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Deep ultraviolet Raman scattering characterization of ion-implanted
SIC crystals
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Multiple energy phosphorous ions were implanted into 4H-SIiC at room temperature and at an
elevated temperaturé500 °Q 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 cnit in samples heavily dosed with 4010 cm™ 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 mechar266%. ©
American Institute of PhysicfDOI: 10.1063/1.1931039

I. INTRODUCTION visible light penetrates deeply into wide gap semiconductors,
and the strong signals arising from the substrate prevent the
lon implantation is a key technology for impurity doping observation of signals from thin implanted surface layers.
in semiconductors. This technology can be used to producRecent high-speed device fabrication requires shallow junc-
well-defined doping profiles in semiconductor device structions, which need implanted layers on a nanometer scale.
tures. However, it generates a high density of defects in crysNondestructive characterization is obviously needed for such
tals. High-temperature implantatiaimot implantation fol- thin layers.
lowed by high-temperature annealing is required to restore Here we report on the use of Raman microspectroscopy
crystallinity and to activate the implanted dopants by replacto study phosphorous iofP*)-implanted 4H-SiC crystals.
ing them to lattice sites. We used a deep ultravioldDUV) laser as an excitation
Optimization of the ion implantation and annealing pro- source, whose optical penetration depth is comparable to the
cesses requires characterization of the physical properties gfiplanted layer thickness. Phosphorous implantation has re-
the implanted region on a microscopic scale. Various techeently attracted much attention because it gives low sheet
niques including transmission electron microscaEM),  resistancé”>’We used ion-implanted samples with different
electron-transport measurement, and optical spectroscogioping levels(3.3x 10" to 8.0x 107 cm™) to analyze the
have been used for characterizing ion-implanted and postatiecovery of the crystallinity by postannealing as a function of
nealed layers. Among the optical techniques, Raman spethe annealing temperature. We studied and compared the Ra-
troscopy has been actively used to evaluate implantationnan spectra of samples implanted at room temperature and
induced damages in semiconductors as well as strain arf 500 °C.
electrical activity of the implanted dopants. This is because
the Raman probing depth is comparable to the depth of th
implanted layers when a suitable visible laser source is used.
Extensive Raman scattering studies have been performed éh Sample preparation

-V compounds™* and IV-IV semiconductors including We usedp-type epitaxial layers grown on 8°-off 4H-SiC
H 15-17 o; 18-22 : H
diamond,” " Si,”*“and "I‘('F%ggap semiconductors such asgooy) substrates. The carrier density in the virgin epitaxial
SiC (Refs. 23-29 and GaN.™* However, up to now, Ra- |ayers was 5.6 105 cmi3. After a standard RCA cleaning,
man analysis of the semiconductor surface using visible ex10.nm-thick oxide films were grown at 1200 °C in a dry O
citation has been'llmlteo'l to narrow and midgap Sem'C(_)ndUCatmosphere. Multiple energy implantation was performed at
tors; no systematic studies have been performed on wide gagom temperature and at 500 °C to create a box-shaped pro-
semiconductors. The main reason for this limitation is thatjje with a uniform dopant distribution to a depth of 300 nm.
The implantation energy was varied from 10 to 280 keV. The
Electronic mail: nakashima-s@aist.go.jp total oses were , 9.0X , 1.0X , .
3 | d 1010 9.0x10'% 1.0x10%, 7.0
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X 10, and 4.0< 10 cmi?, corresponding to phosphorous
atom concentrations of 3:310'7, 3.0x10'8, 3.3x10'°,
2.3x10%°, and 8.0<10°° 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.

JL VIS (488 nm)  §

| e |

DUV (244 nm

Raman Intensity (arb. units)

700 800 900 1000
Raman Shift (cm-])

B. DUV Raman measurements
FIG. 1. Raman spectra of 4H-SiC crystalsifiplanted at room temperature

The unpolarized Raman scattering spectra of the imwith a dose concentration of 2810%° cm™ and subsequently annealed at
planted Samp'es were recorded at room temperature using;l.aoo °C for 30 mm The spectrum me_asured with D44 nm) excitation
micro-Raman spectrometer recently constructed at our instgxgi?;gﬂrsed with those observed with 864 nm and VIS (488 nm
tute. Details of this system are described elsewfiefihe
spectra were excited with an intracavity frequency-doubled q he d
Ar* laser operated at 244 nm. The laser beam was guideHVOfEG“_Z”m’ danh Vr:$|<(488 n?j.hT.e | osedv:/as 7.0
into a microscope and focused through a Cassegrain obje<§<-1 cm = ar;] t e_t ICKNess ?1 the implanted layer was
tive with a numerical aperture of 0.38 and a working distance?r?0 nm. As shown In Fig. 1, t eh.:I)U;/ Raman spectrum
of 7.3 mm. The power and spot size of the laser beam werg0Ws broad TO and LO bands, while the VIS and UV spec-

15 mW and~3 um on the sample surface, respectively. Thelr@ show sharp TO and LO bands which arise from the un-

scattered light was collected by the same objective and foderlying nonimplanted region. The UV excitation was not

cused onto the slit of a filter spectrometer with a subtractiveUfficient for evaluating thin ion-implanted SiC layers with

double monochromator, and dispersed by a 1.5-m monochr&-“bmicron thickness. This demonstrates that the Raman pen-

mator (Sopra UHRS F1500 with a grating of etration depth of the DUV light is less than the thickness of

2400 grooves/mm. This monochromator can be used fof'® implanted layef300 nm in SiC and that DUV excitation
single- and double-pass configurations. The signals were d& well suited for probing submicron |0n-|mplanted regions.
tected by a liquid-nitrogen-cooled charge-coupled devicdn the other hand, for completely amorphized surface layers

(CCD) detector of an open electrode type. The reciprocafS IMplanted with a high dose at room temperature, the Ra-
linear dispersions of the spectrometer were 40 andnan spectra obtained with VIS and DUV excitations are al-

20 cn/mm for the single- and double-pass configurations,mOSt _identical, due to the very. shz_slllow penetration depth
respectively, which corresponded to 1 and 0.5 dipixel on resulting from the strong absorption in the amorphous region

the CCD. The accuracies of the frequency measurement wefd POth VIS and DUV lights. This means that the visible
+1.0 and +0.5 ¢, respectively. The absorption coefficient Raman excitation is also useful for almost amorphized SiC
a of SiC at a 244-nm excitation calculated from optical Con_layers.
stants reported elsewhéfés 0.5x 10° cm™. Since the Ra-
man scattering was done using a quasibackscattering geomr. EXPERIMENTAL RESULTS
etry, the Raman probing depfhi/(2a)] was approximately : . .
100 nm for 4H-SiC, which is comparable to projected rangeA' Hot implantation with low dose
in the present experiment. This ensured that we detected Ra- Raman measurements were carried out for phosphorous
man signals from the implanted surface layers alone. Wémplanted 4H-SiC crystals with an implant concentration of
used transverse-opticalO)- and longitudinal-optica(LO)-  3.0x 108 cm™3. After implantation at 500 °C the samples
or LO-phonon plasmon couplgdlOPC) bands for monitor- were annealed at temperatures from 1200 to 1700 °C for 1
ing the structural disorder and electrical properties, respeanin. Figure 2 shows Raman spectra of as-implanted and
tively. Because of the resonance Raman effect, 4H-SiC crypostannealed samples. The spectrum of a virgin crystal
tals show an intense and narrow folded longitudinal acoustishown for reference exhibits an FLA mode at 610.4%ma
(FLA) band at 610 cit in the DUV region®® The FLA  folded transverse optica#l; [FTO(A;)] mode at 776.4 cit,
mode can also be used as a monitor band for the crystallinitand an L@A;) mode at 964.1 cit?®> The mode at
with DUV excitation. 784.4 cm? is a Raman forbidden T@,) mode, which can

To examine how DUV light probes thin SiC implanta- be observed at a 244-nm excitation, presumably due to the
tion layers, we measured the Raman spectra of a 4H-SiBreakdown of the polarization selection rule under the reso-
crystal ion implanted at room temperature and postannealemaince conditiori® As shown in this figure, the Raman spec-
at 1200 °C using three different laser lines: DW244 nn),  tra vary greatly with the annealing temperature. All the Ra-
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) ' 1200 °C Annealing Temperature (°C)
ﬂ A 956.1p as-Impla. FIG. 4. Peak frequencies of Raman bands of samples for which spectra are
' L ' L shown in Fig. 2, plotted as a function of annealing temperature. The solid
600 800 1 1000 circles, triangles, and squares correspond to FLA, FEY), and LO
Raman Shift (cm™) (LOPC) modes, respectively.

FIG. 2. Raman spectra of 4H-SiC crystals ifplanted at 500 °C with a .
dose concentration of 3:010% cmi 2 and subsequently annealed at several The peak frequencies of the FLA, FTIQ), and ) LO
temperatures for 1 min. (LOPQ) 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-

man bands of the as-implanted sample are markedljeqjing at temperatures above 1200 °C the FLA and TO
broadened. The T@,) and FTQ2/4) bands merge into a y,hqsjie at the same positions as those of the virgin sample.

single peak, indicating that the implanted layer is highly o, he annealing at temperatures below 1600 °C, the fre-

damaged but not completely amorphized. As the annealin uency of the LO band is below that of the pure LO band,
temperature is increased from 1200 to 1700 °C, these T

ough the frequencies of the FLA and TO bands are identi-

bands become sharper and more intense, aqd are observgg to those of virgin crystal. The LO band shifts to higher
;eparately. The LO band also varies greatly with the annea\"requencies with asymmetric broadening after annealing at
Ing temperature. , . 1600 °C. The behavior of the LO mode is explained as fol-
_ Figure 3 shows the spectral profiles of the LO bands ings \ith relatively low-temperature annealitg200 and
Fig. 2 on an expa?ded scale. At lower-temperature anneallng400 °Q, the crystallinity partially recovers. However, deep
(1200 and 1400 °Cthe LO band becomes narrower and qeners resulting in the trapping of free carriers still remain.

stronger. At higher-temperature ~annealind600 and Aq 5 result, annealing at 1200 or 1400 °C yields a sharp
1700 °Q, this band shifts toward the higher-frequency sidegy i metric LO band. Annealing at 1600 or 1700 °C increases

and takes an asymmetric shape. Such behavior is a charagy free-carrier density due to a reduction of the number of
teristic feature of the LO-phonon mode coupled With e geep centers and activation of the dopant, resulting in a

plasmon. broad asymmetric LOPC mode shifted to the higher-

frequency side, as shown in Fig. 3. The downshift of the LO
1600 °C

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 modé® are about 1.5 10" 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
measurement&=1.93x 1018 cm™3).

1400 °C

Raman Intensity (arb. units)

B. Room-temperature implantation with high dose

e N as'imf"amed Figure 5 shows the Raman spectra of 4H-SiC implanted
920 960 1000 1040 at room temperature with a high concentration of phosphorus
Raman Shift (cm™) (2.3x 10°° cm™®) and subsequently annealed at 1200, 1600,

and 1700 °C for 30 min. The as-implanted sample shows no

FIG. 3. LO-phonon bands of samples for which spectra are shown in Fig. Zfine structures, indicating that the implanted layer is com-
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Dose: 2.3x10™ em™

RT-implanted
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Raman Intensity (arb. units)

609.4 1600 °C
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;0456 i
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1200 °C

as implanted :
L | i L
600 700 800 900 1000 ! H
Raman Shift (cm’l) ' ' I

617832 :
i 1200°C }960.6
(30 min) /i
1 i

600 700 800 900 1000
FIG. 5. Raman spectra of 4H-SiC crystalsiplanted at room temperature Raman Shift (cm'l)
with a dose concentration of 2:310?°° cmi 3. Postannealing temperature

ranges from 1200 to .1700. °C._Spectrgm of a virgin sample is shown fOI'FIG. 6. Raman spectra of 4H-SiC crystals hot implanted with phosphorous

reference. The annealing time is 30 min. jons at 500 °C with a dose concentration of .80°° cm™ and postan-
nealed at several annealing temperatures. The annealing time is shown in
this figure for each sample.

pletely amorphized. After annealing at 1200 °C broad TO
and LO bands appear. The FLA band at 610 tim absent,
and the T@QA,) and FTQE,) bands merge into a single band.

Furthermore, the TO and LO bands lie at frequencies Iowe[)elow that of the pure LO-phonon mod864 cntl). The

than those of a virgin sample. . - .
For the annealing at 1600 and 1700 °C weak and rela(_Jlownshlft of the LO mode shown in Fig. 5 can be attributed

tively sharp FLA, FTQE,), and TGA,) bands appear. A ﬁ) p;]horllgr;)conf;nzr?herlt_arlﬁ strain ef:ects,kas ?l;scussed later.
broad shoulder band is observed on the higher-frequen should be noted that In Ih€ present work polylype conver-

cy . .
side of the T@A;) band extending up to about 795 t g{|on in the implanted layers was found only for samples

corresponding to the frequency of the TO mode of 3C_Sic_|mplanted at room temperature.

This broad asymmetric band is attributed to the TO band OE Hot implantation with high dose
the 3C structure accompanying the high-density stacking™
faults. The Raman spectra of heavily disordered 3C-SiC have Raman measurement was performed on samplémP
been studied by Rohmfeldt al’® and Nakashimat al,**  planted at 500°C with a dose concentration of 2.3
who showed that a broad band appears below thé'TO X 10?°cmi 3. They were postannealed at 1200, 1300, 1400,
band for disordered 3C-SiC. The formation of the 3C stackand 1700 °C for 30 min. The as-implanted sample was al-
ing in the implanted layer is also supported by the observamost amorphized. Broad TO and LO bands were observed in
tion that the FLA band at 610 crh which is characteristic the Raman spectrum of the as-implanted sample. As shown
of 4H-SiC structure, is weak. The presence of weak D in Fig. 6, the intensity of the Raman bands increases gradu-
and TQA;) modes in addition to the weak FLA mode indi- ally with an increase in the annealing temperature. The FTO
cates that the implanted layer after annealing consists dfE,) and TQA;) bands are not clearly resolved with anneal-
heavily disordered 3C structure mixed with a 4H structureing temperature at 1200 °C, while they are well resolved
The conversion from implanted-SiC to 3C-SiC by anneal- with annealing at above 1400 °C. After annealing at above
ing was previously reported by Satehal., who showed that 1200 °C, a weak LO band appears at 964 that corre-
6H-SIC layers implanted at room temperature and postarsponds to the pure LO-phonon band in virgin crystal. Hall
nealed consists of twinned 3C-Sf€. measurement of these annealed samples indicated that the
For the implantation at room temperature, the LO-free-carrier concentration was of the order of%€m. For
phonon band shows a striking downshift after annealing. Fothis carrier concentration theoretical analysis of the LOPC
annealing at 1200 °C, the downshift amounts to 18%ciior ~ modée® predicts a very weak and broad LOPC mode beyond
annealing at temperatures from 1400 to 1700 °C, the LO4200 cm'. Accordingly, the appearance of the LO band re-
phonon band is broad and its frequency is 6-9ctower  sembling the bare LO band after postannealing suggests that
than that of the virgin crystal. Even after annealing atthere are small grains where the free-carrier density is re-

1700 °C, the LO-phonon band that accompanies the low-
frequency tail is still located at a frequen¢957.8 cm?)

1£:80:0 $20C JOGWIBAON €|
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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

.g for implantation with implant concentrations of 3.0,

z 299 3.0x 10 3.3x101° 2.3x10% 4.0x10%° and 8.0

5 M X 10?° cm3. As the implanted dose is increased, the inten-
g‘ sity of the LO band relative to that of the FLA band de-

8 964.2 creases, and the resolution of the FEg) and TQA,) bands

i slightly worsens owing to the broadening of these Raman
% A28 bands. This implies that crystal quality with a lower dose
= after annealing at 1700 °C is better than with a higher dose.

963.5

The LO band in the sample with a low implant concentration
961.4 of 3.0x 10'” cm2 is intense and sharp. For an implant con-
centration of 3.<10*® cm™3, the LOPC mode shifts by
~6 cni! to the high-frequency side of the bare LO mode.
On the contrary, for implant concentrations higher than 3.3
FIG. 7. Raman spectra of 4H-SiC crystals hot implanted witraRd an- X 10* cm® the weak LO mode appears close to or at the
nealed at 1700 °C. Dose concentrations and annealing times (®@eg3  lower-frequency side of the bare LO mode. The LOPC mode
X 101" emr®, 1 min, (b) 3.0 10° cm ®, 1 min, (¢) 3.3x10°cm %, 10min,  of the samples with implant concentrations higher than 3.3
f)logéiﬁ-lnggin’sg Jnn (&) 4.0x10%cm, 5 min, and () 80 . 1490 o113 should be upshifted, weak, and broadened, be-
’ ' cause the carrier density is high(1.4x 10°-2.7

0 ~m-3 i
duced by carrier trapping resulting from implantation- X 10 cm), as evidenced by Hall measurement. The ap-

induced defects. The intensity of the FLA mode is relativelyP&arance of a sharp LO mode resembling a bare LO mode
weak for annealing below 1400 °C. Although this band pe-ndicates the presence of minute clusters with a low carrier

comes intense with annealing at 1700 °C, the FTA doublet sgensity in the implanted layer. The carrier density reduction
around 200 ciit- is not clearly resolved(The spectra of a might be caused by residual defects existing in the clusters. It

low-frequency portion are not shown her&his result indi- will be informative to discuss the behavior of as-implanted

cates that the crystal quality is not completely recovered fos@mples used in this figure. Raman spectra of the as-
a dose concentration of 2:310%° cm3. On annealing at iIMPlanted specimens showed that as the implantation dose is

] ]
600 700 800 900 1000

Raman Shift (cm'l)

1700 °C for 30 min, the spectrum became quite similar to thdncreased, the area of damaged regions increases. For a dose

4H-SiC spectrum. This was due to the evaporation of th@f 3.3 10" cm™® the Raman spectrum of the as-implanted
surface layer during annealing, as confirmed by secondargPecimen similar to that of pristine crystals. For doses of
ion-mass spectromet(BIMS), whereas for a 10-min anneal- 3.0X 10'%,3.3x 10", and 2.3x 10?° cm® broad and weak
ing the spectral profile resembles that of a sample annealed B@man bands were observed at positions of the TO and LO
1400 °C. The result of the SIMS measurement showed thahodes, indicating that the as-implanted region was almost
the evaporation rate at 1700 °C was roughly 40 nm/10 miramorphized. For heavily dosed specimens with>410%°
when a special covering of the sample surface was not madand 8.0< 10 cm3 the Raman spectra were featureless, as
We also observed the Raman spectra of samples inshown in Fig. 8.
planted with a dose concentration of X30?° cm 3 which Raman measurement was carried out on 4H-SiC crystals
were postannealed at 1700 °C for the time ranging from 0.%eavily implanted with a dose concentration of 8.0
to 30 min. No appreciable anneal time dependence was ob< 107° cm followed by annealing at 1700 °C for different
served for these samples. This is consistent with the resul@nnealing times. The thickness of the implanted layer was
of previous sheet resistance measurements for samples &00 nm. As shown in Fig. 8, the as-implanted sample shows
nealed for different time& the weak LO and TO bands, and the FLA band disappears,

Dose: 8.0x10™cm™

as-implantation

784.5

610. 776.4 o614 1700 °C

30 sec
6095 7840 FIG. 8. Raman spectra of 4H-crystals with a heavy
776.2 dose concentration of 8:010%° cm 3 and short postan-

120 sec nealing times.
775.9

608.2

Raman Intensity (arb. units)

784.1

476.0
7 439.9 499.7

311.8 367. 964.1

290 sec

] ]
400 600 800 1000
Raman Shift (cm>1)
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indicating that the implanted layer is almost amorphized. ThdV. DISCUSSION
FLA, TO (Ay), and FTO(E;) bands become narrower as the Our Raman measurements of ion-implanted and postan-

annealing time is increased. The LO band remains weak angbaled 4H-SiC showed that Raman spectral profiles vary
is located near the bare LO band. Hall measurement showsrastically with the dose and annealing conditions. Particular

that the carrier density in the implanted layer is as high aseatures are a change in the peak frequency and band shape.

2.7x 10°° cm™® after annealing for longer than 30 s. As pre- The downshift of the LO-phonon band has been frequently
dicted from the behavior of the LOPC motfethis mode  observed in surface layers of various semiconductors which
should shift towards much higher frequencies in an asymare ion implanted and also postannedt&i:-®°°>°There are
metric broad band shape. Moreover, the intensity of theseveral causes for the shift of the phonon Raman bands rela-
LOPC mode should be too weak to be observed for such Hve to those of perfect crystalgi) strain, (ii) phonon con-
high density of free carriers. Hence, the weak LO band obfinementiii) defect or impurity-induced change in the force
served at around 965 chwould arise from clusters where constants, andiv) defect-induced change in the long-range

the free-carrier density is greatly reduced due to trapping b Qlarizatign field. Apalysis of t.he frequenpy Shiﬂ together
residual defects. ith the line shape is an effective way to identify the cause

The spectra shown in Fig. 8 have a fine structure in theof the downshift in implanted and postannealed materials.

frequency region below 500 crh Th-e bgnds.m- this struc- A. lon implantation-induced strain

ture become sharper as the annealing time is increased. Fur- _ o _ _ _ .
thermore, they also appear in samples implanted with a high _ Lattice strain is induced in various materials by ion
concentratior(4.0x 107° cmi3). We attribute these bands to Implantation.™**The strain may arise from vacancy clus-
phonon bands in clusters of precipitated phosphorus. Ramdf's. interstitials, dislocation loops, stacking faults, etc. We
measurements have been made on black phosp‘\?iomus used the frequency shift of phonon bands as a measure of the
amorphous phosphordé.Sugai et al. observed four strong recovery of the crystallinity. The strain and the change in
Raman bands at 194. 362 439 and 467 dior orthorhom- force constants would tend to cause almost equal shifts for

. . . TO and LO mode frequencies. Most of our SiC samples as
bic black phosphorus, which were assignedBas, Ag, Bz, implanted and postannealed at relatively low temperatures

and A, modes, respectively. The peak frequencies of thesBeIOW 1600 °C showed a downshift of the TO and LO-
new Raman bands are close to those reported for the OrthB‘nonon bands. As shown in Figs. 2 and 4, the FLA and LO
rhombic phosphorus, though the bands observed at 367.7 apdngs in the as-implanted sample with an implant concentra-
476.0 cm? are by several wave numbers different from thetion of 3.0x 10 cm3 shift down by 3 and 7 ciit, respec-
corresponding bands reported by Sueial*™® The presence tively, from those of virgin crystal. On annealing above
of the unidentified Raman bands at 311.8 and 499.7-cm 1200 °C the FLA and TO bands return to their original posi-
suggests that different P allotropes are mixed in the precipitions. In contrast, the LO band remains downshifted after
tates. The Raman spectral profile of the phosphorous clusteesinealing at 1200 or 1400 °C. This implies that strain mainly
in Fig. 8 is much different from that of the amorphous phos-contributes to the downshift of the TO and LO bands in the
phorus reported by Oleget al** These results indicate that above as-implanted samples, but diminishes after annealing

the phosphorous clusters in the implanted layers consigit above 1200 °C. .
mainly of crystalline orthorhombic phosphorus. A downshift of both the TO and LO modes is also ob-

The solubility limit of phosphorus in 4H-SiC has re- served in the samples hot implanted with a dose concentra-
145 tion of 2.3x 10?° cm® and postannealed at below 1400 °C
(Fig. 6). 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

0 3 i i i i i
2'7>|<. 102me was aclh 3'? \'/Ae(:].vﬂth a.postlmplantat!on afn strain. Similar features are observed in samples implanted
nealing by Negoreet al. Igh carrier concentration of i higher concentration€2.3x 107° and 1.3< 102! cm™)

3.0x 10°% cm™® was obtained in heavily dosed 4H-SiC using 5, postannealed at 1700 °C for 1 niifig. 7). These results
XeCl laser annealingf As stated above, Hall measurements oy, that the strain tends to remain in SiC crystals that are
made on a sample implanted with a dose concentration ofs implanted and postannealed at lower temperatures. The
8.0x107° cm™ showed that the electrical activity of the strain may be relaxed by annealing at temperatures higher
dose impurity was about 30%he free-carrier concentration than 1700 °C.

was 2.7 10?° cm™3). Our finding of phosphorous precipi-

tates in samples implanted with a dose concentration of 4.8. Phonon confinement effect and change in

X 107° or 8.0x 107° cm 2 is consistent with recent studies of dielectric properties

the solubility limit of P and our Hall measurements. Re- In an imperfect crystal, phonons can be confined in
cently, precipitation of boron has been observed for 6H-SiGpace by microcrystallite boundaries or defects. This con-
implanted with a boron concentration of KE0* cm™*  finement results in uncertainty in the phonon momentum and
Precipitates of phosphorus were also found in implanted Infh the wave-vector selection rule during Raman scattering.
for which a new Raman band has been observed at arourthis allows phonons witly>0 to contribute to the Raman
436 cn® scattering, wherg is the wave vector of the phonon. Since

cently been reexamined by Bockstedteal.”™ and Laubeet
al.,*® who suggested that the upper limit of the solubility for
phosphorus is above cm 3. Phosphorous activation up to

1£:80:0 $20C JOGWIBAON €|
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the phonon dispersions at thegpoint are negative in general, induced defects, since the low-frequency tail of the LO band
phonons with frequencies lower than that at thpoint par-  related to the phonon confinement effect is not observed.
ticipate into the Raman scattering. This shifts the Raman As shown in Fig. 5, there is the remarkable downshift of
peak downward and makes the line shape asymmetric withthe LO mode together with a broadening in the lower-
low-frequency tail in solids damaged by ion frequency side for the samples implanted at room tempera-
implantationl.'4'53‘55This phonon confinement effect would ture. The peak frequency of the TO bands could not be de-
affect both LO and TO modes. The amount of the shift maytermined due to their complicated structure. A plausible
differ a bit between the LO and TO modes because the phaexplanation for the downshift of the LO band is that the LO
non dispersions for these modes differ. phonons are confined in the domains of the 3C structure with
When the downshift of the LO-phonon band is large heavy stacking faults in which the free-carrier density is low.
compared to that of the TO phonon, or the LO mode alonéA dielectric anomaly may contribute to the downshift of the
downshifts, the frequency splitting between the LO and TOLO band in the 3C domains.
mode is reduced. As stated above, the strain and change in It is worth noting that the downshift of phonon band
force constants usually cause an almost equal shift for thebserved in the as-implanted and postannealed SiC cannot
TO and LO mode frequencies. This means that the reduclways be attributed to a single mechanism. It originates
tion in the LO-TO splitting would not be due to stress. from a mixture of mechanisms such as strain, phonon con-
This reduction has been found in ion-implantedfinement, and change in dielectric properties; the extent of
semiconductor&>®® low-temperature(LT) grown GaAs, their contributions depends on the implantation and postan-
GaP**85"pitrided GaAs>® neutron-irradiated GaPand  nealing conditions.
ZnO films® A reduction in the LO-TO splitting in ion-
implanted GaP has been reported by Myetsal® and V. SUMMARY

Kuriyamaet al® Myerset al. interpreted the reduction in the We used DUV Raman spectroscopy to study the recov-
LO-TO splitting in terms of defect-induced weakening of theery of crystallinity of 4H-SiC surface layers implanted with

long-range Coulomb field, which causes a larger downshiff),snhorous ions and subsequently annealed. Characteriza-
for the LO mode than the TO mode. An alternate interpretagiqp, of the residual strain, recovery of crystallinity, and also

tion is a change in the effective charge due to defects. LTg|octrical properties of the samples postannealed at different
GaAs and LT-GaP epitaxial films that have excess V grou

57-59 ol " Remperatures reveals that the recovery of crystallinity de-
elements™ " exhibit reduced LO-TO splitting of the order o4 strongly on implant concentration of phosphorus and
of 0.5-2.2 cm. In a dielectric continuum model, the fre-

, _ the annealing conditions. For samples with low implant con-
quencies of the LO and TO modes are related by the eq“at'oébntrations(less than 3.% 10'8 cmd), the crystallinity is

w *~ wr?=4mQ?/ (uve.), wherew_andwr are the LO- and  giry gyfficiently recovered after postannealing at 1700 °C.
TO—phonon frequencies is the effective charge on the.For samples implanted with-2.0X 102° cm the crystal
ions, » and u are the volume and reduced mass of the unityyajity is not fully recovered even after annealing at
cell, ande., is the high-frequency dielectric constafThe 1700 °C. The Raman spectra show that the phosphorous ions
reduction of the LO-TO splitting has been explained ing e segregated in heavily implanted samplé8.0
terms of the reduction in the effective charge caused by an 120 cm3); this is because the density of the implanted

tisite defect®”*"**and vacancy-interstitial complex€2*®®  jons exceeded the solubility limit. For samples implanted at
Ashkenovet al. observed a slight redshift of the LO mode in yoom temperature with 2:810%° cmi 3, the spectra show

. - l . L
ZnO film grown on sapphw@.'_l’hey showed that the density that the implanted layers are partly transformed into a 3C
of this film is low compared with that of bulk crystal and that stacking structure with heavy stacking faults. The Raman
the static dielectric constamyy is smaller than that of bulk pands for samples as implanted and annealed at lower tem-
crystal. They attributed these features to a high density oferatures are downshifted due to implantation-induced strain,
vacancy point defects. They postulated that vacancies redugfonon confinement, and changes in the dielectric param-
the LO-phonon frequency, which is related to the TO modeaters.
frequency via the Lyddane-Sachs-Teller relation due to & The results of the present work demonstrate that the
decrease ir,. While these two explanations for the change deep ultraviolet Raman spectroscopy is a powerful technique
in the dielectric property seem to be based on different modfor characterizing not only the residual strain in thin SiC

els, they have one concept in commahe change in the syrface layers but also the recovery of crystallinity by post
As shown in Figs. 3 and 4, a noticeable downshift of the
LO band is observed for SiC samples implanted with a dos@ckNOWLEDGMENTS
concentration of 3.8 10 cm 3 and postannealed at 1200 or _
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