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Abstract 

By combining an optical microscope with a 
standard Raman scattering apparatus, information on 
the structure, composition, homogeneity, and stress 
state of solids can be obtained with one micron resolu
tion. After a discussion of the advantages and imple
mentation of the technique, we examine specific applica
tions mostly taken from our own work dealing with 
laser-solid interactions. In particular, we examine the 
structural modifications produced during laser annealing 
of semiconductors and laser induced damage of thin 
films. 

Key words: Raman microprobe, laser annealing, laser 
damage, stress, homogeneity, silicon-on-insulator. 
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Introduction 

The characterization of solids is a field of ever 
increasing importance. Thanks to advanced techniques 
such as molecular beam epitaxy, lithography, and laser 
processing, it is now possible to manufacture complex 
materials and micron-size structures. The need for novel 
diagnostic tools that are quantitative, easy to use, and 
have appropriate spatial resolution is becoming more 
acute. Raman spectroscopy is a powerful method that 
has been successfully in use for many years in a labora
tory environment. It gives quantitative information on 
the structure, composition, homogeneity, stress, and 
other properties of materials. Dy combining an optical 
microscope with a standard Raman apparatus, the same 
information can be obtained with one micron spatial 
resolution. 

The Raman microprobe 

In a standard Raman scattering apparatus, a 
monochromatic laser beam (typically from a continuous 
wave argon ion laser) impinges on the sample. A small 
fraction of the incident photons are frequency shifted in 
the Raman scattering process and reemitted more or less 
isotropically. A lens is used to collect a fraction of the 
Raman photons, which are then directed onto a spec
trometer. In the spectrometer, photons of different 
wavelengths are physically separated under the disper
sive influence of one or several gratings. A detector is 
placed at the exit of the spectrometer. The most usual 
arrangement is to use small slits that pass a narrow 
wavelength range at a time, and to scan the wavelength, 
so as to obtain the entire Raman line or spectrum. The 
detector is a cooled photomultiplier (P:vIT). Recently, 
optical multichannel analyzers (OMA) and charge
coupled devices ( CCD) arrays have become more popu
lar. A large fraction of the spectrum is then recorded at 
once on an array of detectors, each small element record
ing a narrow wavelength range. The data acquisition 
time is thus greatly decreased. A much larger cost and 
usually somewhat reduced resolution offset in part the 
gain in time. 

Our Instruments S.A. Raman microprobe is 
shown schematically in Figure 1. An optical beam, pro
duced by a continuous wave argon or krypton ion laser, 
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is attenuated and polarized before entering a commercial 
microscope. The beam is directed onto the objective by 
a beam splitter and focused to a one micron spot. To 
avoid heating, we usually keep the power at the sam pie 
below 5 mW', except when working with transparent 
media. Raman photons emitted from the illuminated 
spot are collected by the same microscope objective, 
transmitted through the beamsplitter, passed into an 
analyzer, and sent to the spectrometer. Presently, detec
tion is performed with a PMT in the photon counting 
mode, and the data are stored by a computer and 
displayed in real time. The computer controls the 
wavelength scan and will in the very near future posi
tion the sample. Fine absolute positioning is made possi
ble by displaying the image of the surface and of the 
focused laser beam on a screen. In our experience, illumi
nation of the surface with a somewhat defocused laser 
beam and examination of the image on the screen is a 
method of surface characterizatlon nearly as sensitive as 
high resolution Nomarski optical microscopy. 

The background light rejection ratio of the Ra
man microprobe is comparable to that of a good macro
Raman arrangement, except in the low wavenumber 
shift region. The accuracy and repeatability of the in
strument is 0.1 wavenumbers. The spectral resolution, 
which is controlled by the slit width, is routinely set at 
3 wavenumbers. This represents an optimum comprom
ise between resolution and data acquisition time. Despite 
focusing the beam to its diffraction limit, highly polar
ized light can be used, which is useful in some applica
tions. 

The physics of Raman scattering 

Raman scattering is a process which can take 
place in any material, gases, liquids, and solids [2]. 
Therefore, its use is not restricted to solids, and the Ra
man microprobe may be useful for studying liquids or 
biological samples. In solids however, lattice vibrations 
(phonons) scatter off some of the incident photons. The 
photons thus reemitted are frequency shifted by an 
amount equal to the phonon energy. This frequency 
shift is in the 250 to 600 wavenumber range for optic 
phonons in most semiconductors of technological in
terest, such as Si or GaAs. Very few photons sufTer Ra
man scattering and thus for the typical laser powers 
used in our experiments, we detect from one to ten 
thousand counts per second per frequency channel in a 
typical Raman line. If a detailed analysis of the Raman 
line is required, the counting time per channel is 2 to 20 
seconds. 

Since the Raman process involves the partici
pation of phonons, any factor acting on the phonon pro
perties is measurable. In the simplest experiment, the 
spectrum if; recorded over a wide wavenumber range 
(say from 200 to 1000 wavenumbers) with a coarse reso-
1 ution. The position of the observed peaks is then 
matched against that of the known peaks of various ma
terials. In this way, and by comparing the strength of 
peaks belonging to different compounds, the composition 
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of an unknown sample can be determined. The crystal 
orientation can also be determined by using well
established selection rules [4]. The average grain size and 
shape in polycrystalline materials can also be deduced 
from high resolution measurements of specific lines. In 
general, large grain or single crystal material will have 
narrow and symmetric lines, whereas small grains below 
20 nanometers will be characterized by a line that is 
shifted, broadened, and asymmetric. By comparing the 
measured line to the line predicted for a given grain size 
and shape, both size and shape can be obtained [7]. Dis
tinction between crystalline and amorphous phases of 
any material is easy, since amorphous solids have much 
broader lines [18]. Strain can also be detected. For ex
ample, the peak of most lines shift linearly with applied 
stress [1]. The magnitude and sign of the stress or strain 
can thus be measured. An important application is the 
measure of strain in heterolayers or thin films that are 
deposited on a substrate which is not. lattice matched. 
Finally, the concentration, the sign (donor or acceptor), 
and the nature of impurities can be deduced from the 
modification of the main Raman lines [3], and from the 
emergence of weak new lines, associated with local vi
bration modes of the impurity [10]. However, a 
moderate to high doping is often required before the 
influence of impurities can be detected. All these proper
ties can also be measured in a layer of variable thick
ness. Since the absorption coefficient of semiconductors 
is an increasing function of photon energies above the 
bandgap, the Raman signal comes from a layer close to 
the surface whose thickness is imposed by the frequency 
of the laser. Such depth profiling experiments have been 
performed successfully in III-V semiconductors using 
different wavelengths from an argon ion laser [31]. 

The advantages of the Raman microprobe 
should now be rather obvious. Its spatial resolution is 
comparable to that of an optical microscope and three 
dimensional mapping is possible with depth profiling. It 
is easy to implement: there is no need for special sample 
preparation, or use of vacuum chambers. It gives access 
to quantitative information on structural properties of 
the sample which are often difficult to obtain otherwise. 
Finally, and most importantly, it is a non-destructive 
tool. Other techniques, such as scanning electron micros
copy (SEM), transmission electron microscopy (TEM), 
and optical microscopy, do not measure structural pro
perties so thoroughly and easily, although they all have 
specific advantages, for example in resolution (SEM, 
TEM) and in cost (optical microscope). The Raman mi
croprobe belongs to a family of emerging tools that in
cludes the scanning acoustic microscope [30] which are 
starting to have an impact on the field of characteriza
tion of small structures. Note that after suitable 
modifications of our present system, it should be possi
ble to have a scanning Raman microscope. 

Applications in the field of laser processing 

\Ve have chosen to illustrate the power of the 
Raman microprobe by reviewing applications in the field 
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Figure 1 

Block diagram of the Raman microprobe. The probe 
laser beam is focused through the objective O to a one 
micron spot on the sample surface. The backscattered 
Raman signal is collimated by the same objective and 
analyzed by a double-I meter spectrometer. The stan
dard optical microscopic image of the surface appears on 
the display. 

of laser processing of solids. Most of our work and a 
large fraction of the literature on the use of the Raman 
microprobe have been in that field. High power lasers 
can be focused to micron-sized spots and thus modify 
the structure and composition of solids on that scale. 
Laser annealing 

In this section, we review several publications 
dealing with the uses of continuous wave lasers to re-
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crystallize amorphous semiconductor layers. Several 
groups, including us, have measured the stress varia
tions in laser-recrystallized silicon-on-insulator (SOI) 
structures [21,32]. Typically, an oxide layer is deposited 
on a silicon wafer which covers the entire surface except 
for small protruding areas. These areas are called seed 
regions and are made on small epitaxial silicon. Amor
phous silicon is then deposited on top of the wafer and 
subsequently recrystallized by scanning a focused argon 
ion laser beam. The role of the seed regions is to initiate 
crystallization. The material thus obtained is polycry
stalline with large grain sizes (much larger than one mi
cron). Similar results can be obtained by rapid thermal 
annealing (RTA). Here, the laser is replaced by a strip 
heater under which the sample is slowly translated [29]. 
With laser annealing, it has been observed that there is 
an increase in tensile stress away from the seed region, 
typically from 3xl0 9 to 5xl0 9 dyne/cm2, obtained from 
the shift of the Raman line. A small variation with 
depth has been reported by Zorabedian and Adar [32]. 
In contrast, we have observed in the RTA silicon a con
stant stress smaller than 4xl0 8 dyne/cm 2 , comparable to 
resolution in that particular experiment. A complete ex
planation of these observations will be published else
where. 

Nakashima and coworkers [27] have used an 
argon ion laser to recrystallize fine lines in polycrystal
line silicon layers deposited on (100) silicon substrates 
and amorphized by ion-implantation. Figure 2 shows 
the Raman microprobe data obtained by scanning the 
probe laser across the recrystallized lines. At high power 
(7 W) epitaxial regrowth took place from the substrate 
indicating that the entire layer was melted. At low 
power (3 W) partial recrystallization took place, indicat
ing that the liquid/solid interface never reached the sub
strate. The material is polycrystalline and the grain 
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Figure 2 Polarization microprobe measurements across a~ 25 µm laser recrystallized poly
Si film on <100> substrate. At 3 watts. epitaxy did not take place from the 
substrate, while at 7 watts it did, as indicated by the ratio of allowed (Iyy) over 
forbidden (IyJ intensities. After Nakashima et al., ref. 27. 
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orientation is not uniform. This analysis comes from the 
comparison of the Raman intensity with incident and 
scattered photons having parallel (Iyy) and perpendicu
lar (Iyz) polarizations. For (100) silicon, Iyz should be 
equal to zero. Thus, at low power, the crystal orienta
tion is not purely (100): the material is made of many 
grains with nonuniform orientations. The quantity S 
quantifies this conclusion. For single crystal, S=l, while 
for randomly oriented grains, S=0. At low power, the 
grains are not totally randomly oriented, as can be ex
pected from the dependence of growth velocity on orien
tation [11]. 

In a related study, a similar polarization
selective Raman technique has been used to measure the 
orientation of large grains with respect to the substrate 
[16,17]. Abrupt changes in grain orientation have been 
observed across grain boundaries, indicating a loss of ep
itaxy from the seed to the silicon on the oxide. Others 
have used the Raman microprobe to investigate the 
quality of liquid phase epitaxy after pulsed laser anneal
ing of ion-implanted, amorphous silicon and gallium ar
senide [24,28]. 
Pulsed laser melting of thin polycrystalline films 

In this section, we report on our work concern
ing the changes in crystallinity, stress, and homogeneity 
of thin polycrystalline films of silicon on insulators irra
diated by intense and short laser pulses. These films 
were grown by low pressure chemical vapor deposition 
(LPCVD) at 625 ° C. They are 1 micron thick, have a 
columnar structure, and are under tensile stress due to 
the difference in the thermal expansion coefficient of sili
con and the fused quartz substrate. Picosccond pulses 
from a Nd:Y AG laser are focused to a 150 micron spot, 
and the intensity at each of the three wavelengths used, 
1064, 532, and 355 nanometers, is adjusted to produce 
molten spots of equal sizes. The processed areas arc first 
examined by high resolution Nomarski optical micros
copy, to determine the extent and character of the sur
face transformation. We then record the Raman spectra, 
in and around the transformed area. The Raman line is 
characterized by four major parameters: the number of 
counts at the peak of the line, the frequency shift with 
respect to the unprocessed sample, the full-width half
maxim um of the line, and the asymmetry of the line, 
defined by the ratio of the half-width half-maximum 
(I-fWI-IM) on the low wavenumber side to the I-!vVHM to 
the high wavenumber side. Figure 3 shows high resolu
tion spectra of the main Raman line of crystalline silicon 
and of the polycrystalline films under study. Figure 4 
consists of three sets of data, taken after irradiation at 
1064, 532, and 355 nm, respectively [8]. In addition to 
the four parameters just mentioned, we show schemati
cally the cross-section of the film at and around the irra
diated spot. Note first the difference between the scale at 
1064 nm, and 532 or 355 nm. At 105,1 nm, there has 
been almost complete vaporization of the silicon film in 
the central region of the illuminated spot. In region 1, 
which is at the border of the crater, we find silicon 
grains larger than 30 nm under roughly the same stress 
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Figure 3 

Optic phonon Stokes line of single crystal silicon (fine 
line) and of polycrystalline silicon thin film (thick line). 
With the standard operating parameters of our instru
ment, WO = 520 cm- 1, f::::::: 3.8cm- 1, and ra1rb::::::: 1, for 
crystalline silicon, and w

0 
::::::: 518.5cm- 1, f ::::::: 9cm- 1, and 

ra/fb::::::: 1.4 for the polycrystalline silicon thin films. In 
these films, the exact parameters of the Raman line are 
not perfectly identical everywhere (for example, w0 

varies from 518.5 to 519 cm- 1 over large distances). 
These variations reflect stress and homogeneity changes 
in the film itself. 

as the original film. In region 2, we find an excess ma
terial, probably forced out by surface tension gradients. 
The very large number of counts in that region confirms 
what we observed under the optical microscope. If the 
film had been thicker than one micron, the addition of 
extra silicon layers would not have changed the Raman 
line intensity because the penetration depth at the prob
ing wavelength is nearly equal to one micron. In the 
part of region 2 that is closer to the unperturbed materi
al of region 3, the tensile stress is increased by 3.5x10 9 

dyne/cm 2. A similar experiment performed with a 100 
ns-long train of 20 pulses each having a duration of 100 
ps yielded qualitatively different results: no crater was 
formed, and there was a region outside the visibly pro
cessed area which was under excess stress. The damage 
observed with the single picosecond 1064 nm pulse 
comes from the very nonlinear absorption processes that 
take place during illumination [5]. The 1064 nm infrared 
photons are initially weakly absorbed in the silicon. 
However, the intensity is so high that free carrier ab
sorption and possibly two-photon absorption contribute 
efficiently to a temperature rise in the central region 
where the intensity is maximum. The bandgap then de
creases, absorption becomes more efficient, the tempera
ture rises even faster, and we have a catastrophic runa
way leading to melting and vaporization in the central 
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Figure 4. A 

A: Morphology and Raman results at the edge of the 
damage crater for a spot irradiated with l.06µm radia
tion. Moving in the negative direction is toward the 
center of the spot while positive distances are toward 
t,he unprocessed SOI which is marked wit,h an x. 

region. On the outside, the beam intensity was never 
sufficient to trigger the runaway and we are left with a 
sharp boundary between vaporized and essentially 
unheated material. In contrast, each pulse in the 100 ns 
train is not intense enough to create many free carriers 
or two photon absorption, even less the runaway. How
ever, each pulse contributes to a modest temperature in
crease, which is softened by diffusion between pulses, 
but remains enough to increase the coupling of the next 
pulse. The band-to-band absorption coefficient for the 
photons in the next pulse is then increased and toward 
the middle of the train, resembles the absorption 
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B C 

B,C: Morphology and Raman results for spots irradiat
ed with 532 nm and 355 nm radiation moving from the 
center of the spot to the unprocessed SOI. Note that 
there arc some differences in the unprocessed SOI quality 
between the regions exposed to 355 nm and 532 nm 
light which were separated by a few centimeters. 

coefficient at shorter wavelength (for example, 532 nm) 
but lower temperature. 

Our Raman measurements after irradiation by 
a single 30 ps/532 nm pulse or by a train of 100 ps 
pulses at 1064 nm are similar for the reasons explained 
above. Referring to Figure 4B, we observe in the central 
region 1 large microcrystals (>30 nm) that are under 
considerable tensile stress (6x109 dyne/cm 2

). The surface 
appears rough but the Raman line is quite uniform 
across that region. In this region, thorough melting of 
the layer has taken place, and larger grains have been 
formed during recrystallization. The excess stress may 



be explained by the somewhat higher density of crystal
line (or large grain polycrystalline) silicon compared to 
SOI. In region 2, the stress becomes heterogeneous be
cause the entire layer has not been melted. In region 3, 
which is beyond the visible boundary between processed 
and virgin material, there is a gradual recovery of the 
Raman line, which is complete after 20 microns. Eigh
teen microns beyond region 2, the stress relaxes rapidly, 
at a rate of 5xl0 8 dyne/cm 2 per micron. The grain size 
also recovers at the same time as the stress becomes 
equal to that of the virgin SOI. Although a detailed ex
planation of these observations is not available yet, we 
believe that heat diffusion in the layer away from the 
molten material, coupled to the contraction of the cen
tral region will explain our findings. In support of this 
interpretation, we offer two additional results [12]. First, 
in similar SOI films, we produced an interference pattern 
by overlapping two equal-intensity beams having a 
small angle between them. The intensity is thus modu
lated in the sample. We adjusted the beams so as to 
exceed melting threshold at the constructive interference 
(CI) points. No power is flowing directly from the beams 
into the sample at the destructive interference (DI) 
points. The period of the pattern was approximately 5 
microns. Figure 5 shows the Raman line before illumina
tion, and after illumination on stripes of constructive 
and destructive interference regions. The line observed 
after illumination is different from that of the virgin 
material and the difference between curves b and c is 
minor. The symmetrization and narrowing of the Ii ne 
indicates a transformation that increases the tensile 
stress by 5xl0 9 dyne/cm 2 and the grain size beyond Lhe 
detection limit [7]. In the DI region, the modifications 
have been produced because heat transport took place 
from the CI regions. In this particular case, the excess 
energy in the CI stripes was large enough to melt almost 
thoroughly the DI stripes. The larger small wavenumber 
tail in the DI regions, which indicates slightly smaller 
grain sizes and perhaps also slightly increases inhomo
geneity, is the only difference between the two types of 
regions. In a second set of experiments, we repeated each 
experiment on wafers. In the single beam illumination 
case, we do not observe much change on top of the melt
ed spot. In the two beam case, although we were able to 
clearly distinguish between molten and unmelted stripes 
with an optical microscope, the Raman line exhibited no 
change and in fact remained essentially undistinguish
able from that of the virgin wafer. With the wafers, 
heat can flow perpendicular to the surface (where the 
gradient is maximum) and epitaxy always takes place 
from the single crystal wafer. 

Finally, Figure 4 presents the major features of 
the Raman line after irradiation of the SOI samples 
with single 355 nm picosecond pulses. The material in 
region 1 is microcrystalline with large grains and is 
under a heterogeneous stress having an average value of' 
6xl0 9 dyne/cm 2 . In region 2, we find small grains still 
under a heterogenoous stress that relaxes slowly at an 
average rate approximately equal to 108 dyne/cm 2 per 
micron. In region 3, the top layer is made of amorphous 
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Figure 5 

Stokes line of Si in a polycrystalline film on insulator. 
(a) virgin material; (b) region of destructive interference; 
( c) region of constructive interference. 

silicon while the rest of the film looks identical to the 
unprocessed film. The presence of the amorphous layer is 
confirmed by the emergence of a very weak and broad 
peak around 480 wavenumbers and by the reduced am
plitude of the polycrystalline peak. At 355 nm, light is 
absorbed within 20 nm of the surface. Only the topmost 
layer melts. Because of the shallowness of the molten re
gion, regrowth is so fast that the maximum growth 
velocity for crystalline silicon is exceeded. That layer 
solidifies in the amorphous phase. Similar amorphiza
tion has been observed on wafers [19] but this is the first 
time it has been produced in thin films. In the center of 
the illuminated spot, the thickness of the molten layer is 
much larger because more energy is deposited in the 
solid, and the regrowth velocity does not exceed the 
maximum growth velocity for crystalline silicon. That 
thicker layer solidifies in the crystalline phase. However, 
due to the large gradients during melting, the material 
is left under a very inhomogeneous stress which is ap
parent from the very large FWHM of the Raman line. In 
region 3, the thickness of the amorphous layer decreases 
at a rate of 1 nm per micron. This number is obtained 
by recording the recovery of the amplitude of the po
lycrystalline line. Since the absorption coefficient of 
amorphous silicon at the probe wavelength is known, 
the amplitude of the line will decrease by a calculable 
amount for any given thickness of the amorphous layer. 
Finally, we observe no modification of the Raman spec
trum beyond the limit between visibly transformed ma
terial and virgin SOI. 
Laser induced damage in thin films 

The nature of single shot and multiple shot 
laser-induced damage in thin films, such as those used 
for optical coatings, remains a source of much controver
sy. In the broadest sense, damage is defined as any per
manent alteration of an optical component that modifies 
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Figure 6 

Spectra taken around an isolated ~l micron damage
site formed on a polycrystalline silicon film by a single 
40 ps/1064 nm laser pulse at damage threshold. The 
spectra are taken (from top to bottom) on top of the 
damage site, on its edge, 2, 5, and 9 microns away, and 
on virgin, unirradiated material. High resolution 
Nomarski microscopy suggests that the surface remains 
unaltered except right at the ~l micron damage site. 
The amorphous-like shoulder at 495 cm- 1, quite ap
parent in the virgin material, reappears starting at 5 mi
crons away. This shoulder indicates the presence of a 
relatively large fractional volume of highly distorted ma
terial, presumably the grain boundary material. Closer 
to the damage site, the average grain size has increased, 
perhaps following melting and recrystallization, and the 
material is under considerable stress. This extra stress 
relaxes away from the damage site but has not recovered 
to the value in the virgin film even after 9 microns. 

its properties in a deleterious way. In present clay tech
nology, the weakest link in any optical system is the 
coatings. Two forms of damage are important. First, 
there is the catastrophic vaporization produced by il
lumination with single pulses that are too intense [20]. 
Second, there is the gradual degradation of components 
under repeated illumination [23], which may culminate 
with a more catastrophic process such as vaporization. 
The first type of damage is not fully understood yet but 
it is widely accepted that it is associated with defects 
that are present in the film. The second type of damage, 
which is encountered not only in coatings, but also in 
bulk solids, and not only in transparent media, but also 
in metals, is not understood presently. There has been a 
suggestion that thermal cycling of the material during 
each shot may trigger plastic deformations [26] which in 
turn roughen the surface and thus increase the absorp
tion. This hypothesis has been proposed for metals but 
it is conceivable that a similar mechanism could explain 
the so-called "optical fatigue" phenomenon observed in 
dielectrics. 'vVe have embarked on an experimental pro
gram aimed at uncovering the mechanisms of laser
induced damage with the help of the Raman mi
croprobe. If damage is first initiated at very localized 
areas, the good spatial resolution of the mi crop robe is 
essential. 

In the first experiments [13], we demonstrated 
the validity of our approach by performing experiments 
in SOI films, irradiated at 1064 nm. At these 
wavelengths, the absorption is initially very weak and 
the film is essentially transparent, very much like a real 
coating. The advantage of performing the first experi
ments in SOI is that SOI is rather well understood and 
characterized, which is not the case with most optical 
coatings. Single 40 ps/1064 nm pulses just at damage 
threshold were focused to a 150 micron spot. High reso
lution Nomarski optical microscopy revealed a few ran
domly distributed "wormlike" damage areas 1 to 2 mi-
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crons in size. The spectra of Figure 6 were taken, from 
top to bottom, at the center of one isolated damage site, 
on the edge, 2, 5, and 9 microns away, and on virgin 
material. The random distribution of damage sites indi
cates that they are associated with minute imperfections 
in the film, in agreement with the accepted models. 
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After damage, the material displays good crystalline 
properties (narrow line = good homogeneity, symmetric 
line = large grain size) but is under considerable stress 
(10 10 dyne /cm 2

). The amorphous like shoulder at 490 
wavenumbers, present in the virgin film, is not observed 
here. We have identified this shoulder with disordered 
material at the grain boundaries. Its disappearance is 
another proof of the increase in grain size (larger grain 
sizes = fewer boundaries). Away from the damage site, 
where optical microscopy reveals no alteration, the Ra
man line takes more than 10 microns to recover. This 
long range relaxation has been verified many times and 
its interpretation follows the same line as in the discus
sion of the previous section. From the technological 
viewpoint, it means that there are now several rather 
large areas of the film that have been altered. If a 
second pulse is focused on the same spot, even if its in
tensity is reduced, further damage is expected to occur 
because of the film degradation. 

In a second experiment [13], many identicai 
laser shots were incident on the SOI. Each shot was at 
one-half single shot damage threshold (defined as the in
tensity at which no surface alteration was observed after 
one shot). Figure 7 shows the Raman line inside and 
outside a 100 microns heterogeneously damaged area 
produced by 600 shots. The surface appears to be a 
dense packing of "wormlike" features. At the edge of 
the area, there is a smoother annular region. In the 
center, where damage is heavy, the surface is very dis
torted and large variations in stress are observed. In the 
smooth annular region, the stress becomes more uni
form, but the Fvv1-IM of the Raman line increases, indi
cating that only a fraction of the film thickness has been 
melted. At the visible boundary (x = 0), the line is 
abruptly altered, but still takes 20 microns to fully re
cover. The wavelength of the probe laser was changed in 
an attempt to observe any large change with depth. No 
statistically significant modification of the Raman line 
was observed, which indicates that any depth variation 
must be modest. 

In Figure 8, we plot the parameters of the Ra
man line in and around single-shot ( ■) and multiple
shot ( •) damage sites. In general, closer to the damage 
sites, the FWHM, the peak frequency, and the asym
metry all become smaller. The full line results from a 
calculation which includes the effects of grain size on the 
Raman line [7], but neglects the influence of stress. Ob
viously, the laser-irradiated material is under consider
able stress. We also note that the FWHM,the peak fre
quency, and the asymmetry seem to become smaller on 
areas damaged by a single laser shot than on areas dam
aged after multipulse illumination. This difference may 
indicate that complete melting takes place with single 
pulses, leading to regrowth with larger grain size under 
larger tensile stress, whereas with multiple exposure, the 
material fails heterogeneously and does not undergo 
thorough melting. This point deserves further study. 

The experiments performed on SOI are now be
i ng repeated on titania and zirconia thin films, as well 
as on anti-reflection and high-reflection multilayer struc-
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Parameters of the Raman line around a large hetero
geneously damaged area formed by repeated illumina
tion (600 shots) at one-half single shot damage. The 
dashed line indicates the boundary between damaged 
(left) and undamaged (right) regions as defined by high 
resolution Nomarski microscopy. The full lines on the 
right show the parameters of the virgin polycrystalline 
film. Beyond the visible boundary, it takes ~ 20 mi
crons for the Raman line to fully recover. (Note howev
er that f seems to recover immediately). Inside the 
damaged region, we observe different parameters 
depending upon the smoothness of the surface. In the 
center, the surface is rough and w

0 
~ 517cm- 1 and 

f :::o:: 5cm- 1. Around the edge, the surface is smoother 
and%~ 516.5cm- 1 and f ~ 5.5cm- 1. 

tures made of titania, zirconia, and silica [14]. After il
lumination of a 662 nm thick titania film on silica by 
several high power 532 nm/ 30 ps laser pulses, we have 
observed a shift in the intense 142 wavenumbers Raman 
line of anatase. Our present interpretation of these data 
is that a stress variation has been induced by the laser. 
Another group has recently obtained similar results 
which they also explained in terms of laser-induced 
stress [15]. More experiments are under way. It already 
appears that as expected, the Raman microprobe is a 
promising tool to detect, characterize, and ultimately 
understand laser-induced damage. 

Other applications 

For completeness, we list here several other ex
amples of the use of the Raman microprobe to charac
terize laser-processed materials. The Raman microprobe 
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Parameters of the Raman line at various locations in 
and around single-shot ( ■) and multishot (•) damage 
side, and in virgin polycrystalline silicon films (0). The 
full line, which accounts for variations in the grain size 
only, does not agree with t,he data. The w

0 
vs r data 

follow a line that actually curves in the opposite direc
tion from that predicted by theory. The stress varia
tions dominate the changes in the Raman line. When 
%, f and fa/fb are small, the material is made of large 
grains, and is under large and homogeneous tensile 
stress. Note that the results on single-shot damage sit,es 
tend to show a larger and more homogeneous stress. 

has been used to observe formation of lungst,cn silicide 
aft,cr laser-induced chemical vapor deposition of 8 mi
crons wide by 20 nanometers t,hick tungsten lines on sili
con [9]. Refractory metal silicides are very attract,ive for 
very large scale integration (VLSI) technology and this 
study demonstrates that Raman microscopy can provide 
unique information in a nondeslructive fashion and with 
sufficient resolution for monitoring chip processing and 
lesting VLSI devices. In a very recent study, the same 
focused argon ion laser beam used to grow Si/Ge lines 
acted as an in situ, real time probe for a Raman mi
croprobe arrangement [22]. We have also employed the 

Raman microprobe to study variations in structural pro
perties across periodic (1 to 10 microns) surface undula
tions or ripples produced by pulsed laser illumination of 
semiconductors, by explosive crystallization of amor
phous films, and by laser-assisted chemical vapor deposi
tion of films containing silicon and carbon [12]. Finally, 
we should list briefly some other interesting applications 
of the Raman microprobe: characterizalion of small sili
con devices [6], and detection of minute inclusions 
within a transparent matrix [25]. In the second example, 
a long working distance objective was employed to iden
tify a mercuric oxide stain on a silver connector through 
3 millimeters of glass. We are also involved with the mi
crocharaclerization of epitaxial layers of semiconductors 
on semiconductors or fluorides. 
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Conclusion 

The Raman microprobe is now several years 
old. More and more researchers are becoming aware of 
it,s potential, as is evident from the published literature. 
In this review, we have highlighted applicalions in the 
field of solid characterization, and more precisely, of 
laser-processing of solids. We believe that with some 
minor modifications, such as t,he use of detector arrays 
and the transformation of the microprobe int,o a scan
ning microscope, it ,viii find applicat,ions in many fields, 
including in the semiconductor processing line. 
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Discussion with Reviewers 

P. Dhamelincourt: At the end of the section on 
pulsed laser melting of thin polycrystalline films, some 
quantitative results have been drawn from the recovery 
of the amplitude of the line of polycrystalline silicon. 
Has the author taken into account the possibility that 
the amplitude should have been influenced by factors 
other than the absorption coefficient of amorphous sili
con i.e., the variation of the roughness of the surface? 

Author: This question is very relevant because it is 
well known that the amplitude of the line may be a 
rather strong function of the surface roughness. In this 
particular case, we do not think that surface roughness 
is a major factor: with respect to Figure 4C, if rough
ness played a role in region 2, we would actually expect 
an increase in the amplitude. 

P. Dhamelincourt: Could the author discuss in furth
er detail the somewhat surprising long range relaxation 
phenomenon (revealed by the silicon Raman Ii ne 
recovery) that is observed between the treated (or dam
aged) material and the virgin one? 

Author: This effect does not arise simply from purely 
mechanical consideration of the relaxation of stress away 
from a small stressed region of a 1 µm film. We think 
that this long range effect originates in heating and pos
sibly recrystallization that is not observed of the surface. 

B. Wopenka: Does the spot size of the laser depend on 
the objective used? Was this tested? What were the 
magnification and numerical aperture of the objective 
used? 

Author: The spot size of the laser depends on the ob
jective used. The work reported here was performed 
with 40 x magnification and a NA of 0.95. The beam 
illuminates an area equal to or smaller than 1 µm since 
we could resolve one micron periodic structures. 
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B. Wopenka: How do you measure the power at the 
sample surface? At what power density (W/cm 2) would 
you expect damage to your samples? 

Author: The power is measured at the side entrance of 
the microscope and 10% of the light actually reaches the 
sample. Damage with cw focused beams is a strong 
function of the sample's properties, especially heat con
ductivity and thickness of the film. vVe always decrease 
the laser power down to a level where the Raman line 
no longer changes with power. This insures that sample 
heating is insignificant. For these Si films, illuminated 
in the visible, the power at the sample is 3 mW or less. 

B. Wopenka: Several times, the paper refers to 
different magnitudes of stress in units of dyne/cm 2

. In a 
review paper, I would have liked to see an example for 
the calibration of stress against Raman shifts. 

Author: For Si on insulator, the shift is one 
wavenumber per 2.510 9dyne/cm 2 (see for example Ref. 
32). For a calibration, see Ref. l. 
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