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Polarization Raman microprobe analysis of laser melting 
and etching in silicon 

Hua Tang and Irving P. Herman 
Department of Applied Physics and the Microelectronics Sciences Laboratories, Columbia University, 
New York, New York 10027 

(Received 28 August 1991; accepted for publication 16 December 1991) 

Polarization Raman microprobe spectroscopy is used to study crystalline silicon heated to the 
melting point by a tightly focused cw laser beam, which is either fixed or scanned across 
the surface. By examining optical phonons in solid silicon, the real-time Raman spectrum 
monitors the progress of silicon flow during melting and the trench depth during melt- 
assisted etching. Raman peaks lie between 482 cm - ‘, which is the Raman shift for silicon 
uniformly heated to the melting point ( 1690 K), and - 510 cm - ‘, which is the 
Raman shift for c-Si heated just to the melting point and probed by the same beam. During 
laser melting with a static laser, the Raman spectrum of scattered light with z(x,y)Z 
polarization has two peaks, while the z(x,x)Z spectrum has one peak. This shows that at the 
beginning of melting in vacuum by a static laser there is a central region with solid 
silicon floating in the melt, which is surrounded by hot solid material. Because of the flow of 
the molten semiconductor, the temperature profile changes, causing the Raman spectrum 
to change rapidly. Laser melting of c-Ge and thin films of silicon in vacuum is also studied, as 
is the melting of c-Si by a static laser in the presence of an inert buffer gas. The presence 
of an inert buffer is shown to affect the temperature profile very strongly during melting and 
also during laser heating at lower laser powers when no melting occurs. During scanned 
laser melting and etching, the Raman spectrum has a single peak using either polarization 
configuration. Raman analysis during melting of silicon by a scanning laser shows that 
the average temperature in the probed region is much higher when there is a gas-phase argon 
buffer present (and no etching) than when there is an etching mixture of argon/chlorine 
gas (and etching). Along with these real-time Raman measurements, the reflection of the 
incident laser was monitored, and post-process Raman analysis and profilometry were 
also performed to characterize surface changes due to melting and etching. 

1. INTRODUCTION 

The melting and resolidification of semiconductors 
have been investigated intensively in this past decade, with 
much of this work focused on the laser annealing and re- 
crystallization of thin silicon films.‘-4 The numerous stud- 
ies of recrystallization of silicon thin films by scanning 
focused lasers, incoherent light sources, and electron 
beams were primarily concerned with the grain structure 
of the film after processing.5 The studies of melting and 
resolidification of large areas in semiconductors by pulsed 
lasers were mostly concerned with fundamental kinetic is- 
sues such as the velocities of the melt and resolidification 
fronts.“* Semiconductor melting has also proved to be im- 
portant in several types of etching processes. For example, 
laser-assisted etching of silicon by gas-phase chlorine has 
been shown to be rapid, with etching rates up to - 1 cm/s, 
only when the silicon is locally molten.’ According to a 
model of this process, this etching rate is proportional to 
the fraction of silicon that is molten at the reaction front.’ 
Despite these many studies of semiconductor melting, little 
if any effort has been devoted to probing the molten region 
of semiconductor surfaces during melting by a tightly fo- 
cused static or scanning beam. This has been due in part to 
the difficulty in developing real-time diagnostics to study 
small molten areas. In this study, polarization Raman mi- 
croprobe scattering is used to examine laser melting and 

melt-assisted etching in silicon. Laser melting of germa- 
nium is also briefly studied. The optical methods developed 
here are versatile and, in particular, can be used as high- 
spatial resolution, real-time probes of the deposition, etch- 
ing, doping, melting, and annealing of semiconductors. 

It has been demonstrated that coexisting solid and liq- 
uid phases are sometimes formed when laser heating begins 
to melt silicon.‘0-13 Complicated, stable or time-varying 
structures, sometimes with solid or liquid lamellae, or grat- 
ing-type structures, have been observed for relatively large 
regions ( -40-500 ,um diameter) that were partially mol- 
ten by static (nonscanning) cw lasers. Stable patterns were 
seen using CO, laser heating, with solid lamellae as narrow 
as 3 ,um wide, while time-varying patterns were observed 
when a laser at a shorter wavelength, such as an argon-ion 
laser, was used for heating.12 The complex structure of 
these mixed regions has been attributed to instabilities in 
laser absorption and heat flow within the partially molten 
regions, because the molten regions reflect more (reflectiv- 
ity - 70%) than the solid regions ( -40%). Each of these 
studies involved melting silicon films that were much thin- 
ner than the laser spot size. 

The heat flow equation has been solved to examine 
melting of surfaces by static cw, pulsed, and scanning 
beams. Several of these calculations examined the dynam- 
ics of the melt and emphasized the temperature profile or 
the flow of molten material,‘“” while others addressed the 
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more microscopic features of liquid/solid phase 
coexistence.” In one of these studies, Cline and 
Anthony14’15 showed how depressions can form in these 
molten regions because surface tension is lower in the hot- 
ter, more central molten areas than in the colder, sur- 
rounding molten regions. They showed that in laser melt- 
ing of bulk materials surface tensions gradients are 
countered by gravity, while for local laser melting of thin 
films they are countered by capillary forces (surface 
tension).“‘*15 Capillary forces are also the dominant coun- 
tering forces in laser melting of bulk materials by tightly 
focused lasers ( - 1 pm). This leads to a ridged post-melt 
morphology that has been observed in several studies.‘9-21 
Central depressed regions have been seen in pyrolytic dep- 
osition in direct laser writing using static and scanning 
lasers, which have been attributed by some to melting 
phenomena.22-26 

Laser-assisted etching of Si by chlorine has been stud- 
ied extensively.9’27 If the laser does not melt the surface, 
etching occurs by the reaction of the solid surface with Cl 
atoms that are produced by Cl, photodissociation. The 
etch rate is much faster when the surface is melted by the 
laser, where a thermally activated etching process domi- 
nates and the etching of silicon by photodissociated Cl 
atoms is negligible.9*27 

Raman spectroscopy studies have shown that the fre- 
quency of zone-center optical phonons in silicon decreases 
monotonically from 520 cm - ’ at room temperature to 482 
cm-’ at the melting point ( 1690 K).28 In germanium, the 
phonon frequency decreases from 301 cm - ’ (300 K) to 
281 cm - ’ at melting ( 1210 K).28 This temperature depen- 
dence of the Raman shift has been used to probe local 
wafer temperature in si?u.29-31 When the laser is used to 
probe a region with temperature variations, the tempera- 
ture profile must be deduced by spatially integrating the 
Raman spectra over regions with different temperatures 
and consequently different phonon frequencies.29-31 In 
some cases, temperature variations are so abrupt that this 
temperature averaging is significant even when a Raman 
microprobe is ~sed.~l 

Nemanich et aI. used Raman scattering to examine 
silicon films that were partially molten within -2OO+m- 
diam spots. A CO2 laser was used to heat the silicon films 
on quartz to form these stable, coexisting solid and liquid 
regions at the melting temperature.32 The Raman shift and 
linewidth of solid Si at the melting point were then mea- 
sured. Totally, molten Si was shown to have no observable 
Raman spectrum. 

In crystalline Si and Ge with a (001) surface, Raman 
scattering in backscattering configuration is allowed using 
the z(xg)Z polarization configuration and is forbidden in 
the z(x,x)Zconfiguration, where x is the polarization of the 
incident laser.33 [Standard notation is used: z(x,y)F= laser 
direction (laser polarization, analyzed Raman photon po- 
larization) Raman photon direction.] The observation of a 
Raman signal from these samples with x polarization dur- 
ing or after surface processing can indicate two things: 
either ( 1) the crystal structure has locally rotated about 
the z axis, which can happen when solid chunks of material 

float in a melt or if the material becomes polycrystalline 
after solidifying, or (2) the surface is no longer (001)) 
which means that after probe laser transmission and re- 
fraction at the interface the laser no longer propagates 
along the z axis of the material. 

Recently, the authors used a tightly focused, nonscan- 
ning argon-ion laser ( 5 145 A) to melt c-Si and c-Ge wafers 
and to probe them by polarization Raman scattering.28 In 
the z(x,x)Z polarization configuration, a Raman peak was 
observed only when there was melting. This peak was at- 
tributed to solid pieces of the semiconductor floating in the 
melt, and was used to determine the zone-center optical 
phonon frequency and linewidth of solid Si and Ge at their 
respective melting points, which was the purpose of that 
study. The z(x,y).!Fspectrum had two peaks, one due to the 
solid matherial floating in the melt and the other due to hot 
solid material in the periphery that had never been melted. 
It was noticed, however, that in some cases the Raman 
spectrum of these partially molten surfaces changed with 
time and were very dependent on laser intensity. These 
phenomena are examined here in more detail. Melting and 
melt-induced etching in c-Si are studied using both static 
and scanning lasers. Melting of Si films and c-Ge by a static 
laser is also examined briefly. 

Experimental methods are detailed in Sec. II. In Sec. 
III, experimental observations are presented separately for 
laser heating and melting by a static laser in vacuum, laser 
heating and melting by a static laser in the presence of a 
buffer gas, laser melting by a scanning laser in a vacuum or 
buffer gas, and laser etching by a scanning laser. Section IV 
separately discusses the implications of these results and 
conclusions are presented in Sec. V. 

II. EXPERIMENTAL PROCEDURE 

Laser-heated c-Si (001) and c-Ge (001) wafers were 
examined in z(x,y)Z and z(x,x)F orientations, where x,y 
are the crystal [lOO] and [OlO] directions and x is also the 
laser polarization direction. Epitaxial silicon films on sap- 
phire and polycrystalline silicon films on sapphire and 
quartz were also examined. Each of these films was 0.6 pm 
thick. 

A linearly polarized cw argon-ion laser (5145 A) was 
focused on the semiconductor surface to a spot size ranging 
from 0.8 to 1.0 ,um (half width of intensity decrease to 
l/e), depending on the focusing optics used. The sample 
was placed in a vacuum chamber, which was mounted on 
a motorized x-y translation stage to permit scanning the 
laser across the surface at speeds up to 200 pm/s. Unless 
otherwise specified, the sample was scanned in the x direc- 
tion, i.e., parallel to the polarization of the laser. Laser 
melting experiments were conducted in vacuum ( - 10 - 4 
Torr) or in the presence of argon, and laser etching exper- 
iments were conducted in argon/chlorine mixtures. To 
compare etching and melting, the etching experiments 
were conducted using the same partial pressures of argon 
used for melting, but with a small additional partial pres- 
sure of the chlorine gas etchant. 

The focused laser beam heated the sample and also 
provided photons for the spontaneous Raman spectrum. 
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Only the central -2 pm of the partially molten region was 
examined by this probe. The backscattered Stokes Raman 
signal was transmitted through a rotatable n/2 wave plate, 
followed by a beam splitter that transmitted light that was 
linearly polarized in a fixed direction. This polarization- 
analyzed Raman signal was measured by the detection sys- 
tem, consisting of a triple spectrometer and an intensified 
diode array. The detection efficiency of z(x,x)? scattered 
light was 0.4~ that of z(x,y)Z light. The polarization dis- 
crimination was such that only 1% of y-polarized scattered 
photons [z(x,r)a leaked into the z(x,x)Z channel. 

In experiments using a static laser to melt the surface, 
time-resolved Raman spectra were taken with up to -0.1 
s resolution. In experiments where the laser was scanned 
across the surface, Raman analysis probes the moving melt 
front in steady state. The dwell time of the laser at any 
point within the scan in these scanning experiments is the 
spot size/scan speed, which was - 8 ms for the fastest scan 
rates. 

As detailed in Sec. III, the conditions for the etching 
experiments were sometimes chosen so that the depth of 
the etch trench was small compared to the maximum etch 
depth obtainable in the scanned etching experiments. This 
experimentally observed maximum etch depth depends on 
laser focusing conditions and gas transport, and was typi- 
cally -0.6 pm in experiments with 0.7 Torr Cl, plus 100 
Torr Ar. With this criterion met, the laser probes the re- 
action front while it is still being etched. Otherwise, the 
laser probes an already etched trench. Also, under these 
conditions relatively shallow trenches are etched and con- 
sequently all surfaces remain nearly normal to the laser 
during and after etching. (This is important for polariza- 
tion analysis, as was mentioned in the Introduction.) Such 
relatively slow etching conditions suggested the use of re- 
action mixtures with relatively low chlorine and relatively 
high argon buffer partial pressures. 

Surface melting was determined in several ways. In 
some cases the occurrence of melting is clear from features 
in the Raman spectrum, as will be seen later. When the 
flow of the molten semiconductor leads to surface rough- 
ness >A/10 while the laser is still incident, the reflected 
beam will diverge into a very wide angle, which also indi- 
cates melting. A swirling reflection pattern is seen if this 
surface morphology changes in time. Because such wide- 
angle and swirling reflection patterns are observed in these 
microheating experiments, measuring changes in the mag- 
nitude of the reflected intensity upon melting is not a reli- 
able probe. Post processing Raman analysis and ex situ 
profilometry were also used to determine the movement of 
molten material. 

Ill. EXPERIMENTAL RESULTS 

A. Laser melting with a static laser-in vacuum 

For low laser powers, Raman signals are observed with 
z(x,y)Zpolarization for the crystalline samples (c-Si, c-Ge, 
and epi Si film), while no z(x,x).?signals are observed. The 
same Raman spectrum is observed for both analyzed po- 
larizations for laser-heated polycrystalline silicon films. In 
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FIG. 1. Raman shift during static laser heating of c-Si as a function of 
laser power for two analysis polarizations, accumulated during the first 
0.5 s of laser heating (5 145 A). For P< P,,, = 0.5 W, Raman signals can 
be seen only in the z(xg)Z configuration (open circles). For P> P,,,, two 
peaks are seen in z(xa)Tconfiguration (solid circles and open squares, fit 
as the sum of two Lorentzians) and one peak is seen for z(x,x)Z (solid 
squares). 

all cases studied, the Raman shift decreases monotonically 
with increasing laser power (P) up to the power where 
melting begins (P,). The onset of melting was indicated 
both by changes in the Raman spectrum and by the char- 
acteristic large-angle, swirling nature of the reflection pat- 
tern. These experiments were conducted in vacuum with a 
static laser. 

The Stokes shift in c-Si decreases from 520 cm - ’ at 
room temperature to - 5 10 cm - ’ for Pm = 0.5 W (0.9 pm 
spot size), as seen in Fig. 1. For Si films on sapphire and 
quartz, the lineshifts decrease from 522 and 519 cm - ’ 
(300 K) to -507 and -499 cm - ’ for Pm = 0.25 and 
0.025 W, respectively. This is shown for the epi Si film on 
sapphire in Fig. 2. In c-Ge, the Raman shift decreases from 
300 cm - ’ at room temperature to -292 cm - ’ for 
Pm = 0.14 W (Fig. 3). As the laser power approaches Pm, 

53Qc 
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c 
‘2 500 
WI 
‘1 490 

E 
(;r 480 

47oLL-I cl 0.4 0.8 1.2 1.6 2 
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FIG. 2. Raman shift during static laser heating of an epi Si film (0.6 pm 
thick) on sapphire as a function of laser power for two analysis polariza- 
tions, as in Fig. 1 (P,,, = 0.25 W). Note that the low-energy peak is 
merged into the high-energy peak for P> 1.0 W. 
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FIG. 3. Raman shift during static laser heating of c-Ge as a function of 
laser power for two analysis polarizations, as in Fig. 1 (P,,, = 0.14 W). 

the c-Si spectra become asymmetric due to a long tail on 
the low-frequency side, while the c-Ge spectra remain sym- 
metric. 

The Raman spectra are very different when the semi- 
conductor is partially molten (P> P,) . For z(x,x)Z, a sin- 
gle peak appears in the c-Si, epi Si film, and c-Ge Raman 
spectra (Fig. 4). For z(x,y)Z, the Raman spectrum is more 
complex; at times two peaks are seen (Fig. 4), while at 
other times only one peak is seen. 

For partially molten c-Si, the peak in the z(x,x)Z Ra- 
man spectrum is at 501 f 1 cm - ’ for 0.5 W and decreases 
to the constant value 48 1.7 ht.4 cm- ’ for 1.0-1.8 W (Fig. 
1 ).28 These spectra were accumulated from t = O-O.5 s, 
where t = 0 denotes the onset of cw laser heating. For 
I > 0.5 s, the Raman shift quickly increases until t,, which 
ranges from -10-50 s, then slowly increases to and re- 
mains at 501.6 cm- ’ (Fig. 5). The time needed to reach 
this final steady state (f2) is on the order of several min- 
utes. Both t, and t2 increase monotonically with P, as is 
demonstrated in Fig. 5. For P = 0.5 W ( -Pm) to -0.6 W, 

0 *sll’l*“‘a”“l~‘* 
400 450 500 550 600 

Raman Shift (l/cm) 

FIG. 4. Raman spectra of laser melted c-Si averaged for the first 0:5 s of 
sample heating by a static laser with P = 1.2 W ( > P,,,) at 5145 A. (a) 
For z(x,~)Zanalysis only one peak is seen, at 481.3 cm- ‘, while (b) for 
z(xy)l Raman analysis two peaks are observed, at 508.4 and 484.4 
cm-‘. 
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FIG. 5. Shift of the 2(x,x).? Raman peak of partially molten c-Si as a 
function of irradiation time (t) during static laser-induced melting in 
vacuum. The open and solid circles correspond to P = 0.8 and 1.5 W, 
respectively. The kinks at - 10 and 50 s for 0.8 and 1.5 W, respectively, 
correspond to tt and those at -250 and 550 s correspond to fs. 

this z(x,x)?peak sometimes jumps back and forth between 
-490 and 501 cm- ’ in the first - 10 s of melting before 
settling at 501 cm - ‘. In general, the observed reflection 
pattern swirls until t = ti. Afterwards, the reflection pat- 
tern does not swirl but fluctuates somewhat. 

For z(x,x)Z, a single Raman peak is also seen in c-Ge 
sample for P> Pm. The shift of this peak decreases from 
-287 cm-’ to 281.4kO.5 cm- ’ as the laser power in- 
creases from 0.14 to 0.18 W, and stays at the latter value 
for higher powers.28 For P> 0.18 W, this Raman shift is 
constant during at least the first 10 s of melting, and then 
it moves towards 288 cm - ‘, though more slowly than in 
the laser melting of c-Si. For example, for P = 0.4 W, there 
is no change in the shift for the first 100 s, and then the 
peak slowly moves back to 288 cm - ’ during the next 8-10 
min. For 0.6 W, the peak stays at 281.8 cm - ’ for more 
than 5 min. 

The linewidths (FWHM) in these z(x,x)Z spectra of 
partially molten material are 24.3 ztO.3 cm - ’ and 14.1 
ho.5 cm-’ for c-Si (P=O.9-1.9 W) and c-Ge (P>P,), 
respectively (t = O-O.5 s, corrected for instrumental 
resolution) .28 As with the Raman shift, the Raman line 
shape for c-Si is different in the lower-power melting range 
(0.4-0.8 W) than in the higher power range (0.9-1.9 W). 
For these lower laser powers, the Raman peaks are broader 
by - 4 cm - ’ and are more asymmetric than for higher 
powers. 

The z(x,v)z spectrum of partially molten c-Si evolves 
in a complex manner when P> Pm. Typically two peaks 
appear at the beginning of irradiation (Fig. 4). The data in 
Figs. l-3 were obtained by fitting these early spectra (t 
= O-O.5 s) as the sum of two Lorentzians. For c-Si, the 

high-energy peak is located at - 510 cm - ‘, which is rem- 
iniscent of that seen for P<, P,,,. The other peak is at 
slightly higher energy than the z(x,x)?single peak (by - 3 
cm - ’ ). When an asymmetric line shape is used to model 
the high-energy peak (similar to that used to fit the P < Pm 
data, as is justified later), the low-frequency z(x,y).? peak 
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Irradiation Time (set) 

FIG. 6. Shift of the z(xg)Z Raman peak(s) as a function of irradiation FIG. 7. Post-melting diameter of laser molten spots as a function of 
time for c-Si melted by a static laser in vacuum (1.0 W). Initially, there 
are peaks at -482 and - 5 11 cm - ‘. The high-energy peak (solid circles) 

irradiation of time (t) for static laser melting of c-Si using different laser 
powers. These diameters were determined by profilometry and represent 

later merges into the low-energy one (open circles) and becomes a single the outer extent of molten flow. Each profilometry trace had a raised 
peak at t = -5 s. This peak is asymmetric, with a longer tail at high outer ring (whose outside diameter is plotted here) and a central dip. The 
frequency, and becomes more symmetric later. After - 30 s, there are no open circles, solid circles and open squares corresponding P = 0.46, 0.80, 
obvious differences between the z(x,x)Z and z(x,y)Z Raman spectra. and 1.20 W, respectively. 

and the z(x,x)Z peak coincide. After calibration, the low- 
energy z(x,y)? peak and the z(x,x)Z peak have the same 
height. 

After the onset of laser melting in c-Si, the two peaks in 
the z(x,y)Z spectrum move toward each other and merge 
into one peak, as seen in Fig. 6. This pattern is most clearly 
seen for P> 0.8 W. As they begin to merge (C = O-5 s), the 
low-energy peak gets stronger (by a factor of 1.5), while 
the high-energy peak gets weaker (by a factor of 0.7) and 
eventually disappears within the other peak. This com- 
bined z( x,y )Z peak becomes narrower and more symmetric 
as it moves to 501 cm- ‘. After f-30 s, and during this 
several-minute-long movement to 501 cm- ‘, the z(x,y)Z 
and z(x,x)? spectra are identical. 

In one experiment, c-Si was melted with 1.6 W and the 
Raman spectrum evolved to steady state at t = fp Then the 
Raman spectrum and the reflection pattern were moni- 
tored as the laser power was slowly decreased. The z(x,y)Z 
and z(x,x).?Raman shifts increased monotonically and the 
reflection pattern continued to have small fluctuations as 
the laser power was decreased to 0.66 W. At this power, 
the Raman shift was - 5 11 cm - ’ and the reflection pat- 
tern stopped fluctuating. Below this power, the Raman 
shift continued to decrease, as in Fig. 1, and the reflection 
pattern did not change anymore. 

and no Raman signal is seen for P> 0.7 W from t = O-5 s. 
The laser-melted regions in c-Si were reexamined after 

melting by using profilometry and Raman spectroscopy 
with a low-power laser ( -0.005 W). Profilometry mea- 
surements were made on regions that had been melted by 
the laser (0.8 pm spot size) for a given time t. They show 
a dip in the center and a raised outer ring,2h27 which sug- 
gests flow of molten silicon from the laser focus outwards 
and possibly evaporation. Figure 7 plots the diameter of 
these spots as a function of irradiation time (t) for different 
laser powers. A rapid increase in spot size is seen in the 
first - 10-50 s, which is followed by a slower increase. The 
end of the phase of quickly increasing real-time Raman 
shift, the end of the swirling reflectivity pattern, and the 
end of rapid molten flow (as determined by profilometry) 
all occur at approximately the same time (t, ). Slower 
changes in the Raman spectrum, the reflection pattern, and 
molten flow then continue until t2. 

The post-melting z(x,x)Z and z(x,y)Z Raman spec- 
trum intensities, lineshifts, and linewidths are the same 
within a circle centered about the initial laser focus (c-Si) 
after correcting for detection sensitivity (Fig. 8). The di- 
ameter of this circle is equal to that determined by profi- 
lometry within -0.5 pm. Outside this region, peaks are 
seen only for z(xy)E 

In partially molten c-Ge, the high-energy z(x,y)Zpeak 
is -293 cm - ‘. The low-energy peak decreases quickly 
from 287 to -28 1 cm - ’ as power increases (Fig. 3, 
Lorentzian fit), and tracks the z(x,x)Z peak. For the first 
-1-2 s, the two z(x,y)Z peaks have the same intensity. 
Later the high-energy peak becomes weaker and the low- 
energy peak becomes stronger. By t = 3 s, the high-energy 
peak is totally merged into the other peak. Afterwards, the 
Raman spectra for the two polarizations are identical. 

The intensity of the z(x,x)Z Raman signal decreases 
slowly in c-Si with increasing laser power (P> P,,,, t = O- 
0.5 s) . In c-Ge, this intensity decreases very quickly with P, 

For partially molten epi Si films on sapphire, there are 
initially two peaks in the z(x,y).?‘spectrum and one peak in 
the z(x,x)Z spectrum (Fig. 2, P> P,,,, O-O.5 s), which is 
similar to that seen for laser-molten c-Si. When 
P,,, < P < 0.7 W, two peaks are observed for both x and y 
analysis polarizations for the poly Si film on sapphire. For 
both films, the high-energy peak is near 5 10 cm - ’ and the 
shift of the low-energy peak decreases quickly with increas- 
ing laser power from 492 cm - ’ (0.25 W) to 484 cm - ’ 
( >0.3 W). The low-energy peak begins to merge into the 
high-energy one for P> 0.7 W (O-O.5 s). At higher powers, 
a Raman signal from the sapphire substrate at 412 cm - t 
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FIG. 8. Peak intensity of the Raman spectrum obtained by scanning a 
probe beam ( -0.005 W) across a spot on c-Si that had been melted by a 
focused laser for 200 s (5145 A, 1.4 W). For each point in the scan the 
Raman shift and width were within 0.5 cm - ’ of the respective values for 
c-Si at room temperature. The solid and open circles correspond to the 
z(x,x)Z and z(x,y)Z Raman spectra, respectively. These data have been 
corrected for the polarization-dependent collection efficiency. 

appears, whose intensity increases rapidly with increasing 
power when P>O.7 W. 

Only one Raman peak can be identified when the poly 
Si film on quartz is melted ( -486 cm - ‘). The peak fre- 
quency increases to -512 cm-’ when P>O.3 W. 

B. Laser melting with a static laser-in a gas 

Static laser heating and melting of c-Si were also ex- 
amined in the presence of an argon buffer. First, the thresh- 
old laser power needed to melt c-Si was measured as a 
function of pressure, using the change in reflectivity pat- 
tern as the melting criterion. In vacuum, P,,, = 0.54 W (1.0 
pm spot size). With added argon, P,,, initially increases 
linearly with increasing argon partial pressure and then 
levels off to P,,, = 0.62 W above -700 Torr. Similar pres- 
sure dependences are seen for pure helium and air, with P,,, 
increasing to 0.615 and 0.605 W, respectively, at high pres- 
sures of these two gases. The threshold melting laser power 
for c-Ge is 0.18 W ( 1.0 pm spot size) in vacuum, and 0.20 
W in 700 Torr argon buffer. 

The z(x,x)ZRaman spectrum taken during the first 0.5 
s of melting in c-Si is mildly affected by the buffer, with the 
peak frequency increasing from 48 1.7 to 483.5 cm - ’ as the 
argon pressure is increased from 0 to 700 Torr (P = 1.5 
W). The argon buffer gas has a much larger effect later 
during irradiation, as is shown in Fig. 9 ( 1.5 W). In con- 
trast to the slow change in vacuum ( 10 - 4 Torr) after c,, in 
the presence of argon the Raman shift increases quickly 
from -483.5 to -496 cm - ’ in the first - 10 s, and then 
at lower pressures ( 5 50 Torr) it is constant and at higher 
pressures ( > 50 Torr) it slowly decreases with time. The 
reflection pattern stops swirling at - 10 s when the shifts 
have moved to -496 cm - ‘. 

The Raman peak during the first 0.5 s of melting c-Ge 
in vacuum is at 281.4 cm - ’ [z(x,x)ZJ, and does not move 
for at least 10 min (0.6 W, 1 pm spot size), during which 
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FIG. 9. Raman shift of partially molten c-Si heated by a static laser with 
P = 1.5 W in vacuum or in the presence of an argon buffer as a function 
of irradiation time for z(x,x).? polarization. The open circles and solid 
squares are the shifts in 10 and 700 Torr argon, respectively, and the solid 
circles are the shifts in vacuum. 

time the reflection pattern is swirling. With argon, the en- 
ergy shift obtained in the first 0.5 s becomes slightly higher 
(283.6 cm - ’ for 700 Torr argon, 0.6 W). This shift in- 
creases to - 290 cm - ’ in several seconds (and no longer 
changes) and then the reflection pattern stops swirling (5- 
700 Torr). 

For z(x,y>Z, two Raman peaks are seen during the first 
- 1-2 s of melting c-Si and c-Ge in the presence of a buffer 
gas, as is the case in vacuum. The high-energy peak later 
merges into the low-energy one, and after - 20 s the x- and 
y-polarized Raman spectra are identical. 

Spots melted with argon present were reexamined by 
profilometry. After melting in vacuum for < 100 s, a typ- 
ical recrystallized spot has a small dip at the center and a 
raised outer ring. The profile of these molten spots in c-Si 
are similar in vacuum and in argon gas. However, when 
the silicon was melted by a high laser power ( 1.6 W) in 
vacuum for more than -200 s, the hole seen at the center 
is much deeper than those made under similar conditions, 
but in the presence of argon. The profiles of laser melting of 
c-Ge in vacuum and argon are similar to those for short 
irradiation times in c-Si, except that the central dips 
formed by melting in the presence of argon are usually 
slightly deeper than those melted in vacuum. Profiles of Si 
melted in the presence of chlorine showed a central hole 
but no raised outer ring. 

C. Laser melting with a scanning laser 

Raman spectra were averaged over 10 s during each 
run of scanned laser melting and etching of c-Si. A fixed 
laser power of 1.6 W was used, which far exceeds that 
needed to achieve melting in vacuum (0.5 W for the 0.9 
,um spot size) or with gas present. The Raman spectra 
under scanning conditions always consist of a single peak, 
which is sometimes asymmetric. Representative spectra are 
shown in Fig. 10. The Raman shifts and linewidths during 
scanned melting in vacuum are shown in Figs. 11 (a) and 
12(a), respectively, for both z(x,x)Z and z(x,y)Z analysis 
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FIG. 10. Raman spectra during melting (100 Torr argon) and melting- 
induced etching (0.7 Torr chlorine/100 Torr argon, mixture B), and the 
difference between these two spectra for a P = 1.6 W  laser scanning in the 
x  direction at 40 pm/s on c-S (regime II). (a) For z(x,x)zpolarization, 
the peaks of the melting (only), the melting-induced etching, and the 
difference spectra are at 487, 494, and 482 cm-‘, respectively. (b) For 
z(x,y)?polarization, the peaks of the melting (only), the melting-induced 
etching, and the difference spectra are at 508, 504, and 496 cm - ‘, respec- 
tively. These data have been corrected for the polarization-dependent 
collection efficiency, and the ordinate scales in (a) and (b) are the same. 
Note that the intensity of the z(xg)lRaman peak increases by a factor of 
- 1.5, while that of the z(x,x)Zpe.ak decreases by a factor of -2, as the 
scan speed increases from 20 to 200 pm/s during melting (only). 

as functions of laser scan speed. Similar data taken in the 
presence of 100 Torr argon are plotted in Figs. 11 (b) and 
12(b). With some exceptions, these figures show an in- 
crease in shift and decrease in linewidth with increasing 
scan speed. Though addition of argon does change the Ra- 
man profile somewhat, the overall trends are the same as in 
vacuum. The z(xg)z Raman scattering intensity during 
melting both in vacuum and with an argon buffer is ap- 
proximately twice as large as the z(x,x)Z intensity when 
the scan speed is 20 pm/s. The intensity of the y-polarized 
Raman peak increases by a factor of 1.5, while that of the 
x-polarized peak decreases by a factor of 2, as the scan 
speed increases from 20 to 200 pm/s in vacuum or with an 
argon buffer present. 

The minimum laser power needed to melt c-Si during a 
scan, as determined by the changed reflection pattern upon 
melting, increases with increasing argon pressure (as was 
observed for laser melting with a static laser) and with 
increasing scan speed. For example, in vacuum P,,, is 0.54 
W for a static laser ( 1.0 pm spot size) and increases to 0.60 
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FIG. 11. Raman shift as a function of laser scan speed during c-Si melting 
by a scanning laser (1.6 W) for 2(x,x).? (solid circles) and z(xg)Z (open 
circles) polarization (a) in vacuum and (b) in the presence of 100 Torr 
argon. 

W as the scan speed increases to 200 ,um/s. Similarly, in 
the presence of 700 Torr argon this threshold power in- 
creases from 0.62 to 0.68 W as the scan speed increases 
from 0 to 200 pm/s. For laser powers slightly lower than 
the melting threshold, the z(x,y)? Raman shift is -510 
cm-’ and the linewidth is - 16.5 cm - ’ for all scan 
speeds, including during static laser heating, and for laser 
heating in vacuum or argon. 

At corresponding laser powers and scan rates, profilo- 
metry traces across laser melting scans in c-Si look roughly 
the same for vacuum and 100 Torr argon experiments. As 
an example, when the laser scan rate is 100 pm/s (P = 1.6 
W) a 2-pm-wide and 0. l-pm-deep trench is formed in both 
cases, which has 0.2~pm-high ridges extending above the 
surface on either side that are separated by 4 pm. (The 
trench depth measurement may be smaller than the actual 
depth because of the finite profilometer tip width.) These 
trench dimensions tend to increase very sublinearly with 
increasing dwell time (decreasing scan rate). 

D. Laser etching of Si with a scanning laser 

Before conducting the Raman probing experiments in 
real time during etching, laser etching of c-Si was examined 
using ex situ profilometry to assess the relative importance 
of etching and melting. The “etch” depth during melting in 
the presence of 100 Torr Ar is - 0.2 ,um at very slow 
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FIG. 12. Raman linewidth (full width at half maximum) as a function of 
laser scan speed during c-5 melting by a scanning laser (1.6 W) for 
S(X,X)S? (solid circles) and z(x,y)Z (open circles) polarization (a) in 
vacuum and (b) in the presence of 100 Torr argon. 

speeds, decreases to - 0.1 pm for -40 ,um/s scan speed, 
and essentially remains at that value for faster speeds. The 
dependence of the etch depth on the scan rate for different 
etch mixtures (0.3 Torr Cl,/100 Torr Ar, mixture A; 0.7 
Torr Cl,/100 Torr Ar, mixture B) is shown in Fig. 13. 
These etch depths are in agreement with the work of Treyz 
et aL9 Three experimental regimes can be identified by us- 
ing this figure. 

(I) Little etching occurs relative to melt-induced flow. 
This regime occurs when the laser scans fast on c-Si in the 
presence of a high argon pressure and low chlorine pres- 
sure. The transverse profilometry scans are the same for 
scanning laser melting in the presence of either 100 Torr 
pure Ar, mixture A when the laser scan speed is > 140 
pm/s, or mixture B for speeds > 180 pm/s (P = 1.6 W). 

(II) Etching is fast relative to melt-induced flow, but 
slow enough so that the “maximum” etch depth is not 
reached. This regime occurs for laser scan speeds between 
20 and 140 pm/s for mixture A, and for speeds between 40 
and 180 pm/s for mixture B. Profilometry shows that in 
this regime the etched line depth is inversely proportional 
to the laser scan speed. In the fast scan limit (approaching 
regime I), the depth of the melted line is -0.1 pm for each 
condition, and is mainly due to the melt-induced flow. In 
the low scan speed limit (approaching regime III), the 
depth is -0.4 pm for mixture A and -0.6 pm for mixture 
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FIG. 13. Profilometry measurement of the etched line depth vs laser scan 
speed after c-S melting-induced etching (1.6 W). The etchants are 0.3 
Torr Cl,/100 Torr Ar (mixture A, open circles) and 0.7 Torr Cl,/100 
Torr Ar (mixture B, solid circles). 

B. Only in regime II is the entire probed region undergoing 
etching. 

(III) Etching is so fast that the etch depth reaches its 
maximum value before the main part of the scanning laser 
has reached that spot. The etched line depth does not 
change with the laser scan speed for laser scans slower than 
15 pm/s for mixture A and 30 pm/s for mixture B. 

Raman spectra were taken with both x- and y-polar- 
ization analysis during melting, with the laser scanning in 
the x direction across the c-Si surface in the presence of 
either 100 Torr pure Ar or an etching mixture. Typical 
Raman spectra during melt (only) and melt-induced etch- 
ing are shown in Figs. 10(a) and 10(b) for z(x,x)Zand 
z(x,y)Z analysis, respectively (40 pm/s scan speed, mix- 
ture B, regime II). In both parts of the figure, the lowest of 
the three curves represents the difference of these two Ra- 
man spectra, which is obtained by subtracting the spec- 
trum taken during melt-induced etching from the corre- 
sponding spectrum during melting. For z(x,x)z the peaks 
during the melting (only) are up to - 100% larger than 
during etching, while for Z(X,JJ)Z the intensities are much 
more nearly equal, with the spectra during melting typi- 
cally being up to -20% smaller than the Raman peak 
during etching. 

For z(x,x)Z, the Raman peaks obtained during a 40- 
pm/s scan are at -487 and -494 cm - ’ for pure argon 
and the etching mixture, respectively. These shifts increase 
to - 500 and 507 cm - ‘, respectively, with increasing scan 
speed (up to 200 pm/s). For most scan speeds these peaks 
are much broader than those obtained during static laser 
beam melting, and are asymmetric, with longer tails at low 
energy. For speeds < 5 pm/s, the Raman spectra are only 
slightly broader than static melting Raman peaks and are 
symmetric. For speeds > -40 pm/s (regimes II and III), 
the Raman spectra obtained in the presence of pure argon 
are stronger and more skewed to lower energy than those 
obtained with the etching mixture. 

The difference spectra for z(x,x)Zare shown in Fig. 14 
for different laser scan speeds ( > 40 pm/s, mixture B). 
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FIG. 14. Difference between z(x,x)Z Raman spectra taken during c-Si 
melting ( 100 Torr argon) and melting-induced etching (0.7 Torr Cl,/100 
Torr Ar, mixture B) for a 1.6 W (5145 A) laser scan in the x direction 
at different scan speeds. For slow scan speeds, -30-40 pm/s, this differ- 
ence peak is at -482 cm - ’ and has a linewidth of -25 cm - ‘. With 
increasing laser scan speed the peak becomes smaller, moves towards 
-490 cm-‘, and becomes broader. 

The peak magnitude of these difference spectra is plotted as 
a function of laser scan speed in Fig. 15 for mixtures A and 
B. As with the profilometry measurements, three regimes 
can be identified. For fast scans ( 2 140 ,um/s for mixture 
A and 2 180 pm/s for mixture B, as in regime I), the melt 
and melt-induced spectra are very similar and therefore the 
differences are close to zero. The magnitude of the differ- 
ence spectrum increases monotonically with decreasing 
scan speed (regime II). These differences are nearly inde- 
pendent of laser scan speed for speeds ZG 20 and - 20-40 
pm/s with mixtures A and B, respectively (regime III). 
When the laser scan speed is extremely slow ( - l-10 pm/ 
s, regime III), the height of the difference spectrum de- 
creases and becomes negative for mixture B. 

The z(x,y)zRaman spectrum changes with scan speed 
during etching (mixture B) in the same way as for pure 
melting. The line shape is asymmetric (except for < 5 pm/ 
s) with a longer tail at low energy. The height of the 
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FIG. 15. Peak height of the difference between the z(x,x$Raman spectra 
during c-Si melting (100 Ton argon) and melting-assisted etching using 
either mixture A (open circles) or mixture B (solid circles) during scan- 
ning by a laser ( 1.6 W) in the x direction. 
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FIG. 16. Raman microprobe and profilometry traces across laser-melted 
lines representing the three different processing regimes. The left, middle, 
and right columns correspond to regimes I, II and III, respectively ( 1.6 
W; I-mixture A, 180 pm/s; II-mixture B, 60 pm/s; III-mixture B, 5 
pm/s). The top (open circles) and middle (solid circles) traces are the 
z(xg)zand z(x,x)~Raman traces (-0.005 W), respectively, taken after 
processing, while the bottom traces are the profilometry profiles. 

z(x,y)zdifference spectrum, which is defined as before, is 
negative, meaning that the magnitude of the Raman spec- 
trum taken during etching is larger than that during melt- 
ing. This is in contrast to that for z(x,x)Z polarization. 

Real-time monitoring of melting and melt-induced 
etching was reexamined with z(x,x)Z and z(x,y)Z analysis, 
except with the laser scanning along the y direction (per- 
pendicular to the x laser polarization) instead of along the 
x direction. Very similar spectra were obtained with the 
same peak frequencies, except that now the Raman peak 
during etching is larger than during melting for z(x,x)Z 
analysis, while it is smaller for z(x,y)Z. Consequently, the 
difference spectra are negative for z(x,x)Z and are positive 
for z(x,y)Z, which is reversed from the results for scanning 
in the x direction. The etch trenches for scanning in the x 
direction are found to be deeper than those obtained by 
scanning in they direction, as was demonstrated in Ref. 9. 

Three etched lines, which are representative of the 
three etching regimes, were examined after etching both by 
profilometry and by polarization Raman analysis using a 
low-power laser beam (0.005 W), as shown in Fig. 16. 
Profilometry shows that in regime III (mixture B, 1 pm/ 
s), there is a V-like deep trench which is -0.6 pm deep 
and is -6 pm wide at the c-Si surface and tapers to zero 
width at the bottom of the trench. In regime II (mixture B, 
60 pm/s), the trench shape is almost the same except that 
the depth is -0.4 pm and the width at surface is - 3 pm. 
The trench shape obtained by profilometry in regime I 
(mixture A, 180 pm/s) is much different than those for 
regimes II and III. It is similar to the profile of a melted 
line with no Cl, present and has a trench at the center 
which is -0.1 pm deep and - 1 ,um wide. There are raised 
ridges on either side, which are not present after melt- 
induced etching, that are -0.2 pm high and -2.7 pm 
wide. 

The Raman scans across these three etched lines are 
quite different for the different regimes. In this post-melt 
Raman analysis, only z(x,y)Z signals are seen outside the 
melt region, while within the resolidified region both 
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z(x$)Zand z(x,x)?signals are seen that are larger than the 
z(x,y)Z peak in c-Si. Note the characteristic dip at the 
center for both x and y polarizations in regimes II and III, 
which is absent in regime I and in melting (only) scans. 
The lateral linewidth determined by Raman profiling is 
greater than that determined by profilometry for regimes II 
and III, but they are close for regime I. The Raman shifts 
and linewidths within the trench are within 0.5 cm-’ of 
the respective values for c-Si. 

E. Laser etching of Ge with a scanning laser 

Germanium has also been shown to undergo etching 
by both laser-assisted thermal and photochemical 
processes.34 The etching of Ge by localized laser heating in 
the presence of chlorine was examined briefly. In contrast 
to silicon, laser-heated Ge was found to etch rapidly even 
when not partially molten. Raman analysis was not used to 
probe laser etching of Ge. 

IV. DISCUSSION 

A. Laser heating with a static laser-no melting 

With no melting, the temperature peaks at the center 
of the heating laser, which has a - 1 pm spot size, and 
decreases with a characteristic distance of -1-2 pm.35 
Since this laser also probes the temperature profile, the 
Raman profile represents an average of a range in temper- 
atures. As P approaches Pm, the temperature at the center 
approaches the melting temperature. Because of spatial av- 
eraging, the Raman shift approaches - 5 10 cm - ’ in Si 
(Fig. 1) and not the 482 cm - i shift expected for solid Si 
that is uniformly heated to the melting temperature. Using 
the Raman profile simulation from Ref. 31, the predicted 
Raman shift for P5 Pm is 5 11.2 cm-‘. Similarly, the shift 
in laser-heated Ge approaches 292 cm-’ (Fig. 3) and not 
the 28 1 cm - ’ expected for Ge that is uniformly heated to 
melting. 28*31 Because the fractional decrease in thermal 
conductivity from 295 K to the melting point is larger in Si 
than in Ge, the temperature increase is slightly more lo- 
calized in Si than in Ge.36 This explains why the c-Si Ra- 
man spectra are asymmetric, while the c-Ge spectra are 
nearly symmetric, and has been confirmed by Raman pro- 
file simulations similar to those performed in Ref. 3 1. As 
alluded to in Sec. III A, this asymmetric profile in silicon 
was used to model the high-energy peaks in z( x,y )Z Raman 
spectra of partially molten Si. 

Since the thermal conductivities (K) of silicon, sap- 
phire, and quartz are related by Ksi > Ksapphire > Kquatiz, the 
temperature profiles are increasingly more uniform for la- 
ser-heated c-Si, silicon films on sapphire, and silicon films 
on quartz.3’ Consequently, the Raman shifts for laser pow- 
ers P,,, are expected to be successively smaller (and nearer 
482 cm - ‘) for these three cases,31 as is observed here. 

Because of temperature averaging in these experi- 
ments, the measurement of a Raman shift during local 
laser melting of c-Si that is (510 cm-’ strongly suggests 
that a significant fraction of the probed silicon is solid 
material pegged at the melting temperature. 

6. Laser melting with a static laser-in vacuum 

When melting occurs (PZ Pm), a central region with 
coexisting solid and liquid phases is expected to form ini- 
tially, in which the temperature is nearly uniform and is 
very nearly equal to the melting temperature (T,). This 
area is surrounded by a hot solid zone that retains the 
symmetry of the crystal. This central region is much 
smaller ( - l-20 pm diameter) than the -40-500 pm di- 
ameter regions that were made partially molten in silicon 
films in previous studies.‘&13 Using the estimates by Hawk- 
ins and Biegelsen for silicon,i2 very narrow solid lamellae 
with widths -0.3 pm are expected to float within this 
central region and the local temperature variation between 
solid and liquid regions is expected to be -2 K. Free 
pieces of solid silicon are expected to float to the surface 
because at the melting point the density of solid Si is less 
than that of liquid Si. 

For -Pm, the central region can be totally molten and 
the temperature can greatly exceed the melting tempera- 
ture. The decrease of Raman intensity in partially molten 
Si with increasing P suggests that less of the surface is 
covered with solid Si at higher laser powers. For P> 0.7 W 
(C = O-5 s), no Raman peaks are seen for Ge, suggesting 
that it is totally molten. 

The single z(x,x)Z peak and the low-energy z(x,y)Z 
peak are due to solid silicon and germanium no longer in 
(001) orientation (t = O-O.5 s). For early t, these peaks 
are probably due to randomly oriented solid regions at the 
melting temperature floating in the molten region, and not 
due to hot resolidified polycrystalline (or otherwise reori- 
ented) regions. The outer solid zone is probed by the wings 
of the laser, leading to the high-energy peak in z(x,y)Z 
analysis (O-O.5 s) that is absent in z(x,x)Zanalysis of such 
crystalline materials. The peripheral region maintains the 
symmetry of c-Si and represents a range of temperature; 
the highest temperature is at the periphery of the central 
zone (the melting temperature) and it then decreases out- 
wards. 

The Raman probe de 
w 

th, which is - 1/(2X absorp- 
tion coefficient), is - 160 for solid Si (Ref. 37) and -40 
A for molten Si,38 both at the melting temperature for 5145 
A. If the partially molten region is thin enough, it is pos- 
sible that c-Si under the partially molten zone may also 
contribute to the high-energy peak in the z(x,y)Zspectrum. 
This would also apply to the Raman spectrum during laser 
melting of c-Ge. 

As laser heating continues in c-Si, this high-energy 
z(x,y)Z peak moves to lower frequency and decreases in 
magnitude, which suggests that the partially molten pool is 
expanding radially. After -5 s, this expansion has pro- 
gressed to the point where the laser probes only material in 
the partially molten pool, and possibly solid silicon beneath 
it, and there is only a single peak seen for z(x,y)E For t 2 5 
s, both the z(x,x)Z and z(x,y)Z spectra consist of a single 
peak whose shift increases quickly until ti and then in- 
creases more slowly to 502 cm - ’ until t,. This indicates 
that the average temperature in the probed region is con- 
tinuing to decrease. Also, there is rapid molten flow (as 
determined by profilometry) and a swirling reflection pat- 
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tern until -c,. Then there is still slow flow of molten sili- 
con until -tZ, while the reflection pattern continues to 
fluctuate mildly. At t2, the Raman peak finally stops at 
-502 cm - ‘, which is much less than the - 510 cm - ’ 
peak expected for a silicon substrate that is heated by the 
laser to T,. The reflection pattern continues to fluctuate 
for c> tZ, suggesting that the laser-heated spots are still 
partially molten for t > t2, but that the flow has reached a 
steady-state profile where the capillary effect counters the 
surface tension gradient. Note that in these experiments 
Raman scattering probes a region whose depth and liquid/ 
solid ratio may vary with time. 

The depth of these structures is - 1 pm. Given the 
small degree of defocusing at this depth, to a spot size 
- 1.1 X that at the focus (as determined by beam profil- 
ing), one would expect melting to continue for the P$P,,, 
experiments depicted in Figs. 5-7. Note that the tempera- 
ture rise a l/laser spot size, assuming temperature-inde- 
pendent parameters and no phase transitions.35 The swirl- 
ing reflection pattern would be expected to end when a 
steady-state surface profile is reached during irradiation. 
The small fluctuations seen in reflection for t> ~i are con- 
sistent with continued melting. This fluctuating reflection 
pattern is still observed as the laser power is reduced until 
the Raman shift has increased to -510 cm - ‘. Both the 
Raman and reflection observations indicate that melting 
has then stopped. 

When reexamined by Raman spectroscopy using very 
low laser power after laser melting, both z(x,x)Z and 
z(x,v)Z have a single Raman peak near 520 cm - ‘, which 
suggests that the remaining top layer has solidified from 
the melt and has become polycrystalline (or misoriented 
from the original crystal direction). Refraction effects that 
may contribute to a z(x,x)Z signal, as described in the 
Introduction, do not seem to be very important in the po- 
larization analysis. 

For c-Ge, the shift in the z(x,x)Z Raman peak is inde- 
pendent of laser power and time (for t = O-10 s). For c-Si, 
this peak is at 502 cm - ’ just above the melting threshold 
(O-O.5 s) and then decreases with increasing P, remaining 
at the constant value - 482 cm - ’ for a wide range of laser 
powers (0.9-1.8 W). For each laser power, the Raman 
shift then increases with time. Since any compressive 
stresses on silicon would increase the Raman shift, as 
would the probing of cooler material, the measurement of 
a minimum Raman shift at 482 cm - ’ and the observed 
polarization properties suggest that solid silicon is freely 
floating in a molten bath during the early stages of laser 
heating with P = 0.9-1.8 W. Because the Raman probe 
depth is so small for molten silicon, solid silicon lying be- 
low any melt may not be probed when the solid silicon at 
the surface is freely floating in a melt. The increase in 
frequency shift at later times may indicate that these solid 
regions are no longer freely floating and pinned at the melt- 
ing point, and possibly also that the melt has become very 
shallow with the flow of molten silicon away from the 
center. For P= 0.4-0.9 W, the melt may already be too 
shallow early during melting (even before molten flow) for 
there to be freely floating silicon pinned at T,. 

Compressive stresses that occur during laser heating of 
solid silicon (up to T,) cannot change the Raman shift by 
more than - -I- 1 cm - 1.39 Stresses applied to solid mate- 
rial in the liquid bath are certainly much smaller and will 
perturb the Raman spectrum only slightly. Therefore, the 
Raman shifts and linewidths at the melting temperature 
cited here and in Ref. 28 represent relatively stress-free 
conditions. 

When solid silicon at the surface does not float freely, 
Raman probing will examine this near-surface silicon, 
which may be at or near the melting temperature, as well 
as the solid and possibly recrystallized silicon beneath it, 
which will be cooler. This is probably the principal reason 
for the larger z(x,x)Z Raman shifts at lower powers ini- 
tially (0.4-0.8 W) and at all powers at later times. In all 
cases, the laser is continuously being defocused on the re- 
ceding surface during the flow of molten silicon, and the 
laser probes an increasingly cooler temperature profile. 
Stress-induced perturbations in solid silicon (- + 1 
cm - ‘), though of the correct sign, are too small to be 
responsible for the large positive deviations ( - + 10 
cm -‘) from a 482 cm-’ shift in these regimes of laser 
melting. 

The vapor pressures of Si and Ge at their melting tem- 
peratures are 3.8X10m4 and 8.0 x 10 - ’ Tort-, 
respectively.M When the ambient pressure is less than this 
vapor pressure, the surface will evaporate at a rate of 
1.2X 10 - * pm/s for Si and 2.1 X 10 - 5 pm/s for Ge. Un- 
der the “vacuum” conditions here, this may be significant 
only for Si. Profilometry shows that after the silicon was 
melted using high laser power ( 1.6 W) in vacuum for a 
long time ( -200 s), a 1.5~,um-deep pit is seen at the center 
which is 10 pm wide at both the top and bottom surfaces. 
Such a deep pit is not seen with argon added. Since silicon 
evaporates at a rate of -0.7 ,um/min at T,,,, this deep hole 
may be due to evaporation in addition to molten flow. No 
signs of significant evaporation can be seen during laser 
melting of c-Ge. 

Thermal steady state in c-Si and c-Ge is reached during 
the first 0.1-l ps of laser heating when P< Pm.4’ For 
P> Pm, the characteristic time for the propagation of the 
melt front in silicon is 10-100 ps for - 1 pm dimensions,16 
assuming no flow of the molten silicon. These characteris- 
tic times are much shorter than the typical measurement 
times in the static heating experiments and the laser dwell 
times in the scanning experiments. Flow of molten silicon 
occurs with a characteristic timescale of - 10 s in the static 
heating experiments. In the scanning laser runs, molten 
flow is observed even with a - 10 ms dwell time. Potential 
evaporation of Si in vacuum would take - 100 s to form a 
measurable depth ( - 1 pm). 

The Raman spectra taken during laser melting of sili- 
con thin films can be interpreted in the same way at the c-Si 
Raman spectra. For epi Si on sapphire, single peaks are 
observed for partially molten Si for z(x,x)tanalysis, while 
double peaks are seen for z(x,v)?. These two peaks are well 
resolved because the peak from the silicon pieces in the 
melt (at 482 cm - ‘) is well separated from the high-energy 
peak due to the nonuniformly heated, nonmelted silicon on 
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sapphire.3’ At high laser power (P> 0.7 W), evidence of 
silicon flow is seen even for t = O-O.5 s with the loss of the 
low-energy Si peak (Fig. 2) and the appearance of the 
Raman peak of sapphire. As expected, the Raman spec- 
trum of laser-melted poly Si on sapphire has two peaks for 
both z(x,x)Z and z(x,y)Z analyses. 

Because of the low thermal conductivity of quartz, the 
temperature profile during laser heating of silicon films on 
this substrate is broad (P-c Pm)31 and the Raman peak 
approaches -499 cm - ’ as P approaches Pm. This would 
be similar to the high-energy peak expected for z(x,y)Z 
Raman analysis during laser melting of silicon films on 
quartz. However, because this peak is so low in energy and 
so broad it overlaps the low-energy peak near 482 cm - ’ to 
form a single peak. The increase in the Raman shift to 512 
cm - ’ during melting of silicon films on quartz with P> 0.3 
W suggests that the silicon has flowed away from the laser 
focus during the first 0.5 s of laser melting. 

C. Laser melting with a static laser-in a gas 

Gas above the laser-heated surface can affect the tem- 
perature profile, surface tension, molten flow, and the evap- 
oration rate. The previous discussion has shown that the 
evaporation of Si and Ge is never significant in these ex- 
periments in the presence of a gas. 

The solution of the heat flow equation during steady- 
state laser heating of a semi-infinite solid in vacuum is 
easily modified to include thermal conduction to a gas by 
treating the gas as a transparent semi-infinite region.42 At 
the center of the laser spot on the surface, which is the 
hottest place in the heated material, the temperature rise is 

Ksi 
ATwith gas = Ksi + KBas A Tvacuum 

where K is the thermal conductivity of the medium, which 
is assumed to be independent of T, and AT,,,,, is the 
temperature rise in vacuum. Since Ksi actually varies with 
T, the maximum effect of the gas may be estimated by 
setting Ksi equal to the lowest thermal conductivity of solid 
silicon in the temperature range of interest, i.e., that at the 
melting point.43 This expression predicts that adding 1 atm 
of He or Ar decreases the temperature rise for a given laser 
power by no more than 0.8% or O.l%, respectively, or 
equivalently, that the presence of the gas increases the 
power needed to achieve melting by these same percent- 
ages. The observed differences, 12%-15%, are much 
larger, suggesting that other effects must be important. 
Foremost is probably convective flow, which is ignored in 
the thermal diffusion calculation and which would cool the 
surface very effectively. 

Experimental uncertainties in published data for sur- 
face tensions in vacuum and in the presence of a gas are too 
large to determine the effect of a gas on surface tension y. 
An upper limit of this effect may be estimated by McLeod’s 
empirical equation for the surface tension of a surface in 
contact with a gas of the same molecules, y- (pr~,,)~, 
where pi and pv are the liquid and vapor densities, 
respectively.44 Introduction of 200 Torr of Si to a Si surface 

at 1690 K would be expected to decrease the surface ten- 
sion by 0.008%; 200 Torr of added Ar should have an even 
smaller effect. For comparison, near the melting point the 
same fractional decrease in silicon surface tension occurs 
for a temperature increase of only 0.4 KM This would 
suggest that the introduction of any gas should have very 
little effect on the dynamics of molten flow in these exper- 
iments. 

In contrast to these expectations, the presence of argon 
definitely affects laser melting, as is seen by the real-time 
Raman scattering and the profilometry results. Notably, 
higher Raman frequency shifts are measured when argon is 
added to the vacuum for both Si (Fig. 9) and Ge, and 
molten flow is affected, particularly in Ge (as determined 
by profilometry). Perhaps, the temperature rise during la- 
ser heating is lower in many regions with added argon 
vis-a-vis vacuum because of convective flow, and this can 
slow down the flow of the molten semiconductor from the 
central region. 

The increasing line shift of the z(x,x)Z Raman peak 
during static laser melting in vacuum or argon in Figs. 5 
and 9 must indicate gradual cooling in the central region, 
which is caused by the flow (and possible evaporation) of 
silicon or germanium from the center and by laser defo- 
cusing. This behavior is clearly different in the presence of 
argon and in vacuum. The molten layer, which may be - 1 
pm thick initially, is getting thinner with time and the 
underlying silicon will be probed more with time. The 
thickness of this layer may be affected by the buffer gas. 

D. Laser melting and etching with a scanning laser 

The threshold for melting P,,, increases with scan speed 
and with argon pressure. The latter effect can be attributed 
to enhanced convective cooling of the surface. The origin 
of the dependence on scan speed is less clear. Since the 
laser dwell time at any spot during the scan is always much 
shorter than the thermal diffusion time in silicon for these 
experiments, the increased Pm with scan speed does not 
appear to be attributable to changes in thermal conduction. 
It is possible that near threshold the time required for 
melt-initiated surface changes (that affect the reflection 
pattern) may be longer than the laser dwell time. Conse- 
quently, the quoted values for P,,, at faster scan speeds may 
be slightly too high. 

The Raman spectrum during melting by a scanning 
laser always has a single peak. This differs from the static 
beam experiments for which there are two peaks for 
z(x,y)Z polarization. The single peak nature suggests that 
there is no steady-state bimodal temperature distribution 
during scanned melting; whereas, during static heating 
there are large surface areas covered by solid pieces of Si 
pegged to the melting temperature T,,, and also significant 
areas of Si at T < T,,, being probed. 

The z(x,x)Z peaks are generally much smaller the 
z(xy)Zpeaks during scanned melting, while the individual 
peaks are comparable to each other during static laser 
melting. For slow scan speeds, -20 pm/s, the integrated 
z(x,x)ZRaman intensity is roughly half that of the z(x,y),? 
spectrum; this is the same ratio as during static melting 
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(O-O.5 s). However, with increasing scan speed the ratio of 
the integrated z(x,x),?intensity to that of z(x,y)Zdecreases 

These difference Raman spectra get smaller as the scan 

by a factor of - 3. Still, the z(x,x)ZRaman peaks are much 
rate increases into regime I. Moreover, the dependence of 

larger than any signal expected from the 1% y-polarization 
the difference spectrum peak height on scan speed in Fig. 
15 tracks that of the etch depth in Fig. 13. This is under- 

leakage into the x-polarization channel and they also look stood by the increased defocusing of the laser and conse- 
very different than the z(x,v)Z peaks; for example the 
z(x,x)Z signals always have relatively smaller shifts. Since 

quently decreased laser heating with increasing etch depth. 

the z(x,x).?peaks are relatively smaller, parts of the region 
The decrease in difference spectrum peak height and its 
change in sign at very slow scan speeds (Fig. 15, mixture 

being probed maintain the orientation of the c-Si lattice. It B) is probably due to changing photon transmission fac- 
may also mean that these solid pieces may not rotate much tors for these very deep grooves. Though features of the 
while the laser dwells at any point in the scan for fast 
scanning speeds ( - 10 ms, 200 pm/s), though they may 

difference spectrum do correlate with the etch depth and 
can provide a qualitative real-time measurement of etch 

rotate during the -0.1 s dwell times for slower scan speeds 
and the 0.5 s measurement time of the static experiments. 

depth, ab initio determination of the etch depth from the 
Raman spectrum requires more detailed modeling. 

The z(x,x)Z and z(x,y)Z Raman peaks during scanned 
laser-induced melting and etching lie between the Raman 
shift of c-Si at the melting temperature (482 cm - ‘) and 
the z(x,y)Z Raman shift obtained for P<, P,,, ( - 5 10 
cm - ‘). As stated earlier, this is a signature of Raman 
probing of laser melting in c-Si. In addition to having 
smaller heights, the z(x,x)Z peaks have smaller shifts than 
the z(x,y)Z peaks at each scan speed (Fig. 11). This indi- 
cates that the reoriented silicon probed by z(x,x).?analysis 
is relatively hotter. For both polarizations, the general 
trend of increasing Raman shift with scan speed, which is 
most notable at slower speeds, suggests that the probed 
distributions are slightly cooler on the average at fast scan 
speeds. 

Raman shifts for z(x,x)Z analysis during etching are 
larger than during pure melting, though they still lie be- 
tween 482 and 5 10 cm - ’ (Fig. 1 I). This is true whether 
the laser scans in either the x or y direction and suggests 
that the reoriented solid silicon being probed during etch- 
ing is on the average cooler than during melting. This is 
reasonable since the laser is more defocused on the surface 
during etching and therefore the probed region will be 
cooler. 

Treyz et al9 showed that changing the angle between 
the polarization of the incident laser and the scan direction 
in melt-assisted etching of c-Si by Cl2 can change the etch 
rate and trench geometry. This is due to the different trans- 
mission factors of the laser into the silicon for each polar- 
ization and depends on the details of the etch trench ge- 
ometry. One consequence of this effect is that etched 
trenches are deeper when the scan direction and laser po- 
larization are parallel than when they are perpendicular. 
The parallel polarization is ?r polarization with respect to 
the leading surface of the reaction front and is transmitted 
more than the perpendicular a-like light, and therefore 
heats the silicon more. Similarly, the Raman scattering 
signal depends on the product of this factor for laser trans- 
mission into Si and the transmission factor for Raman scat- 
tered photons leaving Si. These factors may be different 
during pure melting and melting-induced etching because 
they are determined by the etch depth and profile and by 
the position of the scanning laser relative to the etch front. 

The relative size of the Raman signals during melting 
and etching is determined by the laser and Raman photon 
transmission probabilities, which depend on the details of 
the trench geometry and on photon polarization. Careful 
comparison of the Raman spectra taken during melting 
and etching, including the detailed analysis of the differ- 
ence spectra, requires proper calibration of the relative am- 
plitudes of these spectra. Because the relative calibration 
factor is on the order of unity, the difference spectrum still 
provides some qualitative insight even without more care- 
ful calibration. Using Fig. 14, the z(x,x).? difference spec- 
trum peaks near 482 cm - ’ at slow scan speeds where the 
etch trenches are deep. At the scan rate increases and the 
etched trenches become shallower, the difference spectrum 
lineshift increases and its magnitude decreases (Figs. 13- 
15). These trends are independent of photon polarization 
and are relatively insensitive to calibration. Similar trends 
are seen for z(x,y)Z and for both polarizations when the 
laser scans in the y direction. (Note, however, that with- 
out amplitude calibration the range over which the differ- 
ence peak lineshift varies with scan speed is different for 
each polarization and scan direction arrangement.) 

The Raman peak intensity is larger during melting 
than during etching when the Raman polarization is par- 
allel to the scan direction [x scan direction, z(x,x>Z:, y scan, 
z(x,u)a, while the peak during etching is relatively larger 
when the Raman polarization is perpendicular to the scan 
direction [x scan, z(x,y)Z; y scan, z(x,x)Zj. As the angle of 
incidence increases at a planar interface (up to Brewsters 
angle and corresponding to deeper etched grooves) the 
transmission of o-polarized light decreases, while that of 
rr-polarized light increases. This would suggest that the 
photons delivered for and collected from Raman scattering 
are a-like for the parallel configuration and q-like for the 
perpendicular configuration. If so, this implies that the ob- 
served Raman scattering is predominantly from probing 
the side walls of the etch front and is relatively less from 
the leading surface of the reaction front. 

The data in Figs. 13, 15, and 16 show that the ex situ 
profilometry traces, real-time Raman analysis, and post 
processing Raman profiles have distinctive features in each 
of the three regimes described in Sec. III D. Using this 
information, the relative etch depth during etching can be 
obtained by examining the z(x,x)ZRaman spectrum in real 
time. 

Raised outer ridges are always observed after static or 
scanned laser melting of c-Si in vacuum or with an inert 
gas present. These raised features are never seen in the 
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etching regimes II and III. This suggests that molten sili- 
con is etched before it can flow in these experimental re- 
gimes. 

V. CONCLUDING REMARKS 

By examining Raman scattering from optical phonons 
in solid silicon, information about the temperature distri- 
bution and the profile of the surface during laser melting 
and melting-assisted etching of this semiconductor can be 
obtained. This method is applicable to germanium and 
other semiconductors as well. Though determining the ex- 
act details of etching and melting by using only Raman 
data is difficult, real-time Raman microprobe analysis is 
still one of the few useful probes of small area processing. 

When coupled with the other diagnostic methods used 
here, Raman scattering is valuable in characterizing and 
explaining different aspects of these processes. For in- 
stance, it has been shown that when a single cw laser (fixed 
or scanning) is used to heat and Raman probe silicon, local 
melting is indicated when the Raman peak is between 482 
cm - ‘, which is the Raman shift for silicon uniformly 
heated to the melting point ( 1690 K), and -510 cm - ‘, 
which is the Raman shift for c-Si heated just to the melting 
point and probed by the same beam. Local laser melting 
has been shown to evolve in time and to depend on local 
gas conditions much more than would be expected from 
simple thermal conduction considerations. Further, the 
etch depth during local laser etching by a scanning laser 
has been shown to be related to the difference of the real- 
time Raman spectra during melting (only) and etching. 
For best analysis, these Raman measurements must be 
linked to detailed process modeling of heat flow and mass 
transfer. 

In conclusion, it is also noted that the two-peak Ra- 
man spectrum shown in Fig. 4 and the asymmetric Raman 
profile seen during scanned laser melting resemble the very 
broad and asymmetric Raman spectra observed in an ear- 
lier study of Raman probing during laser direct writing of 
Si.45 The interpretation offered here for such a Raman 
spectrum implies that partially molten silicon was being 
deposited during laser writing. 
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