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Use of surface Brillouin scattering to examine a structural phase transition
in carbon-ion-bombarded silicon during high-temperature annealing
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Surface Brillouin scatteringSBS has been used to monitor a structural transition during high-temperature
annealing of silicon previously bombarded at ambient temperature with 100 keV carbon ions with a fluence of
5% 10" ions/cnt. It was observed that a significant change of the Rayleigh surface wave peak frequency
occurred during annealing at 600 °C; thereafter the frequency remained essentially constant to 900 °C. Raman
and SBS measurements of the sample after annealing and recooling to ambient temperature show that the
significant change in the Rayleigh mode frequency results from recrystallization of the amorphous silicon layer
near the sample surface produced by the ion bombardment. The work demonstrates the potential of SBS to
studyin situ the structural phase transitions of opaque materials.
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It is well established that amorphous layers can be pro- Samples of dimensions 44 mn? were cut from an
duced near the surfaces of crystalline semiconductors by-type silicon wafer with a phosphorus dopant concentration
high-fluence ion bombardmehtor such amorphous silicon of 10*%cm ™3, and prepared with a chemically polish@D1)
films, epitaxial recrystallization can be achieved by high-surface. A 3.8 mm diameter region of one sample was bom-
temperature annealing, but the type and degree of residughrded at ambient temperature by carbon ions of energy 100
disorder in the recrystallized layer depends on the implantegley/ to a fluence of % 107ions/cn?. The ion beam was

species. , , o , , _tilted about 7° away from thg001] direction to reduce ion
Because of their device applications, SiC buried layers Nhanneling.

silicon cre_ated by _high-fluence carbon-ion bombardment Using a transport of ions in mattekTRIM) 92
e e consderslestrth par o e SC o 1 Gabuton of e maned caron o
tures subsequent to bombardment is carried out, resulting i ghm ths sample was egtllm?ted éo' behas shpwn |fn2F|g. L
the recrystallization of the amorphized silicon surface layer € cja&r on lons are mainly found in the region of 000~
and the development of complex layer structures containing000 . fro_m _the_surface and to_have an apprommat_ely
SiC crystallites in the carbon-rich regions. In these previou&>2ussian distribution. The calculation neglects the possible
studies, measurements were made after the high-temperat&ects of carbon diffusioft Figure 1 also shows a standard
annealing. Thus the precise temperatures at which theskRIM simulation of the vacancy distribution for silicon
complex processes take place, including the recrystallizatioRombarded with the carbon ions. For high-fluence ion bom-
of the amorphous silicon, are not well defined; such knowl-bardments such as the present case this calculated distribu-
edge is important for a thorough understanding of the mechdion is unphysical since it neglects sequential displacements

nisms involved. of the silicon atoms, resulting in amorphization. For the
Surface Brillouin scatteringSBS is the inelastic scatter-
ing of light by thermally induced surface acoustic waves - 0.0008
(SAW’s) in the gigahertz frequency rangé® and provides 0.10- e g
an effective method to characterize the elastic properties og — St ! 00006 5o
thin supported layers. Of relevance to the present study arg, **1 o ! | <
the reductions in the Rayleigh SAW velocity observed on & 1 6@0"' SN \ E
silicon bombarded with 1.8 MeV Kr ions and attributed to 3 ey /-./ b\o b - 0.0004 =
amorphization of the structuré Recently, SBS has been ex- = (g4 %o%d,fm Ny b % g
tended to high-temperature measurements of the elastic prof.g g s s '\ J 0.0002 g
erties of silicod? and a nickel-based superallbyand has & 0024/ " R 2
been used to study the melting transition of tin nanoparticles§ M-f" 0%;1_ S
. . . 0.00 omstetogt® 0.0000
by observing the change in the frequency of the Rayleigh 5 oo 2000 2000 PR 00

SAW above and below the melting temperattfteThe
present work uses SBS to investigate the high-temperature
recrystallization of amorphous silicon formed in the carbon-  FIG. 1. The distribution of the implanted carbon ions and va-
ion bombardment of silicon, by means of the behavior of thecancies in the silicon calculated using a TRIM 92 simulation. The
Rayleigh SAW, which is monitored throughout this high- carbon ions are mainly distributed in the region of 2000 to 4000 A
temperature transition. and the distribution curve is approximately Gaussian in shape.
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(b) . FIG. 3. The measured and calculated velocity dispersion curves
MMM of SAW modes for the carbon-ion-bombarded sample for a wave
1

. vector along th¢100] direction in the(001) surface referred to the

Sample before annealing o crystalline silicon substrate. The measurements are in agreement
\.’ \ with the calculations for both the RayleigRW) and the first-order
o amd e NTUEY v nmy ey T fohe Sezawa SAWSW).

used are given in Refs. 10 and 16. A collection lens of focal
length 50 mm was used with slits limiting the collection

Original crystalline silicon

420 520 aperture to minimize errors due to aperture effétSigure
a 3 shows the measured velocity dispersion relations of the
Wave number (cm™) Rayleigh and first-order Sezawa SAW's for the carbon-ion-

. L bombarded sample for a wave vector along [th@0] direc-
FIG. 2. Raman spectra for the original crystalline silicon and the,[iOn in the (001) surface referred to the crystalline silicon
carbon-i(l)n-bombarded sampl@) The crystalline silicqn peak near ubstrate. In this diagrankd is the product of the SAW
520 cm -+ is completely suppressed for the carbon-lon-bombarde(%ave vector and layer thiCaneSS. The Rayleigh SAW velocity

le bef ling, and for th le aft
Samp'e EFOTe anneaing, and reappears 1of the sample ater aMNCELals out at a value of 4250 m/s flyd larger than about 6,

ing, but with lower intensity and a larger peak width) Spectra for ) ith . ion-b
original crystalline and carbon-ion-bombarded silicon shown on anconSIStgm W"_[_ OUGr previous measurements on lon-beam
aporphized silicort

expanded scale. The sample before annealing shows a broad pea . . . . .
450 cni L, characteristic of amorphous silicgRef. 10. In the calculation of the velocity dispersion relations, the

system is modeled simply as a single amorphous silicon

carbon-ion fluence of % 10" ions/cnt, the values of the va- layer of thickness 3600 A on a crystalline silicon substrate;
cancy concentration within 3600 A from the surface arethis effectively neglects the effects of the implanted carbon
more than 0.01/ion/A yielding a vacancy concentration ofions. For the calculation, the material constants of both the
greater than % 10°3cm 2 or 10 times the atomic density of substrate and the ion-bombarded layer are required. For crys-
silicon. In other words each silicon atom within this rangetalline silicon we use the values from Ref. 18, namely, mass
has been displaced, on average, 10 times leading to this rdensity p=2.332g/cmi and C,;=165.7, C,,=63.9, and
gion being uniformly amorphous. The fully amorphized sili- C44,=79.6 GPa. The density of amorphous silicon produced
con state will not be achieved in the tail region of 3600—by ion bombardment has been measured by Castat® as
4000 A from the surface, but this is only a small fraction of 2.290 g/cni (rather than the value of 2.215 g/2ifor sput-
the amorphous layer thickness. tered amorphous silicon used in determining the elastic con-

The original and carbon-ion-bombarded silicon samplesstants for the ion-amorphized silicon layer in Ref).18sing
were initially examined by Raman spectroscopy. In Fig) 2 this revised value for the density of the amorphous silicon
it is seen that the strong crystalline silicon peak near 520ayer, we have recalculated the elastic constants of amor-
cm ! is completely suppressed for the carbon-ion-phous silicon using the experimental data of Ref. 16; the
bombarded sample. Instead there is a weak, broad peaksults areC,,=143 andC,,=49.6 GPa. Using these values,
around 450 cm!® shown in detail in Fig. ). This feature the velocity dispersion curves for the carbon-ion-bombarded
was reported in Refs. 11 and 16 for amorphous silicon prosample were calculated and are shown in Fig. 3. It is seen
duced by krypton- and argon-ion bombardment, respectiveljthat the measured dispersion curves for the Rayleigh and the
Thus the present Raman studies confirm that the near surfafiest Sezawa modes are in a good agreement with the calcu-
layer is completely amorphized. lation. It is apparent that the form of the carbon ions within

The carbon-ion-bombarded sample was also studied usinfpe amorphous silicon prior to annealing does not signifi-
SBS prior to annealing. Accounts of the experimental techcantly alter its elastic properties, as assumed implicitly in the
nigue and the surface Green's-function method of analysisimple model adopted.
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each temperature is showexcept at 600 °; because it pro-

900° vides the stable SAW peak for that set temperature. At
X 400 °C or below, there is no significant change of the peak
800 shape of the Rayleigh SAW, while the phase velocity of the
mode increases by about 0.8% from room temperature to

700° 400°C. At 600 °C, the Rayleigh SAW peak in spectr(ih

(and during the heating peripdremains essentially un-
changed. In spectruii2) at 600 °C, the originally sharp Ray-
leigh peak broadens significantly. It still has its leading edge
close to 16 GHz, the position of the Rayleigh peaks observed
previously, but its trailing edge extends to about 17.5 GHz.
In spectrum(3), the broadened peak becomes somewhat
sharper again, with the peak position shifting about 7% to
higher frequencies and with a small shoulder on the leading
edge. In spectruni4), a sharp Rayleigh peak is again ob-
served but with its peak at 17.5 GHz. There is no significant
change of the peak position in the spectra obtained after fur-
ther annealing at this temperature. At 700 °C, the frequency
of the Rayleigh SAW peak shifts slightly to higher frequency
(by 0.6%, but there is no observable change in the shape of

Counts (arb. units)

10 15 2 5 the peak. At 800°C and 900°C, there is no significant
change in peak position and peak shape for the sample.
Frequency (GHz) For bulk materials or thin films of sufficient thickness, the

true Rayleigh SAW peak has a Lorentzian line shape with a

FIG. 4. The anti-Stokes SBS spectra for the carbon-ion-, . .
bombarded sample taken along #160] direction referred to the linewidth of about 0.5 GHz. Peaks of this nature are shown

(001 silicon substrate at different temperatures. At 600 °C, a broadin Fig. 4 for spectra measured at 400 °C and above 700 °C. It
ened peak was observed in the second measurement, indicating thatevident that at 600 °C, the Rayleigh SAW peak of the
a structural transition occurred. Spectra at 600 °C labelét)a€),  Sample undergoes a significant variation both in its line
(3), and(4) signify a succession of spectra measured at time intershape and peak frequency; indeed spectf@mndisplays a
vals of 20 min. broad double peak indicating a change in the elastic proper-
ties near the surface. With increasing annealing time at
The carbon-ion-bombarded sample was mounted in aB00 °C a new and sharp peak emerges at a higher frequency
optical furnace adapted for SBS measurements and operatedth a frequency shift of about 1.5 GHz as shown by a com-
in a vacuum of 10° Torr. Light of wavelength 514.5 nm parison of spectrél) and(4). This substantial increase of the
from an argon-ion laser operated in a single axial mode illuRayleigh SAW frequency during annealing is indicative of a
minated the sample using an incident angle of 70.7°. Thetructural transition and the presence of an elastically stiffer
scattered light was collected by a 120 mm focal length lenghase in the near surface region.
of aperture f 5.5 in a backscattering geometry. The sample The annealed sample was recooled to room temperature
was successively annealed in the furnace at a series of terand removed for Raman measurements. The postannealing
peratures from room temperature to 900 °C. The sample waRaman spectrum is also shown in Fig. 2. It is observed that
first raised to each chosen temperature within a period othe crystalline silicon peak near 520 chreappears for the
about half an hour. During this period of heating the SBSsample after annealing but with a lower intensity and larger
spectrum was acquired, in order to detect possible changes peak width(with the same incident laser power and spectral
the Rayleigh SAW peak. When the desired annealing temacquisition tim¢. No additional Raman peak is present in the
perature had been reached, SBS spectra were collected ¢pectrum. The results indicate that the amorphous silicon
monitor the SAW behavior for the sample during annealingjayer near the sample surface had recrystallized; the lower
each spectrum took about 20 min to acquire. This procedurmtensity and larger peak width indicate that the recrystal-
was continued until the observed SAW peak ceased shiftinfized silicon is not as perfect as the original crystal.
at the set temperature. The sample was then heated to the The formation of an elastically stiff carbide phasénear
next temperature and the procedure repeated. The annealitige surface is not considered a likely explanation of the sig-
series was terminated after 900 °C, as the sample surfaggficant shifts of the Rayleigh peak during annealing at
started to deteriorate. 600 °C since(i) carbide phases were previously observed
Figure 4 shows the anti-Stokes SBS spectra for thenly in samples annealed at temperatures above 800 °C-—
sample taken along the 00] direction referred to th€001) 900 °C, (ii) the Raman spectrum after annealing does not
crystalline silicon surface at the different annealing temperaprovide evidence of a carbide phase, &iiid for the 100 keV
tures. The respective spectra have been measured for toarbon-ion-bombarded silicon, experiméritslicate that for
same data-accumulation times and have been offset for thennealing at 900 °C and 1000 °C, the SiC formation is initi-
convenience of comparison. The last spectrum acquired atted in the region of a sufficiently large carbon-to-silicon
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ratio, near the peak of the implanted carbon-ion distributionpf the Rayleigh peaks observed previously and it will have a
which is located more than 2000 A below the sample surtrailing edge extending to higher frequencies. For the next
face. Thus poin(iii) indicates that a carbide layer, even if spectrum, the recrystallizing silicon layer is still growing and
formed, would be too deep below the surface to significantlyhas a considerable thickness, therefore the broad peak be-
influence the Rayleigh SAW velocity. We thus conclude thatcomes sharp again with only a small shoulder on the leading
the substantial shift of the Rayleigh peak in SBS spectra fopdge. Continuous annealing at 600 °C results in the recrys-
the sample during 600 °C annealing in Fig. 4 is solely causegy||izing layer growing yet more slowly, resulting in the Ray-

by the recrystallization of the amorphous silicon near th%igh SAW peak being maintained at nearly the same posi-
sample surface. tion during the collection time. Increasing the temperature to

By combining the results of the Raman and SBS measure;oq o¢ the recrystallizing layer thickness increases, bringing
mem? with those f)f the TRIM calpulanons, Itis poss'ble.toanother 0.6% shift of the Rayleigh SAW peak position. Dur-
explaln_ the_ behavior of_the Rayleigh SAW observed durmg.ng the annealing at 800 °C and 900 °C, any effect of further
{ahnntlaallng N some d?ta"' From room temperature o 400 crystallized silicon on the Rayleigh SAW peak can only

e layer structures in the sample apparently remain neari ounteract the effects of the lowering of the peak frequency

the same. However during annealing, it is expected that the”, = . ;
displaced silicon atoms, vacancies, and implanted carbolith increasing temperature, and therefore the peak remains

ions will be redistributed and some bombardment-induced! N€arly the same position. _
defects will be annealed. This process results in an increase N conclusion, the SBS technique has been used to moni-
in the Rayleigh SAW velocity with increasing temperature,tor @ structural transition in carbon-ion-bombarded silicon
which is contrary to the results of high-temperature SBSduring high-temperature annealing. The combination of SBS,
measurements of crystalline silicéhDuring the first stages Raman scattering, and TRIM simulations have provided in-
of the 600 °C annealing, the dominant process is the anneaformation on the process of recrystallization of an amor-
ing of defects; here the Rayleigh SAW peaks shift onlyphous silicon film. Brillouin scattering applied to studies of
slightly. Subsequently the recrystallization process starts anghase transitions in transparent materials is well
significantly changes the Rayleigh SAW peak. It is clear thaestablished® and includes studies at high temperat(see,

the recrystallization rate is relatively slow; the peak shiftse.g., Ref. 21 The present work demonstrates the potential of
over the 20 min collection time, resulting in a broad featurethe SBS technique fan situ monitoring of structural phase
being formed. Thus its leading edge is close to the positiortransitions in opaque materials.
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