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Pattern formation during laser melting of silicon
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Silicon films under intense, continuous laser irradiation at A, =10.6 pm develop into spatially in-

homogeneous molten states. The systematic study of the diFerent patterns as a function of laser in-

tensity and spot size reveals a variety of ordered and disordered states. For small spot size, highly
correlated, long-range periodic structures (gratings) with spatial periods of A, , 2X, 3k, . . . are ob-
served for increasing intensity. For low intensities and large spot sizes, irregular molten and solid
lamellae are observed with only short-range order. We show that the ordered and disordered mol-
ten structures reAect diFerent levels of balance between spatially coherent energy deposition from
the laser and heat Aow from the illuminated region. Changes in the intensity or spot size can be
used to alter the balance and induce morphological "phase transitions" between the diFerent struc-
tures. We find that many of the characteristics of the patterns, including the spacings of the period-
ic structures and the size and separation of the lamellae, can be explained by the theory of the elec-
trodynamic response of optically inhomogeneous surfaces presented in the preceding paper.

I. INTRODUCTION

Coherent light has been used to process materials since
the development of the first laser. ' In these applications
lasers are chosen over other energy sources because of the
localized, high power densities they oQ'er. The small spot
size associated with laser radiation is, of course, directly
related to the coherence properties of the beam. This
coherence is, however, the source of various types of in-
stabilities in laser-materia1 processing. One of the best
known of these is related to the interference between an
incident beam and a surface scattered field. Here the
breaking of the translational symmetry of the surface by
roughness leads to inhomogeneous and often periodic
melting, etching, and photodeposition at high laser inten-
sities. For picosecond and nanosecond laser pulses it has
been shown that the instability is almost entirely electro-
dynamic in origin, with the spacings and orientations of
the structures related to the properties of the beam and of
the material. This is not entirely unexpected, since on
these short-time scales thermodynamic or mechanical
forces associated with heat Aow or material viscosity are
unimportant over distances of the order of the wave-
length or the absorption depth, which are typically mic-
I ons.

The first observations of patterns under continuous-
wave (cw) laser melting were reported by Bosch and
Lemons in 1981. It was noted that laterally segregated
molten and solid regions develop during melting of sil-
icon films by a 0.5 pm laser. Later, studies by Biegelsen
and co-workers using a 10.6 pm laser revealed the ex-
istence of an ordered melt pattern consisting of alternate
molten and solid strips with a periodicity equal to the in-
cident wavelength. ' An intuitive argument" can be
made against the existence of a uniform phase, based
upon the different reQectivities of solid and molten sil-
icon. Molten bulk silicon is Inetallic and has a much
higher reAectivity ( =0.9) than that ( =0.3) of the semi-

conducting solid phase. This leads to a range of laser in-
tensities near the melting threshold for which a uniform
solid surface would absorb too much energy and try to
melt, while a uniform molten surface would refIect too
much light and try to solidify. Since neither uniform
phase is possible, a spatially inhomogeneous state, with
an average reAectivity between that of the solid and
liquid, must result.

In this paper we show that the melt patterns that are
observed on silicon under cw radiation result from the
same electrodynamic processes as the ripple patterns that
occur during pulse laser melting. The pulsed laser pat-
terns that form on solids are, to a large extent, deter-
mined by the inhomogeneous energy deposition that
occurs prior to melting. But, as we shall show, the pat-
terns that form for continuous illumination self-
consistently result from a balance between the light ab-
sorption of the composite melt-solid inhomogeneous
phase and the heat Aow out of the illuminated region.
Therefore, in the cw case both electrodynamics and ther-
modynamics play a role. In an earlier brief report' of
the results presented here we showed that the interplay
between the deposition of coherent energy in a composite
dielectric-metallic structure and the heat Aow results in a
loss of many of the universal' properties that character-
ize pulsed-laser-induced structures. The spectrum of
spacings and orientations of structures occurring in the
pulsed case is replaced by a new, diverse set of steady-
state structures many of which do not occur in the pulsed
case and which have also not been observed by others in
the cw case. Many of these patterns are stable against
substantial variations of the laser intensity and can there-
fore be identified as morphological phases' of a system
driven far from equilibrium. One can identify the laser-
induced morphologies as a particular example of the class
of pattern-formation processes that occur in various
nonequilibrium physical, chemical and biological sys-
tems. ' In our experiments the pattern formation results
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because of the synergy between absorption and heat How
via a material response. Details concerning the connec-
tion between the structures observed here and the
broader class of pattern formation in nonequilibrium sys-
tems will not be addressed here but will be the subject of
a future publication. In this paper we will concentrate on
the description of the patterns and the understanding of
these patterns from an electrodynamics and thermo-
dynamics viewpoint.

The remainder of this paper is organized as follows. In
Sec. II we discuss the samples and experimental tech-
niques used to perform the studies. Section III summa-
rizes the observations in which we illustrate the spectrum
of patterns produced under different conditions when
thin films of silicon are illuminated by 10.6-pm laser radi-
ation. In Secs. IV and V we employ the theory of the
previous paper' to show how electrodynamic considera-
tions can self-consistently explain the various ordered
and disordered patterns, respectively. Section VI summa-
rizes our findings.

II. EXPERIMENTAL DETAILS

The experimental arrangement used to produce and
study the melt structures in silicon thin films is shown in
Fig. 1. A linearly polarized TEMOO beam from a continu-
ous 20-W, 10.6-pm CO2 laser was focused onto silicon on
sapphire samples at normal incidence. Intensity Auctua-

MICROSCOPE
OBJECTIVE

tions of the laser could be kept below 2%. The spot size
(FWHM of intensity) was typically a few hundred mic-
rons in diameter and could be controlled by positioning a
10-cm focal length lens. The samples were oriented with
the film side facing the incoming laser beam. They were
supported near the edges by a heating stage with the laser
beam having access to the central portion of the film.
The metal patterns produced in the silicon film were ob-
served by spatially resolving the visible black-body emis-
sion through the transparent sapphire substrate. Al-
though the temperature of the solid and molten portions
of the film were not significantly different, the difference
in their emissivities enabled the observation of the melt
patterns. The patterns were observed through an optical
(visible-light) microscope with a 10X objective and could
be recorded with either a still or video camera attach-
ment. Spacings in the observed patterns and other
geometrical features were determined after performing
appropriate calibration procedures.

The results reported here were all obtained with sam-
ples which were cleaved from the same wafer of a 2-pm-
thick vapor-deposited (polycrystalline) silicon film on a
1-mm-thick sapphire substrate. Experiments performed
with 0.5-pm-thick films gave essentially the same results
indicating that for such thin samples the film thickness
does not inhuence the pattern selection. However, the
sample dimensions and shape were found to inAuence de-
tails (but not the qualitative features) of pattern develop-
ment because of alterations in heat-loss eKciency. (The
term "heat-loss efficiency" refers here to the rate of ener-

gy removal from the central portion of the irradiated area
relative to its average temperature. When so defined it is
closely associated with the melt threshold of the sample. )

To minimize these geometry-related effects the sample
size and shape were standardized; all were square pieces
of width 2.5+0. 1 mm. The optical and thermal proper-
ties of the samples are indicated in Table I.

A resistive heating stage was used to assist the laser in
bringing samples to the melting point. The absorption

SAPPHIRE

Si~ SAMPLE

HEATING
STAGE

TABLE I. Material and optical properties [values taken from
American Institute of Physics Handbook (AIP, New York, 1985)
and E. H. Wolf, SiIicon Semiconductor Data (Pergamon, Toron-
to, 1969)]of silicon and sapphire (MKS units).

FOCUSING
LENS

INCIDENT
BEAM
(IO.6~m)

Property

Melting point
Thermal conductivity

(solid)
Thermal conductivity

(liquid)
Heat capacity (solid)
Dielectric constant'
ReAectivity
(A, =10.6 pm, T=1680 K)
Dielectric constant
ReAectivity
(A, =10.6 pm, T ) 1680 K)

Silicon

1680 K
22

67

700
9.5+2i

0.3

—30+800i
0.9

Sapphire

2053 K
29

810
0.45+ 0. 1i

0.04

0.04

FICx. 1. Schematic diagram of method to produce and ob-
serve inhomogeneous melt structures on silicon.

'Estimate based on e(300 K)=11.8 and a thermally excited
electron-hole carrier density of 10' cm ' at the melting point.
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coefficient of silicon at 10.6 pm is governed by free
carrier-absorption effects. Because the carrier density of
an intrinsic semiconductor varies faster than exponential-
ly with temperature, the absorption coefficient does as
well and for silicon varies from less than 1 cm ' at room
temperature to 4X10 cm ' at the melting point. For a
sample initially at room temperature the direct heating of
silicon by a continuous beam is therefore difficult to con-
trol because of runaway effects in sample temperature.
To overcome this the samples were mounted on a pair of
silicon strips (3 mm XO. 5 mm X4 cm) which were resis-
tively heated by dc currents as large as 5 A. A thin
ceramic washer was positioned between the strips and
samples to minimize lateral heat Aow. The heater could
bring the samples to approximately 800 K which was
found to be a suitable starting temperature from which to
control the sample by laser heating. At the melting point
more than 60% of the unreAected laser power is deposit-
ed in the thin film with the remainder absorbed through
the bulk of the sapphire substrate.

III. SPECTRUM OF PATTERNS: OBSERVATIONS

When samples were mounted as indicated above, two
parameters were empirically found to determine the pat-
tern selection. These were the intensity of the incident
laser beam and the heat loss efficiency from the irradiated
region. The heat-loss efficiency can be controlled by
changing the laser spot size since the rate of energy remo-
val scales with the perimeter of the irradiated region,
whereas the total energy deposited will be proportional to
the area. For a given average temperature, therefore, the
thermal conduction per unit area will be greater for a
smaller spot size.

Figures 2 and 4 show some of the different morpholo-
gies that could be created for different laser intensities or
spot sizes. The series of photographs contained in Fig. 2
show, for increasing intensity, the progression of ordered
morphologies which are created for small spot sizes
( =500 pm). As the intensity increases above the melting
threshold an ordered grating pattern develops, as Fig.
2(a) shows, with spacing equal to 10.5+0. 1 pm and with
the wave vector of the grating parallel to the polarization
of the beam. The fraction of the surface that is molten is
approximately 50%. Note that although the laser inten-
sity varies across the spot, the grating morphology is uni-
form up to the boundary. With the spot size constant,
when the laser intensity is increased by as much as 30%%uo

beyond the threshold for grating formation the visual ap-
pearance of the grating does not change. Beyond this
range the center of the spot forms a grating with a period
of 21+0.2 pm, as Fig. 2(b) shows. This structure corre-
sponds to =75% of the center spot being molten, and,
this new morphology remains stable for increases of in-
tensity by as much as 10%. To distinguish between these
two grating patterns in this article, the first grating will
be referred to as a simple grating, while the second grat-
ing will be referred to as a doubled grating. At intensities
just below the threshold for complete melting, tripled
(spacing 31+1 pm) and quadrupled (spacing 40+2 pm)
gratings could form. However, these are generally not

the final steady states, and they evolve into different types
of ordered two-dimensional arrays of isolated solid re-
gions such as the one shown in Fig. 2(c). The exact na-
ture of the array was difficult to control or even antici-
pate and seemed to be very sensitive to the experimental
conditions including the history of the sample to the time
of formation.

Figure 3 summarizes how the fraction of melt varies
with local intensity for the ordered structures. The solid
curve, which is deduced from observations of more than
ten samples, is conservatively estimated to be accurate to
+5%%uo. Nonetheless it indicates the existence of well-
defined plateau regions and the formation of morphologi-
cal phases which are stable against intensity fluctuations.

For large spot sizes ()650 pm) no ordered structures
were produced between the threshold of melting and the
uniform melt phase. At the lowest intensity, as shown in
Fig. 4(a), one has isolated molten discs of near elliptical
shape separated from each other by an average distance
of =15 pm. With increasing intensity the discs would
coalesce to form disordered lame11ae strings of increasing
lateral extent and then continuously evolve into what
would be viewed as solid-string lamellae in a molten
background, as Fig. 4(b) indicates. While this pattern
lacks long-range order it clearly is not random, with the
separation between adjacent molten regions being well
defined. At high intensities, the topology of the melt pat-
tern reverses as the melt patterm displays isolated solid
regions within a molten silicon background. This topo-
logical change occurs at f =0.5. Just before the onset
of uniform melting the center of the spot would contain
isolated solid discs as indicated in Fig. 4(c). In the cen-
tral portion of the laser spot the solid regions appeared to
drift independently except for occasional "collisions. " By
this we mean that the temperature fields change so that
some material melts and other material solidifies, causing
the outline of the solid region to translate: There is
essentially no material actually moving in the thin film.
For large spot sizes the transition from the uniform solid
to the uniform molten stage occurred in less of a steplike
fashion than for the smaller spot sizes as Fig. 3(b) of Ref.
13 shows. Even in this case, however, the fraction of
melt does not increase linearly with intensity.

A summary of the types of patterns that form for
different laser intensities and spot sizes can be presented
in the form of a nonequilibrium stability diagram, analo-
gous to the phase diagram of an equilibrium system. This
is shown in Fig. 5. Regions I and VIII correspond to the
silicon film being completely solid or molten, respective-
ly. The rest of the diagram represents the various pat-
terns the partially molten silicon film forms in steady
state. The identification of distinct structures was based
on properties of the melt pattern such as its symmetry
and the percentage of the surface that was molten. The
axes of the diagram are the intensity and the inverse di-
ameter of the incident laser beam. One obvious trend in
the figure is that a decrease in the spot diameter leads to
an increase in the heat-loss efficiency, and as a result, a
higher melting threshold. The spot diameter also has a
role in the pattern formation process within the melt-
solid coexistence region. The melt structures represent-



PATTERN FORMATION DURING LASER MELTING OF SILICON 3945

R! RRRas

~I"i i ~

1% milli I

S Ii~~ CC Ij I

Ij'5!~~~:-=;, ';-.—:-:~
Iall» I

@l~'-'-'-' -"—-—S�I�!u»R

5 i»R R!R
!» !»»»R ' I I I SK
e&p=-'==. =''

/)N I I M &~

1 5lj!!'
— p5 III !jjiIK„:

g ISm„IS

!RSISS' I I!Ã~

SS SS»~
1i

R

I
W~

;: —;;,Pluri i!
ji CFP IIN', „-:jg,'

g !.

P
'

Nil iSI I lijjl I S
g I &-

IS IF jig
'SF IIII !v

mij m' g"
I I II

I ISS
I ijl55!j

I I %

$'0 iggy

jjg Ij I IS I
1~

Zl S IS!I f!
jjN!

=-:-.:~p
RR ~ R»

-RSii~ ~

ILM I

RR'» ! l~[
I Sl I»

»I I I I !kg '

m

~ gt I i@ I~I&
~R!»~ I I I!~

@Ils~
— ~jil i, m~m!

'- "-''.
j,'Ill Illf~

H IS

r»R! ~

RR I

%rl

5 Rll la'
»

I I SS

R

»!R

Q$N SS»

k'-.'-

Q»

jm !NN & j!II~K»R!»»» RNjLRSSR!» I R!RRR!»S ~»RR

iiVi I
RRR !! ! Ig

I

~ . ' ':" R

~
~ .'. -

»

R

I S»
IIF'. :: g

'

NVI I

j2!!
.I!If

4'
l!'

3 IP

I !'
I!R!

»II
S/

I II» . Ni'i@gg

.i"' =- gRiN,
~'~'

Jgjg&~.»

~
",

8%

il

p o -g e ated melt patterns which exhibit long-range order for a spot size of 500: ( ) h of
intensity «2 7 kW cm correspond&ng to region JJJ F $ (b)

kW cm; the simple grating has been replaced by the do bl d t'

po o o e photograph, the solid regions are aligned in the lamellae array patte . Th 1



3946 J. S. PRESTON, H. M. van DRIEL, AND J. E. SIPE

ed on the right side of the diagram display long-range or-
der while disordered melt structures are associated with
regions II, VI, and VII. Small spot sizes, and hence large
heat-loss efficiencies, lead to melt structures being formed
with long-range order. The ordering of melt structures
resulting from small spot diameters could be a simple
manifestation of the higher intensities required to initiate
melting. At higher intensities the redistribution of
coherent light should be more effective at forcing the sys-
tem into an ordered state. The timescale associated with
the formation of the melt patterns is much larger for the
disordered patterns so that it is possible that the disor-
dered states are not steady states at all, but rather meta-
stable states of the system analogous to glasslike states of
solids.

The precision of the measurements of both the intensi-
ty and diameter of the laser beam depended somewhat on
the corresponding location in the stability diagram; how-
ever, both were typically measured to within =5%.
Small variations in the sample size and the details of the
thermal coupling between the sample and the environ-
ment led to variations in the positions of the boundaries
between different regions of up to 5% between different
samples. Thus, while the stability diagram in Fig. 2 de-
picts the correct relationships between the nonequilibri-
um states of a particular silicon film under laser radia-
tion, it can only provide crude quantitative information
about quantities which were sample specific, such as the
absolute value of the initial melting threshold, and the
slopes of the transition line.

The melt patterns displayed hysteresis both with
respect to changes in spot size and laser intensity. This
could occur for two reasons. Difficulties associated with
the initial nucleation of molten regions resulted in a

I.O
I

I I I
I

I I

steady-state pattern formation time as long as several
minutes in region II, if the film was previously completely
solidified. However, if the film's state was brought into
region II from a higher intensity state, the melt pattern
relaxed to a steady state in a few seconds, and the posi-
tion of the boundary between regions I and II was deter-
mined by lowering the intensity. In the other regions of
the stability diagram, steady state was reached in time
less than 3 sec. The second source of hysteresis arose at
the boundaries between the ordered and disordered por-
tions of Fig. 5. It was observed that perturbing a disor-
dered pattern could lead to an irreversible transition to
the corresponding ordered melt pattern. This behavior
was observed only near the boundaries which separate
disordered and ordered structures; at large spot diame-
ters it was not possible to drive the melt pattern into an
ordered state. The location of the boundaries was taken
to be at the largest spot diameter for which the structure
could be driven into an ordered state. In this case the
hysteresis can probably be associated with frustration
preventing the motion of the solid regions of the disor-
dered structures. Further evidence is provided by the ob-
servation that "defects" in an ordered structure can only
be removed by the defects migrating to the edge of the ir-
radiated region.

The ceramic washer was found to be important in

ensuring radially symmetric heat loss from the illuminat-
ed region. In an early phase of the work, with the sample
mounted directly on the heater strip, heat Aow to the
strip occurred in a preferred direction. This broke the in-

trinsic symmetry of the sample, with the result that the
direction of heat loss could inAuence the orientation of
some of the structures. With the circular ceramic washer
the experimental geometry enables the role of the in-

cident light in the pattern formation process to be ob-
served without being complicated by competition with la-
teral heat How. Lateral heat loss can be considered a
finite size effect, which vanishes in the case of the "ideal"
experiment, plane wave incident upon a sample of infinite
lateral extent.

C)
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3,5

FIG. 3. A plot of the fraction of an irradiated 500-pm spot
that is molten as a function of the laser intensity. The solid
curve represents an average of experimental data with the pla-
teaus corresponding successively to gratings with period k, 2k,
etc. The other curves illustrate simple theoretical predictions
for the simple grating (periodicity =A, dashed line) and the dou-
ble grating structure (periodicity=2k, , dotted line).

IV. DISCUSSION

The gratinglike structure, shown in Fig. 2(a), is the
simplest of the ordered melt patterns observed. The inti-
mate connection between the grating pattern and the
properties of the incident light are displayed both
through the orientation and spacing of the grating. Ex-
periments in which the polarization was varied, leaving
other experimental parameters such as crystal orientation
unchanged, indicated that the orientation of the pattern
was determined by the polarization of the light. The fact
that the periodicity of the simple grating is apparently
equal to the wavelength of the incident light is indicative
of the importance of the scattered electromagnetic field in
producing the melt structure. According to the grating
formula, light normally incident on a grating with a spac-
ing A will be diffracted in directions, described by 0„,
that satisfy sinO„=nA, /A, where A, is the incident wave-

length and n is an, integer. If A=A, , the first-order
diffracted beam is predicted to propagate along the sur-
face. It is not possible to obtain a solution to Maxwell's
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FIG. 5. The stability diagram for Si films on sapphire under
laser irradiation at 10.6 pm. See text for a description of the
patterns corresponding to the various regions of the diagram.

equations that corresponds'to light propagating along the
surface, since the Maxwell boundary conditions cannot
be satisfied. However, it is expected that electromagnetic
fields will still be scattered in that direction, at least in the
near field. ' These fields will be coherent with the incom-
ing light, and the interference between the scattered and
incident fields will lead to a redistribution of the optical
power deposited in the sample.

Quantitative estimates of the power deposition rates as
a function of position are made difficult by two considera-
tions. The first is that the length scale associated with
the melt structures is comparable to the incident wave-
length so that geometrical optics is not applicable and
any new theoretical model cannot be based on either ex-
pansions in k or A, '. The second consideration is the
very different optical properties of the solid and melt as
Table I shows. As a result of both these features of the
problem the scattered fields are expected to be very
significant, and the melt structure cannot be properly
considered as a uniform surface with a small perturba-
tion.

In the previous paper' we offered a technique for es-
timating the power deposited into the locally molten
(metal) and solid (dielectric) regions of the film, which
overcomes the aforementioned difFiculties and which ac-
counts for the coherent redistribution of the power depo-
sition. A convenient form for these local power deposi-
tion rates are the structural absorption coefficients g
and i)d (I—:metal, d—:dielectric) defined as the (multi-
plicative) correction factor which would be necessary to
make the geometric-optics limit agree with the true phys-
ical optics expression. The structural absorption

coefficient is proportional to the power deposited per unit
area relative to that deposited in a uniform layer of ma-
terial.

In principle, the power deposition could be found from
an exact solution of the Maxwell equations once the func-
tion ///(R) [Eq. (4.10) of Ref. 15] is specified where ~(R)
is unity if the (surface) position vector R is within a mol-
ten region and is zero otherwise. In the approximate
theory of Ref. 15, the structural absorption coefficients

and i)d [Eqs. (4.19) and (4.21b) of Ref. 15] are found
in terms of a set of order parameters of the structure.
These are the fraction f [—:(~(R) ) ] of the surface
that is molten, where ( ) indicates a surface average
across the laser spot, and the Fourier components of a
two-point correlation function of ~(R) [Eq. (4.15) of
Ref. 15]. The Appendix shows how the formalism of Ref.
15 can be applied to the calculation of power deposition
in the particular, inhomogeneous structures considered
here. For purposes of calculation only a truncated
Fourier series of these Fourier component c (~) (based on
the amplitude at v=2~/A and its first four harmonics,
where A is the fundamental spatial scale of the structure)
were found to be adequate to achieve nearly full conver-
gence in the calculation of i) and i)d.

Several calculations of the structural absorption
coefficients were performed using the constants of Table I
to understood the experimentally observed relationships
between the properties of the light and the induced pat-
tern. We consider first the grating structures.

A. ordered melt structures

For the grating structures we can take for ///(R) the
function given by Eq. (B2) of Ref. 15. For the simple
grating structure the period A equals the (lateral) thick-
ness do of the metal strips, and A=do ——10.6 pm. The
absorption is then completely specified by the orientation
of the linearly polarized beam relative to the grating. As
in the previous paper we take P to be the angle between
the grating wave vector and the polarization vector, and
we use K to denote the principal wave number associated
with the grating divided by the wave number of the in-
cident light (@=A,IA). For example, the structure that is
shown in Fig. 2(a) corresponds to f =0.5, /=0', and
K= 1.

In Fig. 6 we show results in which the structural ab-
sorption coefficients of the molten and solid regions were
calculated for a simple grating pattern with the experi-
mentally observed orientation /=0' and the surface half
molten. In the limit of geometrical optics (K=O), the
structural coefficient for the melt goes to unity, since the
film thickness is much greater than the skin depth. How-
ever, the structural absorption coefficient for the solid
Plm does not, since a completely solidified thin silicon
film on sapphire would not have the reAectivity of bulk
solid silicon.

In the observed structure, calculations support the idea
that the power deposited in the molten regions of the
grating is strongly enhanced, while the power deposited
in the solid regions is reduced, relative to that obtained
from the geometric-optics limit. In grating form the me-
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tallic regions can thus sustain themselves. As was noted
in the previous paper, with f =0.5 the structural ab-
sorption coeScient for the metallic region of a grating is
predicted to be a maximum for P =0', which is the exper-
imentally observed orientation of the gratings. This point
is illustrated in Fig. 7 which considers gratings similar to
those above, except here with /=90'. The maximum of
the energy deposition would occur in the solid in this case
(which would melt, with the melt solidifying). The con-
sistency of the theoretical and experimental results sug-
gest that the introduction of superheated solid regions
and supercooled molten regions are not required for an
understanding of the melt patterns that are produced in
these experiments. ' Indeed, it appears that the melt pat-
terns organize themselves so as to maximize the tempera-
ture of the molten regions relative to the solid regions. If
scattered fields are unimportant the solid regions in the
melt pattern would be hotter than the molten regions.
Kurtze and Jackson' have shown that if the scattered
fields are neglected, periodic melt patterns with a broad

NORMAL IZED GRA7lNG WAiVE NUMBER

FIG. 6. The structural absorption coefficient as a function of
the normalized grating wave number (Fc=k/A) far a grating
structure with 50% of the surface molten and with the grating
wave vector parallel to the light polarization (/=0'). The bro-
ken and solid curves correspond to g and q„respectively.

range of periodicities can still be stabilized through sur-
face energy and heat-Aow effects. Indeed it has been pre-
dicted that these effects should lead to the simple grating
melt pattern having a spacing slightly larger than the in-
cident wavelength. ' However, this effect was not ob-
served to within the accuracy of the experiments reported
here (2%).

As Figs. 2 and 3 show, the simple grating structure
remains visually unaltered over a broad range of intensi-
ties before a doubled grating structure forms with a spac-
ing of twice the incident wavelength (R=O. 5) and rough-
ly 75% of the surface molten. To obtain insight into this
dramatic change of periodicity, plots of g and g, as a
function of the normalized grating wave number were ob-
tained. Results for a grating pattern corresponding to
f =0.75 are shown in Fig. 8. A comparison with Fig. 6
reveals that the grating wave number which maximizes

and minimizes rid shifts from R= I to K= —,', as f in-

creases from 0.5 to 0.75. At this higher f, it is the har-
monic term in the Fourier decomposition of the structure
that is more effective in redistributing the incident energy
from the dielectric to the metal. Calculations confirm
that the observed orientation of the doubled grating
/=0 maximized the power deposited in the melt relative
to the solid.

Similar calculations were carried out at yet larger
values of f~. At f &0.8, the criterion of maximizing
the energy deposited in the melt relative to the solid leads
to a prediction of gratings with spacings of three times
the incident wavelength. As previously discussed, if the
intensity increases, the doubled grating structures are
temporarily replaced by tripled and even quadrupled
gratings. However, eventually the symmetry in the direc-
tion perpendicular to the polarization was broken and the
observed melt structures evolved into the lamellae array
pattern. Plots of the structural absorption coefficient as a
function of the fundamental grating wave number in that
direction do not appear to predict a periodicity as clearly
as for the other structures. However, sharp minima are
indeed observed in g, for k=n ', where n is an integer.
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FIG. 8. The structural absorption coefficient as a function of
the normalized grating wave number for a grating structure
with 75% of the surface molten and with the grating wave vec-
tor parallel to the light polarization (/=0').
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In addition to gaining insight into the origin of the dis-
tinct types of ordered melt patterns, the calculations of
the optical absorption of the molten and solid regions
permit an estimate of the molten fraction of the surface
as a function of the incident laser intensity. To model the
thermal transport, a simple model was employed' where
the back of the sapphire substrate was assumed to
have a fixed uniform temperature. The heat How was
then calculated using the thermal diffusion equation
and the thermal conductivities appropriate for solid
and molten silicon and the sapphire substrate. A more
detailed description and extension of such combined
thermodynamic-electromagnetic calculations will be the
subject of future publications. A comparison of the
theoretical and experimental values of the fraction of the
surface that melts as a function of the laser intensity is
shown in Fig. 3. The assumed temperature of the back of
the substrate was varied to achieve reasonable agreement
with experiment, although no elaborate fitting procedure
was used. In the calculation shown, the temperature at
the back of the sample was set at 1200 K, which
represents a reasonable estimate of the back temperature
during the experiments. The theoretical plots are ter-
minated at points corresponding to the solid regions
becoming hotter than the molten regions. The calcula-
tions as carried out predict bistable behavior over a wide
range of intensities. We note, however, that the calcula-
tion does not guarantee the stability of both solutions in
the bistable region. Indeed, when the stability of the sin-
gle and double gratings to perturbations is considered, as
we do below, the bistable region vanishes. This in accor-
dance with the lack of hysteresis in the experimentally
observed transition between simple and doubled gratings.

To demonstrate the effects of perturbations on the
transition between the simple and double gratings, we
considered a simple model of an intermediate melt struc-
ture. This structure consists of a simple grating modified
so that alternate solid regions have independent widths.
Labelling the widths of the alternating solid strips as m

and m', we note that as w' is reduced from w to zero, the
structure evolves from the simple to a doubled grating
structure. Since this structure is capable of displaying
the symmetries of each of the grating structures, we refer
to the pattern as a compound grating. A straightforward
generalization of the treatment of Ref. 15 allows the
structural absorption coefficient in each of the molten
and two distinct solid regions of the compound grating to
be estimated. The results of the calculation are shown in
Fig. 9. The structural coefficients for the molten region
and the two solid regions are plotted as a function of
(w')/A, for w =0.5A. The solid curve in the figure
represents the structural absorption coefficient for the
primed region and is of particular note since its slope
determines the stability of the simple grating. If the slope
is positive, a decrease in m will decrease the power depo-
sition into the primed region. As a result, even without a
detailed heat-Aow analysis we expect that tLl' mill tend to
increase, stabilizing the pattern. If the slope is negative,
a decrease in w' will increase nd and m' will decrease fur-
ther. This would continue until nd goes through a max-
imum or the primed region melts completely. A close ex-

w = 0.5A
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FIG. 9. Calculation of the structural absorption coefficients
for the compound grating structure as a function of the width of
the primed solid strips. (For explanation see text. ) The dotted
line corresponds to the molten strips, while the dashed and solid
lines correspond to the unprimed and primed solid strips, re-
spectively.

amination of Fig. 9 reveals a minimum of nd, is in the vi-
cinity of m'/d =0.5, indicating that the simple grating
pattern is only marginally stable at f =0.5. A similar
analysis of the corresponding plots for w =0.4X and
m =0.6X indicates that the simple grating pattern is
clearly stable at f =0.4, but clearly unstable at
f =0.6, with respect to the formation of a compound
grating. In addition to the expectation that the simple
grating structure is unstable for f greater than 0.5, we
also expect that structures corresponding to 0& w' & w
should not be observed. Since the slope of nd is mono-
tonic for values of m' less than 0.5, once the pattern is un-
stable w' will continue to decrease until it vanishes and
the doubled grating is formed. Finally we note that in-
troducing the compound grating only permits the study
of one type of instability in the simple grating. A com-
plete understanding of the transition between the grating
structures would require the consideration of a much
larger set of possible instabilities in the structures, and
this is beyond the scope of the present article.

B. Disordered melt structures

For experiments in which the heat-loss efficiency is
low, the melt structures lack translational symmetry and
long-range order. At intensities just above the melt
threshold a disordered melt pattern consisting of isolated
regions of molten silicon in a solid matrix was formed as
shown in Fig. 4. As the intensity increases, f increases
slowly through region VI of Fig. 5 until the silicon film
makes a transition into a state corresponding to region
VII. Here the size of the solid regions in the molten ma-
trix remains relatively constant. However, f increases
with increasing intensity as the number of solid regions
per unit area decreases. For intensities just less than the
threshold for complete melting, the pattern consisted of
isolated solid regions interspersed in the melt. In this re-
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gime, observations of the motion of the (temperature
fields associated with) solid regions indicate that the solid
regions do not interact, unless their spacing becomes
comparable to the wavelength of the incident light. Fur-
ther, during "collisions" in which the solid regions are
apparently interacting, the regions do not come into con-
tact and maintain their identity. It appeared that the iso-
lated solid regions behave like actual "particles" rather
then excursions in the temperature field of the film. At
intensities just above the initial melt threshold, isolated
molten regions behaved similarly, prior to forming a
steady-state melt pattern. The most notable distinction
between the dynamics of the isolated molten and solid re-
gions is that the molten regions occasionally do come
into contact and fuse together during their collisions.
The size of this region subsequently reduces to the size of
one of the original molten regions. Thus, it is possible for
the molten regions to coalesce during collisions.

The observations reported in the preceding paragraph
indicate that some insight into the disordered melt pat-
terns can be obtained through an approach wherein indi-
vidual molten or solid regions are first studied in isola-
tion, with the interactions between regions introduced
subsequently. As a first step, let us consider a single iso-
lated region of molten silicon. Although in the observed
melt pattern the molten regions could be quite irregular
in shape, we assume a disc geometry for simplicity. The
structural absorption coefficient of an isolated molten
disc as a function of radius is shown in Fig. 10. This cal-
culation was in fact made assuming a periodic array of
such discs so that the formalism of Ref. 15 could be ap-
plied. But the results were found to be essentially in-
dependent of the period of the array, as long as it was
considerably larger than the disc size and the wavelength
of light. Care was also taken to avoid periodicities which
were multiples of the incident wavelength. The results of
this calculation indicate that the power deposition drops
rapidly with increasing radius in the vicinity of 3 pm, and
then slowly approaches the geometrical optics limit. Un-
der the assumption that the disc loses thermal energy at a
rate proportional to the area of the melt-sapphire inter-
face, we can calculate the disc radius as a function of

laser intensity. Results of the calculation indicate that as
the intensity increases from disc formation threshold, the
size of the disc rapidly increases to a value of =3 pm,
and this radius increases by less than 30% as the intensity
further increases by a factor of 5. This result is in good
agreement with Fig. 4(a), even though only an isolated
disc has been chosen for the calculation and surface ten-
sion effects have been ignored.

Next, the interaction between two such discs can be
considered taking the light to be polarized along the axis
of separation. In Fig. 11, a plot of the structural absorp-
tion coefficient for each of two disc-shaped molten re-
gions is given as a function of their separation. As dis-
cussed in the Appendix, the calculation was made by ac-
tually assuming a periodic array of pairs of discs, with
the period of the array much larger than both the disc
size and the distance between the pairs. The slope of the
graph can be used as the basis of a plausibility argument,
similar to that given for the compound grating above,
and based on the empirical criterion that the most stable
structures maximize energy deposition in the melt rela-
tive to the solid (Sec. IV A). It is clear that the power ab-
sorbed by the molten regions is maximized for separa-
tions of approximately 16 pm. Fluctuations which would
try to increase or decrease this separation would reduce
the power absorbed by the discs making their formation
less likely. The calculated optimum spacing corresponds
closely to the average spacing between the molten regions
of approximately 15 pm, in the type of melt pattern
shown in Fig. 4(a). The sizes and distance quoted here
will change slightly for the orthogonal polarization state.

The results of calculations carried out assuming isolat-
ed discs of solid silicon are similar to those discussed
above although some of the implications are quite
different. In Fig. 12 the plot of the structural absorption
coefficient as a function of disc radius shows a dramatic
enhancement as the radius is reduced below approximate-
ly 3 pm. Solid discs of less than this size are therefore
unstable since the negative slope of the average power
deposition destabilizes the solid region with respect to its
size. The plot of Fig. 12 predicts a minimum radius,
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FIG. 10. The structural absorption coefticient of a disc of
molten silicon as a function of its radius.

0
0

I I

20

MELT DISC SEPARATlIOIN (~m)
40

FIG. 11. The structural absorption coefFicient of two discs of
molten silicon as a function of their separation. The radii of the
discs were assumed to be 3.0 pm.
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FIG. 12. The structural absorption coefficient of a disc of
solid silicon as a function of its radius.
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FICx. 13. The structural absorption coefticient of two discs of
solid silicon as a function of their separation. The radius of the
discs were assumed to be 5.0 pm.

above which isolated solid regions can be stable corre-
sponding to that portion of the plot with positive slope.
This agrees with the experimental observation that the
solid regions disappeared sharply as the laser intensity
was increased. The minimum size for stable solid regions
is on the order of 6 pm from Fig. 12 which corresponds
quite well to the experimentally determined radii of the
solid discs at intensities just below the threshold for com-
plete melting. In Fig. 13 we display the structural ab-
sorption coefficient for two solid discs as a function of
their separation. The polarization of the light field is tak-
en as parallel to the line joining the centers of the discs.
Minimizing the power deposited into the solid would lead
to a predicted separation of 16 pm. (Slightly higher sepa-
rations were calculated for other polarization states of
the light. )

The calculations of the structural absorption
coeScients for the molten and solid discs, both in isola-
tion and during their interaction, allow the collisional be-
havior to be understood in more detail. The size of the
molten or solid region is determined primarily by the

modification to the energy absorption rate that can be at-
tributed to its own structure. Separations between adja-
cent molten or solid regions are determined by the
influence of fields scattered from one region to its neigh-
bors. Depending on the separation between the regions,
the scattered fields will add either constructively or des-
tructively with the incident light and hence increase or
decrease the absorption in the region. In both cases, the
modification of the energy absorption rates due to the
presence of a second region destabilizes the structures at
small separations, increasing the power absorbed by a
solid disc and decreasing the power absorbed by a molten
disc. The molten regions are capable of compensating
the decrease in the absorbed power due to the interaction
by reducing their size. The sizes of the solid regions al-
ready approximately correspond to the minimum in the
power absorption, and hence the increase in the absorbed
power due to the interaction cannot be compensated. As
a result, the configuration of the solid regions close to
each other cannot be stabilized, and we cn understand
why this structure is not observed.

While the approach taken above provides considerable
insight into a11 of the disordered melt structures, the
direct comparison of the calculations to the experimental
results is limited to the disordered melt patterns observed
just above the initial melting threshold, region II in the
phase diagram, and to the region just. below the threshold
for complete melting, the upper portion of solid regions
are elongated structures with a well-defined width. Ap-
proximately their shapes as discs are unjustified. Further,
the solid regions are closely spaced under the conditions
corresponding to region VII, so that three-body interac-
tions are probably important in their detailed theoretical
treatment. However, some selected features of the disor-
dered structures in these regions can be compared with
the calculations. The width of the elongated solid struc-
tures is only about 1 pm less than the predicted disc di-
ameter, and the average perpendicular spacing between
the solid regions is reasonably close to the predicted disc
separation. Furthermore, a close inspection of any of the
photographs, corresponding to regions VI or VII, reveals
that each end of a solid region terminates at a disclike
protrusion, with a diameter slightly larger than the cross
section of the elongated portion. The agreement between
this experimental disc size and the disc size predicted
from Fig. 12 is quite good.

V. SUMMARY

To summarize, we have studied the melt structures as-
sociated with cw laser-induced melting of silicon films.
The experimental parameters which were found to con-
trol the pattern formation processes were the incident
laser intensity, the spot size of the laser beam, and the
amount of lateral heat Aow within the silicon film. Al-
though all of our experiments were conducted at normal
incidence and with a linearly polarized beam, we
identified a large number of distinct types of structures,
in direct contrast to the melt patterns developed during
pulsed laser melting. We emphasize the role of the
coherent power deposition, since it initially generates the
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instabilities that eventually lead to the melt structures.
However, although the inhomogeneous energy deposition
is responsible for the initial symmetry breaking, once
melting has been initiated the heat Bow is am equal
partner in determining the steady-state pattern. In cases
where the spot size is relatively small (and hence a higher
laser intensity is required to initiate melting), the
coherent energy deposition appears to dominate, and sim-
ple geometric patterns result. For larger spot sizes, the
patterns are irregular with the coherent deposition of en-
ergy imposing constraints on the sizes and separation of
adjacent regions, but not determining the overall pattern
formation. The relative roles in the formation of the ir-
regular patterns of the initial conditions, material proper-
ties, thermal transport, and the coherent energy deposi-
tion is the subject of an ongoing study.

In cases where the coherent power deposition deter-
mines the patterns, we carried out systematic observa-
tions to uncover new types of melt patterns and clarify
the relationship between the different states. These were
summarized in the stability diagram of Fig. 5. Calcula-
tions of the optical absorption in the solid and molten re-
gions enabled us to understand the symmetry of the or-
dered states, calculate the fraction of the surface molten
as a function of incident intensity, and gain insight into
key features of the disorder patterns and their dynamics.
The general criterion which we found could be used to
understand the relative stability of different structures

was that the more stable structures maximize the energy
deposition in the melt relative to the solid. Although not
unreasonable, this criterion requires a fundamental
justi6cation which at this time we cannot supply, This,
and the observation and elucidation of similar optically-
induced structures in other materials undergoing phase
transitions are subjects for future study.
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APPENDIX

In this Appendix, a simple technique will be developed
for applying the formalism of Ref. 15 (previous paper) to
estimate the optical absorption in the melt structures.
This is facilitated by a simple relation between the two-
point correlation function c (AR) and the Fourier trans-
form of the label function ~(R). We will begin by in-
voking the Wiener-Khinchin theorem in two dimensions
which simply relates the Fourier transform of an auto-
correlation function to the square of the amplitudes of
the Fourier components of the original function. Using
the same convention for the Fourier transform as Ref. 15
we have

f dbRexp( i«bR) f —dRm(R)m(R —bR)= f dbR f dRexp[i«. (R—ER)]exp( —i«R)m(R)m(R —bR)
hR R hR R.

=~(«)~( «) =~(«)n—z*(«),

where we have used R and AR are independent so that
the integration variables can be changed to R and
R—hR. The two-point correlation function de6ned in
Ref. 15 [Eq. (4.15)] can be simply related to the auto-
correlation function so that

with

a„=4 ™f f dx dy ~(R)cos(«„x)

Xcos(«y),

c («) = ~(«)~*(«) 5(«), —1 f
m d d

L„/2 L /2b„=4 f f dx dy ~(R)cos(«„x)

where here we identify the ensemble average introduced
in Ref. 15 with a suitable average over the surface. If we
assume that the label function ~ is periodic, then we can
decompose it into an appropriate Fourier series, and it is
straightforward to describe the two-point correlation
function in terms of the Fourier coefficients. We then
have

~(R)= g [a„mcos(«„x)cos(«y)
n, m =0

+b„cos(«.„x)sin(«y)

+c„sin(«.„x)cos(«.y)

+d„sin(«„x)sin(«y)]

Xsin(«y),

L /2 L /2c„=4 " f " f dx dy rate(R)sin(«„x)

Xcos(«y),
L /2 L /Z=4 f f dx dy rrz(R)sin(«„x)

Xsin(«y),

where Aoo= —,', A„0=AD = —,', A„=lfor n, m%0 and
L,L are the periods in the x and y directions.

Substituting for rrz(R) in the expression for c(b.R)
yields
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1 L /2 I. /2
c (bR) = f dx I dy g g [a„cos(tr„x)cos(tt„y)+ ]

X [a„..cos[tr„(x+bx)]cos[tr„(y+by)]+

The order of the summations and the integrations can be reversed and the required integrations can then be carried
out. After collecting similar terms we have

c(bR)= — + g ta„(1+5„o)(1+5&)+b„(1+5„o)+c„(1+5o)+d„ Icos( t„tbx)c os(a. by)
d m d n, m

+ g 2(a„d„b„—„c )si n( t„cb x)sin(tr by)

Note that c (bR) =c ( —b,R) as expected.
The above allows the optical absorption by a melt

structure to be estimated given the Fourier components
present in the structure. The results presented in this pa-
per were obtained by describing the melt structure in
terms of a truncated Fourier series. The absorption by
nonperiodic structures were estimated by calculating the
absorption in an equivalent periodic structure produced
by replicating the nonperiodic structure on a length scale

much greater than the wavelength or size of the struc-
ture. For example, the absorption of an isolated solid
disc was estimated by calculating the absorption in an ar-
ray of solid discs separated by a distance L much greater
than the incident wavelength or the disc radius. In such
cases, the absorption was calculated for several values of
L to ensure that the calculated absorption was not an ar-
tifact of the artificial periodicity.
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