands were observed in
the Raman spectrum of the as-implanted sample. As shown
in Fig. 6, the intensity of the Raman bands increases gradu-
ally with an increase in the annealing temperature. The FTO
sE2d and TOsA1d bands are not clearly resolved with anneal-
ing temperature at 1200 °C, while they are well resolved
with annealing at above 1400 °C. After annealing at above
1200 °C, a weak LO band appears at 964 cm−1 that corre-
sponds to the pure LO-phonon band in virgin crystal. Hall
measurement of these annealed samples indicated that the
free-carrier concentration was of the order of 1020 cm−3. For
this carrier concentration theoretical analysis of the LOPC
mode28 predicts a very weak and broad LOPC mode beyond
1200 cm−1. Accordingly, the appearance of the LO band re-
sembling the bare LO band after postannealing suggests that
there are small grains where the free-carrier density is re-

FIG. 5. Raman spectra of 4H-SiC crystals P+ implanted at room temperature
with a dose concentration of 2.331020 cm−3. Postannealing temperature
ranges from 1200 to 1700 °C. Spectrum of a virgin sample is shown for
reference. The annealing time is 30 min.

FIG. 6. Raman spectra of 4H-SiC crystals hot implanted with phosphorous
ions at 500 °C with a dose concentration of 2.331020 cm−3 and postan-
nealed at several annealing temperatures. The annealing time is shown in
this figure for each sample.
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duced by carrier trapping resulting from implantation-
induced defects. The intensity of the FLA mode is relatively
weak for annealing below 1400 °C. Although this band be-
comes intense with annealing at 1700 °C, the FTA doublet at
around 200 cm−1 is not clearly resolved.sThe spectra of a
low-frequency portion are not shown here.d This result indi-
cates that the crystal quality is not completely recovered for
a dose concentration of 2.331020 cm−3. On annealing at
1700 °C for 30 min, the spectrum became quite similar to the
4H-SiC spectrum. This was due to the evaporation of the
surface layer during annealing, as confirmed by secondary-
ion-mass spectrometrysSIMSd, whereas for a 10-min anneal-
ing the spectral profile resembles that of a sample annealed at
1400 °C. The result of the SIMS measurement showed that
the evaporation rate at 1700 °C was roughly 40 nm/10 min
when a special covering of the sample surface was not made.

We also observed the Raman spectra of samples im-
planted with a dose concentration of 2.331020 cm−3 which
were postannealed at 1700 °C for the time ranging from 0.5
to 30 min. No appreciable anneal time dependence was ob-
served for these samples. This is consistent with the results
of previous sheet resistance measurements for samples an-
nealed for different times.33

We studied the dose dependence of Raman spectral pro-
files in samples implanted at 500 °C and subsequently an-
nealed at 1700 °C for different times. Figure 7 shows results
for implantation with implant concentrations of 3.331017,
3.031018, 3.331019, 2.331020, 4.031020, and 8.0
31020 cm−3. As the implanted dose is increased, the inten-
sity of the LO band relative to that of the FLA band de-
creases, and the resolution of the FTOsE2d and TOsA1d bands
slightly worsens owing to the broadening of these Raman
bands. This implies that crystal quality with a lower dose
after annealing at 1700 °C is better than with a higher dose.
The LO band in the sample with a low implant concentration
of 3.031017 cm−3 is intense and sharp. For an implant con-
centration of 3.031018 cm−3, the LOPC mode shifts by
,6 cm−1 to the high-frequency side of the bare LO mode.
On the contrary, for implant concentrations higher than 3.3
31019 cm−3 the weak LO mode appears close to or at the
lower-frequency side of the bare LO mode. The LOPC mode
of the samples with implant concentrations higher than 3.3
31019 cm−3 should be upshifted, weak, and broadened, be-
cause the carrier density is highs1.431019–2.7
31020 cm−3d, as evidenced by Hall measurement. The ap-
pearance of a sharp LO mode resembling a bare LO mode
indicates the presence of minute clusters with a low carrier
density in the implanted layer. The carrier density reduction
might be caused by residual defects existing in the clusters. It
will be informative to discuss the behavior of as-implanted
samples used in this figure. Raman spectra of the as-
implanted specimens showed that as the implantation dose is
increased, the area of damaged regions increases. For a dose
of 3.331017 cm−3 the Raman spectrum of the as-implanted
specimen similar to that of pristine crystals. For doses of
3.031018,3.331019, and 2.331020 cm−3 broad and weak
Raman bands were observed at positions of the TO and LO
modes, indicating that the as-implanted region was almost
amorphized. For heavily dosed specimens with 4.031020

and 8.031020 cm−3 the Raman spectra were featureless, as
shown in Fig. 8.

Raman measurement was carried out on 4H-SiC crystals
heavily implanted with a dose concentration of 8.0
31020 cm−3 followed by annealing at 1700 °C for different
annealing times. The thickness of the implanted layer was
500 nm. As shown in Fig. 8, the as-implanted sample shows
the weak LO and TO bands, and the FLA band disappears,

FIG. 7. Raman spectra of 4H-SiC crystals hot implanted with P+ and an-
nealed at 1700 °C. Dose concentrations and annealing times weresad 3.3
31017 cm−3, 1 min, sbd 3.031018 cm−3, 1 min, scd 3.331019 cm−3, 10 min,
sdd 2.331020 cm−3, 5 min, sed 4.031020 cm−3, 5 min, and sfd 8.0
31020 cm−3, 4 min, 50 s.

FIG. 8. Raman spectra of 4H-crystals with a heavy
dose concentration of 8.031020 cm−3 and short postan-
nealing times.
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indicating that the implanted layer is almost amorphized. The
FLA, TO sA1d, and FTOsE2d bands become narrower as the
annealing time is increased. The LO band remains weak and
is located near the bare LO band. Hall measurement shows
that the carrier density in the implanted layer is as high as
2.731020 cm−3 after annealing for longer than 30 s. As pre-
dicted from the behavior of the LOPC mode,28 this mode
should shift towards much higher frequencies in an asym-
metric broad band shape. Moreover, the intensity of the
LOPC mode should be too weak to be observed for such a
high density of free carriers. Hence, the weak LO band ob-
served at around 965 cm−1 would arise from clusters where
the free-carrier density is greatly reduced due to trapping by
residual defects.

The spectra shown in Fig. 8 have a fine structure in the
frequency region below 500 cm−1. The bands in this struc-
ture become sharper as the annealing time is increased. Fur-
thermore, they also appear in samples implanted with a high
concentrations4.031020 cm−3d. We attribute these bands to
phonon bands in clusters of precipitated phosphorus. Raman
measurements have been made on black phosphorus43 or
amorphous phosphorus.44 Sugaiet al. observed four strong
Raman bands at 194, 362, 439, and 467 cm−1 for orthorhom-
bic black phosphorus, which were assigned asB1g,Ag,B2g,
and Ag modes, respectively. The peak frequencies of these
new Raman bands are close to those reported for the ortho-
rhombic phosphorus, though the bands observed at 367.7 and
476.0 cm−1 are by several wave numbers different from the
corresponding bands reported by Sugaiet al.43 The presence
of the unidentified Raman bands at 311.8 and 499.7 cm−1

suggests that different P allotropes are mixed in the precipi-
tates. The Raman spectral profile of the phosphorous clusters
in Fig. 8 is much different from that of the amorphous phos-
phorus reported by Olegoet al.44 These results indicate that
the phosphorous clusters in the implanted layers consist
mainly of crystalline orthorhombic phosphorus.

The solubility limit of phosphorus in 4H-SiC has re-
cently been reexamined by Bockstedteet al.45 and Laubeet
al.,46 who suggested that the upper limit of the solubility for
phosphorus is above 1020 cm−3. Phosphorous activation up to
2.731020 cm−3 was achieved with a postimplantation an-
nealing by Negoroet al.34 A high carrier concentration of
3.031020 cm−3 was obtained in heavily dosed 4H-SiC using
XeCl laser annealing.47 As stated above, Hall measurements
made on a sample implanted with a dose concentration of
8.031020 cm−3 showed that the electrical activity of the
dose impurity was about 30%sthe free-carrier concentration
was 2.731020 cm−3d. Our finding of phosphorous precipi-
tates in samples implanted with a dose concentration of 4.0
31020 or 8.031020 cm−3 is consistent with recent studies of
the solubility limit of P and our Hall measurements. Re-
cently, precipitation of boron has been observed for 6H-SiC
implanted with a boron concentration of 1.531021 cm−3.48

Precipitates of phosphorus were also found in implanted InP
for which a new Raman band has been observed at around
436 cm−1.49

IV. DISCUSSION

Our Raman measurements of ion-implanted and postan-
nealed 4H-SiC showed that Raman spectral profiles vary
drastically with the dose and annealing conditions. Particular
features are a change in the peak frequency and band shape.
The downshift of the LO-phonon band has been frequently
observed in surface layers of various semiconductors which
are ion implanted and also postannealed.1,4,6–8,50–55There are
several causes for the shift of the phonon Raman bands rela-
tive to those of perfect crystals:sid strain, sii d phonon con-
finement,siii d defect or impurity-induced change in the force
constants, andsivd defect-induced change in the long-range
polarization field. Analysis of the frequency shift together
with the line shape is an effective way to identify the cause
of the downshift in implanted and postannealed materials.

A. Ion implantation-induced strain

Lattice strain is induced in various materials by ion
implantation.7,8,51,52The strain may arise from vacancy clus-
ters, interstitials, dislocation loops, stacking faults, etc. We
used the frequency shift of phonon bands as a measure of the
recovery of the crystallinity. The strain and the change in
force constants would tend to cause almost equal shifts for
TO and LO mode frequencies. Most of our SiC samples as
implanted and postannealed at relatively low temperatures
below 1600 °C showed a downshift of the TO and LO-
phonon bands. As shown in Figs. 2 and 4, the FLA and LO
bands in the as-implanted sample with an implant concentra-
tion of 3.031018 cm−3 shift down by 3 and 7 cm−1, respec-
tively, from those of virgin crystal. On annealing above
1200 °C the FLA and TO bands return to their original posi-
tions. In contrast, the LO band remains downshifted after
annealing at 1200 or 1400 °C. This implies that strain mainly
contributes to the downshift of the TO and LO bands in the
above as-implanted samples, but diminishes after annealing
at above 1200 °C.

A downshift of both the TO and LO modes is also ob-
served in the samples hot implanted with a dose concentra-
tion of 2.331020 cm−3 and postannealed at below 1400 °C
sFig. 6d. As shown in Fig. 6, the FLA and LO-phonon bands
shift almost equally to the lower-frequency side with anneal-
ing at 1200 °C. We attribute this to implantation-induced
strain. Similar features are observed in samples implanted
with higher concentrationss2.331020 and 1.331021 cm−3d
and postannealed at 1700 °C for 1 minsFig. 7d. These results
show that the strain tends to remain in SiC crystals that are
as implanted and postannealed at lower temperatures. The
strain may be relaxed by annealing at temperatures higher
than 1700 °C.

B. Phonon confinement effect and change in
dielectric properties

In an imperfect crystal, phonons can be confined in
space by microcrystallite boundaries or defects. This con-
finement results in uncertainty in the phonon momentum and
in the wave-vector selection rule during Raman scattering.
This allows phonons withq.0 to contribute to the Raman
scattering, whereq is the wave vector of the phonon. Since
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the phonon dispersions at theG point are negative in general,
phonons with frequencies lower than that at theG point par-
ticipate into the Raman scattering. This shifts the Raman
peak downward and makes the line shape asymmetric with a
low-frequency tail in solids damaged by ion
implantation.1,4,53–55This phonon confinement effect would
affect both LO and TO modes. The amount of the shift may
differ a bit between the LO and TO modes because the pho-
non dispersions for these modes differ.

When the downshift of the LO-phonon band is large
compared to that of the TO phonon, or the LO mode alone
downshifts, the frequency splitting between the LO and TO
mode is reduced. As stated above, the strain and change in
force constants usually cause an almost equal shift for the
TO and LO mode frequencies. This means that the reduc-
tion in the LO–TO splitting would not be due to stress.
This reduction has been found in ion-implanted
semiconductors,6,50,56 low-temperaturesLTd grown GaAs,
GaP3,6,8,57–59nitrided GaAs,60 neutron-irradiated GaP,6 and
ZnO films.61 A reduction in the LO–TO splitting in ion-
implanted GaP has been reported by Myerset al.8 and
Kuriyamaet al.6 Myerset al. interpreted the reduction in the
LO–TO splitting in terms of defect-induced weakening of the
long-range Coulomb field, which causes a larger downshift
for the LO mode than the TO mode. An alternate interpreta-
tion is a change in the effective charge due to defects. LT-
GaAs and LT-GaP epitaxial films that have excess V group
elements57–59 exhibit reduced LO–TO splitting of the order
of 0.5–2.2 cm−1. In a dielectric continuum model, the fre-
quencies of the LO and TO modes are related by the equation
vL

2−vT
2=4pQ2/ smn«`d, wherevL andvT are the LO- and

TO-phonon frequencies,Q is the effective charge on the
ions, n and m are the volume and reduced mass of the unit
cell, and«` is the high-frequency dielectric constant.50 The
reduction of the LO–TO splitting has been explained in
terms of the reduction in the effective charge caused by an-
tisite defects50,57,58and vacancy-interstitial complexes.50,56,60

Ashkenovet al. observed a slight redshift of the LO mode in
ZnO film grown on sapphire.61 They showed that the density
of this film is low compared with that of bulk crystal and that
the static dielectric constant«0 is smaller than that of bulk
crystal. They attributed these features to a high density of
vacancy point defects. They postulated that vacancies reduce
the LO-phonon frequency, which is related to the TO mode
frequency via the Lyddane–Sachs–Teller relation due to a
decrease in«0. While these two explanations for the change
in the dielectric property seem to be based on different mod-
els, they have one concept in common:the change in the
polarization field due to defects.

As shown in Figs. 3 and 4, a noticeable downshift of the
LO band is observed for SiC samples implanted with a dose
concentration of 3.031018 cm−3 and postannealed at 1200 or
1400 °C. The downshift of the LO mode may cause the re-
duction in the LO–TO splitting. In this case, the LO-phonon
band is sharp and almost symmetric. Samples implanted with
8.031020 cm−3 and postannealed at 1700 °C shows a larger
downshift of the LO band than of the FLA bandfcurvesfd in
Fig. 7g. This downshift of the LO band is attributed to a
decrease in the polarization field caused by implantation-

induced defects, since the low-frequency tail of the LO band
related to the phonon confinement effect is not observed.

As shown in Fig. 5, there is the remarkable downshift of
the LO mode together with a broadening in the lower-
frequency side for the samples implanted at room tempera-
ture. The peak frequency of the TO bands could not be de-
termined due to their complicated structure. A plausible
explanation for the downshift of the LO band is that the LO
phonons are confined in the domains of the 3C structure with
heavy stacking faults in which the free-carrier density is low.
A dielectric anomaly may contribute to the downshift of the
LO band in the 3C domains.

It is worth noting that the downshift of phonon band
observed in the as-implanted and postannealed SiC cannot
always be attributed to a single mechanism. It originates
from a mixture of mechanisms such as strain, phonon con-
finement, and change in dielectric properties; the extent of
their contributions depends on the implantation and postan-
nealing conditions.

V. SUMMARY

We used DUV Raman spectroscopy to study the recov-
ery of crystallinity of 4H-SiC surface layers implanted with
phosphorous ions and subsequently annealed. Characteriza-
tion of the residual strain, recovery of crystallinity, and also
electrical properties of the samples postannealed at different
temperatures reveals that the recovery of crystallinity de-
pends strongly on implant concentration of phosphorus and
the annealing conditions. For samples with low implant con-
centrationssless than 3.331018 cm−3d, the crystallinity is
fairly sufficiently recovered after postannealing at 1700 °C.
For samples implanted with,2.031020 cm−3 the crystal
quality is not fully recovered even after annealing at
1700 °C. The Raman spectra show that the phosphorous ions
are segregated in heavily implanted sampless8.0
31020 cm−3d; this is because the density of the implanted
ions exceeded the solubility limit. For samples implanted at
room temperature with 2.331020 cm−3, the spectra show
that the implanted layers are partly transformed into a 3C
stacking structure with heavy stacking faults. The Raman
bands for samples as implanted and annealed at lower tem-
peratures are downshifted due to implantation-induced strain,
phonon confinement, and changes in the dielectric param-
eters.

The results of the present work demonstrate that the
deep ultraviolet Raman spectroscopy is a powerful technique
for characterizing not only the residual strain in thin SiC
surface layers but also the recovery of crystallinity by post
ion implantation annealing.
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