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Spontaneous periodic surface structures, or ripples, are frequently observed after il-
lumination of metals, semiconductors, and dielectrics by intense laser pulses. We develop a
theory which predicts the observed spacing, polarization, and growth properties of these
ripples. In this model, one or several Fourier components of a random surface disturbance
scatter light from the incident beam very nearly along the surface. The interference of this
diffracted optical wave with the incident beam then gives rise to optical interference fringes
which can reinforce the initial disturbance. Sinusoidal corrugations on either metallic or
molten surfaces seem to provide strong positive feedback for ripple growth, whereas
sinusoidal gratings in temperature, electron-hole density, or dielectric constant seem much

less well correlated with observations.

I. INTRODUCTION

With the advent of moderate- to high-power laser
sources it has become possible to easily transform
the properties and structure of many solids with the
use of laser radiation. Some of these laser-induced
phase transformations are useful and can be pro-
duced intentionally, as in laser-induced welding and
hardening,"? and laser annealing.?~* In other cases
the transformations are unwanted and must be
avoided, as with laser-induced damage.5 However,
most of these phenomena have in common the fact
that the laser source strongly excites the solid and
brings it to a state far from equilibrium. Examples
of such excitation include boiling, melting, and the
creation of a large density of free carriers.

Recently, there have been several reports on a
phenomenon frequently observed during illumina-
tion of solids by intense laser pulses, namely, the
appearance of spontaneous periodic surface struc-
tures, or ripples, with spatial periods closely related
to the optical wavelength. These ripples have been
produced in metals, semiconductors, and dielectrics,
by lasers operating at wavelengths from the middle
infrared to the blue end of the visible spectrum, and
having pulse lengths ranging from cw operation to
picosecond pulses.

In this paper we investigate in some detail a fami-
ly of mechanisms capable of triggering the forma-
tion of such periodic ripples. Owing to the wide
variety of experimental conditions under which
these ripples have been produced, it is difficult to
assert that one unique mechanism is at work. We
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will therefore restrict ourselves to studying the most
commonly observed type of surface topography,
described in Sec. II of this paper. Although we do
not claim that our model and its conclusions are
universal, we have tried to keep our theory as gen-
eral as possible.

The paper is organized as follows. In Sec. IT we
review the experimental evidence and the mechan-
isms suggested by others. Our model is outlined in
Sec. III. In Sec. IV it is applied to two important
cases: a corrugated surface and a periodic dielectric
function. Finally, in Sec. V, the results of Sec. IV
are discussed and the possible feedback mechanisms
for ripple growth are investigated.

II. EXPERIMENTAL RESULTS
AND PREVIOUS MODELS

A. Experimental observations

In this section most of the experimental evidence
accumulated since 1973 concerning surface ripples
is reviewed. Figure 1 shows ripples obtained by us
after picosecond laser illumination of GaAs. Table
I shows in which materials and at which wave-
lengths surface ripples have been observed. In this
list we do not include surface undulations caused by
edge effects? or by scattering from dust particles.??
The resulting surface topography in these cases, al-
though somewhat reminiscent of the periodic sur-
face structure of interest in this paper, is clearly
caused by readily understood scattering phenomena,
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FIG. 1. Typical ripples obtained after raster scanning
of GaAs at 1.06 um. The angle of incidence is ~37°
and the spacing is ~2.5 pm.

and indeed, does have properties quite different
from those listed below.

As can be seen from Table I the ripples of in-
terest here have been produced in metals
(AL,Cu,Ni, P,_,), in semiconductors (Si,Ge,GaAs),
and in dielectrics (fused silica, quartz, glass). Since,
to our knowledge, no systematic search for other
materials has been done so far, we are inclined to
believe that many other materials will exhibit simi-
lar surface structures at many different wave-
lengths.

In the earliest reports surface ripples were ob-
tained after illumination at 10.6 pum on Cu,
Ni,P;_,, Ge, and various dielectrics. The pulse
duration in those experiments was submicrosecond,
and the peak power varied from 100 MW/cm? to 10
GW/cm?. In all the other experiments, performed
in the visible or near infrared, the laser pulse was ei-
ther in the nanosecond regime (Q-switched lasers) or

in the picosecond regime (mode-locked lasers). The
only exception is in Ref. 13 where a cw argon ion
laser produced ripples on ion-implanted silicon.
For Q-switched lasers the pulse duration varied
from less than 10 to more than 100 ns and the peak
power was in the range of 100 MW/cm? For
mode-locked lasers the pulse duration was < 100 ps
and the peak power exceeded 1 GW/cm? In all
cases the actual numbers depend upon the material,
its structural form (ion implanted, polycrystalline,
or single crystal), its surface quality, and the wave-
length of the laser. The surface ripples produced
under these widely different conditions have,
nevertheless, a large number of properties in com-
mon, which we review now.

1. Spacing and polarization

The crests and valleys of the ripples are almost
always found to run perpendicular to the incident
electric field (i.e., grating k vector for the ripples
parallel to the E field vector). At normal incidence
the ripple spacing A in nearly all cases is approxi-
mately equal to the wavelength in vacuum A. There
are, however, a few exceptions.!>'®1° For oblique
incidence and TM or p polarization (i.e., the in-
cident electric field is in the plane of incidence) the
ripples occur with one or the other of two spacings
A given by

A

= 1+sin6 ’ W

where 6 is the angle of incidence measured from the
normal to the surface. The occurrence of these two
spacings is irregular, and the factors determining
which spacing will occur have not been determined.

TABLE 1. References in which periodic surface structures such as the ones examined here
have been reported. Each reference is listed at the end of the paper and we have indicated in
which materials and at which wavelengths the surface ripples have been observed.

Wavelength (um)

Material ~10 1.06 0.69 0.53 ~0.5
Al 16,20
Cu 6 21
Ni,P,_, 10
Brass 20
Si 11,14,15,17,18 18 15,17,18 13
Ge 6,7,8,9 20
GaAs 17 12 17
Fused silica
quartz 8,19

Glass 6
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Ripples with both of these spacings are sometimes
found intermingled in the same area. For oblique
incidence with TE or s polarization the spacing
remains equal to the wavelength. For circular po-
larization no ripples are observed.

We note that in a few instances a somewhat rich-
er structure, with topographical features running
both perpendicular and parallel to the incident elec-
tric field, has been reported.”!>171%2! Since the
properties of the “parallel” structures vary widely
from author to author, we will not include them
here.

2. Growth and propagation

Ripples can be produced by a single laser shot or
by many laser shots. Optical pulses with intensities
substantially less than that required for single-shot
ripple formation can still produce ripples after
many shots so that the threshold for formation of
ripples by successive illumination apparently de-
creases significantly with an increasing number of
shots.!>171% It is also possible to observe the growth
of the periodic structure from shot to shot, until the
whole spot is filled with ripples and eventually be-
comes badly damaged.'>!%2!

If the laser beam is moved between shots such
that two successive spots still partially overlap, two
possibilities occur.!”>?! If the displacement is paral-
lel to the incident electric field the ripples can ex-
tend coherently over many laser shots, but for dis-
placements perpendicular to the incident electric
field the ripples in one spot have, in general, no
phase relationship with the ripples in an adjoining
spot.

3. Other properties

Ripples appear to be produced independently of
the atmosphere in contact with the solid surface.
The only exception is Ref. 10, in which it was
found that oxygen had to be present in the atmo-
sphere for the ripples to be produced. We have also
recently found that for semiconductor surfaces in
contact with a fluid of index of refraction n, the
ripple spacing A scales as 1/n.2' In crystalline
media the properties of the ripples are also indepen-
dent of the crystallographic orientation. Finally, in
many experiments the ripples appear most strongly
at intensities close to the melting thresh-
old.!'=131617 For example, Fig. 1 in Ref. 17 shows
the result of 80-ps pulse laser annealing of ion-

implanted silicon at 532 nm. The center of the spot
has been transformed into single crystal, while the
outer annual region is made of fine-grain polycrys-
talline material. Surface ripples appear in an annu-
lar ring between these two regions. Although the
true mechanism of pulsed laser annealing is still
somewhat controversial,?*~2% the prevalent opinion
is that amorphous to single-crystal transitions are
accompanied by melting.?’~2° We shall come back
to that problem, and to the more general problem of
highly excited solids, when we discuss the implica-
tions of our model.

B. Proposed mechanisms

We now turn our attention to the various
mechanisms suggested to explain the experimental
evidence. Emmony et al.” first suggested that a
scattering center on the surface might be respon-
sible for the observed ripples. The interference of
an incident wave with waves scattered by a dust
particle or scratch, will produce intensity fringes
with a spacing equal to the laser wavelength under
normal incidence. By illuminating tilted samples
having appropriate scratches they also experimen-
tally verified Eq. (1).

Leamy et al.!! later expanded this idea by sug-
gesting that, as a consequence of these intensity
fringes, the melting threshold was periodically ex-
ceeded, leaving alternating regions of different crys-
tallinity. The main requirement is that the average
temperature of the surface be close to the melting
temperature.

Willis and Emmony® later explained their obser-
vations on germanium samples, in terms of the ap-
pearance of electron avalanches around low ioniza-
tion energy centers, close to or at the surface. A ra-
diating doublet might thus be formed at the inter-
face between the two media, and it therefore be-
comes easier to produce another doublet where the
laser radiation and the emission from the initial
doublet interfere constructively. This could result
in an array of doublets, all radiating in phase. Ac-
cording to Becker, Walser, and co-workers,!>*° who
have modified this idea and adapted it to the case of
silicon, the mechanism is resonant absorption of
photons by plasmons at the surface of small metal-
lic spheres, or droplets, of a critical size. The drop-
lets would be produced by thermal fluctuations
driving the excited solid locally above melting tem-
perature. A requirement is that the solid under ex-
citation be close to a chemical instability.

Maracas et al.'> argued that there is a standing
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acoustic wave pattern corresponding to the axial-
mode beat frequencies of their ruby laser, resulting
in a periodic melting of their GaAs samples. Their
ripple spacing was ~ 6.5\, while the experiments of
all the others indicate a ripple spacing much closer
to A, if not equal to it, for normal incidence il-
lumination.

Finally, several authors have suggested that sur-

face plasmons or surface polaritons could produce
the ripples. Van Vechten®! first proposed that rip-
ples may occur as a consequence of the condensa-
tion of plasmons in very high carrier-density re-
gions. This suggestion was made in the context of
the nonthermal or plasma model of pulsed laser an-
nealing. Rendell and Ngai*? put forth qualitatively
similar ideas. Keilmann and Bai,!® working in the
infrared reststrahlen region of quartz, produced
some evidence for a dispersive behavior of the rip-
ple period, and attributed that phenomenon to the
action of surface polaritons.
- In the following section we outline our own
model, in which we have tried to refine and general-
ize some of the above ideas. In Sec. IV we apply it
by carrying on a detailed theoretical analysis of two
interesting cases. Section V will discuss the impact
of several factors, such as pulse length or intensity,
and will present a comparison between our results
and those of the other models.

III. MODEL

The most striking and clearcut aspect of the ex-
perimental evidence seems to be the wavelength and
angle dependence of the ripple spacing given by Eq.
(1). Figure 2 shows, for example, our results!’ for
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FIG. 2. Ripple spacing A vs angle of incidence 8 for
p-polarized, A=1.06 um pulses on Si and GaAs.

the ripple spacing versus the angle of incidence 6, in
the case of p-polarized, A=1.06 um pulses on Si
and GaAs. Given this angular dependence it seems
obvious that the surface ripples must be produced
by interference of the incident laser beam with an
optical wave travelling very nearly along the surface
with a velocity equal to, or very close to, the veloci-
ty of light in free space. The upper branch (A > A)
then comes from the interference of the incident
beam with the downward-travelling surface wave,
while the lower branch (A < A) comes from interfer-
ence with the upward-travelling wave. For normal
incidence the scattered wave can travel in either
direction, or in both at once, giving A =A. Our ob-
servation that the ripple period can be scaled as 1/n
by immersing the surface in a liquid of index of re-
fraction n particularly reinforces these conclusions.

At this stage, we need to answer two questions:
(1) What is the reason for the existence of an optical
wave travelling along the surface, and (2) is the
complete mechanism self-reinforcing or, in other
words, will feedback and exponential growth occur?
To answer the first question, we note that a real
sample surface will have a finite surface roughness,
corresponding to random surface disturbances in
height. The surface of an absorbing solid under
laser-light illumination may also be characterized
by a nonuniform temperature and/or electron densi-
ty. These random variations may be caused by the
height variation itself, by the poor crystalline quali-
ty of the surface layer, or by any other intrinsic or
extrinsic cause.

These random surface disturbances can then be
viewed as the superposition of many different sur-
face gratings with different spatial periods A;.
Consider, in particular, any one of these surface
grating components with an arbitrary spatial fre-
quency or spatial period given by A;. This periodic
surface component will then diffract light from the
incident beam into a number of diffracted orders at
angles given by standard diffraction theory; the
light scattered into these orders will then interfere
with the originally incident wave to produce an in-
tensity pattern on the surface which has the same
period A; as the original grating component (or else
an integer multiple of this).

Any period A; of the initially random surface
grating can thus produce an interference pattern on
the surface which may cause optically induced
growth of that grating component. Those periodic
grating components with periods given by Eq. (1),
however, will diffract light from the incident beam
along the surface, either upward or downward, as il-
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lustrated in Fig. 1; one might expect that scattered
light coming from these grating periods and travel-
ling along the surface should interact “longest and
strongest” with the material surface itself.

At this stage we must thus consider the second
question, i.e., will this optical interference lead to
the growth of the initial grating disturbance with
spacing A? This question is illustrated in the
flowchart of Fig. 3. To appreciate the importance
of this point let us consider an example taken from
Sec. IV and schematically illustrated by Fig. 4. We
assume an initial sinusoidal temperature disturbance
of period A at a surface illuminated under normal
incidence. Since the index of refraction of such a
surface is temperature dependent, it will also follow
a similar periodic variation. The index variation
then acts like a grating,’® and the light intensity,
and therefore the power absorbed, also becomes
modulated with the same period. The phase of this
modulation, however, may or may not reinforce the
initial temperature disturbance. Figure 4 illustrates
the two extreme cases. If the power absorbed is
given by the solid line, we see that regions that are
already warmer will experience a faster rate of tem-
perature increase, and the temperature difference
between the shaded and nonshaded regions will in-
crease. As a result the index variation also in-
creases, the diffraction is stronger, and the intensity
fringes are more pronounced. Positive feedback is
established and growth occurs. On the other hand,
if the power absorbed is given by the dashed line,

RANDOM SURFACE DISTURBANCES [
Temperature ? ‘
Electron Densﬂy"} ~cos 2mx/hj
Height?

| SPATIAL FREQUENCY COMPONENT
Aj=A = X\/(1%sin 8)

!

OPTICAL WAVE DIFFRACTED
ALONG THE SURFACE

'

OPTICAL INTERFERENCE
I{x} ~ cos 2mx/A

GROWTH

DO
INTENSITY FRINGES
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FIG. 3. Flowchart illustrating our model for ripple
growth.
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FIG. 4. Schematic illustration of positive and nega-
tive feedback for a sinusoidal variation of the tempera-
ture. (The dashed regions correspond to T'>T,,). The
absorbed power is either in phase (solid line) or out of

phase (broken line) corresponding to positive and nega-
tive feedback, respectively.

more power will flow into regions that were initially
colder and any initial perturbation will soon be
erased, resulting in a no-growth situation.

The exponential growth resulting from positive
feedback in this case is analogous to periodic
small-scale self-focusing in dielectrics.**3 As sug-
gested by Bespalov and Talanov in 1966, and
demonstrated experimentally by Campillo et al. in
1973, small-scale self-focusing can be viewed as an
instability phenomenon in which any initial pertur-
bation (for example, in the index of refraction) may
grow to catastrophic proportions, provided it corre-
sponds to a situation associated with a positive
growth rate. If that is the case, the initial perturba-
tion may be arbitrarily small, and for a random ini-
tial perturbation, the component(s) with the largest
growth rate will dominate.

In our problem the situation is clearly similar.
Only one (or two for oblique incidence) Fourier
component should grow, with the others corre-
sponding either to lower or negative growth rates.
By comparing the sign and magnitude of the
growth rate for three possible initial surface distur-
bances we will be able to predict the most likely
mechanism for ripple formation for each solid.

Finally, our model has to be consistent with all
the experimental facts. The spacing and polariza-
tion properties, in particular, have to be recovered.
In Sec. IV we consider in some detail the two cases
of interest: a corrugated surface (height distur-
bance) and a variation of the dielectric function
(temperature or electron density disturbance).
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IV. CALCULATIONS
A. Corrugated surface

Consider the situation of a small sinusoidal sur-
face corrugation as illustrated in Fig. 5. The corru-
gated vacuum-solid interface is described by the fol-
lowing surface equation:

2T
z(x)=—hcos A X, ()
where A and 4 are the spatial period and the ampli-
tude of the corrugation, respectively. The z axis is
the outward normal to the macroscopic surface, and
the x axis is perpendicular to the ripples. A plane
wave is incident on the surface, with an angle of in-
cidence 6;. Scattering from such a sinusoidal inter-
face has recently been summarized in some detail by
Chuang and Kong.’®* We shall use their general
analysis to derive results that are relevant to our
problem, namely, the surface phenomena, which
they did not consider specifically.
The fields in the vacuum ¢, and in the medium
1, are described through Maxwell’s equations by

Viho+k*h=0, 3)
Vi, +K %), =0. 4)

The electric field EO 1 is then expressed by
Eo 1="0,.¥ for a TE wave, and the magnetlc field
by Ho 1=10,,9 for a TM wave, where §' is the unit
vector in the y direction. The wave number in the
vacuum and in the medium are, respectively, given
by k=wV o€y and K=wVv e, where g is the
magnetic permeability, and €, and €; are the dielec-

1 A |

FIG. 5. Diffraction from a corrugated surface. The
notation, explained in the text, is taken from Ref. 36.

tric constant (permittivity) of the vacuum and the
medium, respectively. In general, €; is a complex
number. The reflected and refracted waves. follow
the grating equations

k sin6, =k sin6; +n27” ) (5)
. . 2T
K sing, =k siné; +n—1§— , (6)

where n is an integer, and 6, and ¢, are the angles
of the nth-order reflected and refracted waves,
respectively. Following the notation of Ref. 36 we
let a, =sinb, and a, =sing,, and we rewrite Egs.
(5) and (6) as

27 1
=sin; +n=-—
a, =sinb; +n R (7a)
,_k 2 1
a, = Ksm@ +n A K’ (7b)
ka,=Ka, . (7¢)

We also define two useful quantities, 3, and 3,, as

8

2_DV2 forals1,

(1—a, 2)172 fora <1
B”zli(a,,

1—a! )2 for a)t<1
311:[[( a,”) or a,” < ©)

212 fora,’>1.

We now wish to consider specifically the situation
of interest to us in order to simplify the formalism
of Ref. 36. We are dealing with cases in which the
first-order reflected wave travels in the direction of,
or close to, the x axis. Equation (1) should there-
fore hold, at least approximately. In Fig. 6 we
present a k-vector diagram for a wave incident at
6;. By requiring that the first-order scattered waves
lie along the x axis k+1 | |k we indeed find the two
spacings of Eq. (1).

By keeping only the first-order diffracted waves
one obtains>® for the incident waves

i(kaox —kByz)

Yi(F)= , (10)
l V' Bo
for the reflected waves
1 b )
PYolF) — 9 (F) = 2 _"ez(ka,,x+kﬁ,,z) . an
n=-—1 Bn
and for the refracted waves
1 A et o
¢1(r_')= 2 _n—et(Kanx KB, z) , (12)
n=—1V By, ’

where the coefficients 4, and b, have been calculat-
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ed in Ref. 36 in terms of the total fields and their
normal derivatives at the surface. We have also as-
sumed that & /A << 1.

Henceforth we will be interested in the fields at
the surface. We shall make use of Rayleigh’s hy-
pothesis, which consists of extending the outgoing
wave solution down to the surface to match the
boundary condition. Intuitively, this method is
realistic in the limit where A /A is small, since for
strong corrugation the contribution from evanescent
fields, for example, is expected. Petit and
Cadilhac®” have shown that Rayleigh’s hypothesis is
strictly valid for A /A <0.072, but it may be ade-
quate for much larger ratios 4 /A.*®

We now follow Ref. 36 again to express the sur-
face fields in the form of

VY tKEB

n=-—1

Stmzx

(13a)

s iKa, x

(13b)

$1=2 2

n=-—1

The new coefficients, a; and 5, have been calculat-
ed with the use of some results given in Ref. 36:

/
7 kg=ki (1+5sin6;)

>
|
|
I
|
1
|
|
|
|

Erme—
T - T
\ I kg |
\ : /
\\ i\ /
| /
AN K\ 7
\\\ I kg=ki(l-sin9i)

FIG. 6. k. -vector diagram for diffraction at grazing
incidence, where k represents the incident wave, k the
grating, and k the scattered wave. The figure shows
the two possiblf grating spacings for angle of incidence
6,‘.

172
ay=—""—-, (14a)
Bo+C3Bo
s —i(hk/2)a3[—l+a0at1 —Cy(K/k)(—1+apa'’s; +BoB41)—CyB+1Bo ]
ay = — , (14b)
B+1+C3B%,
Bo=—Boap , (14¢)
’ ihK .1 '
sil=_Bi-lasil“—2_af)(l_ﬁoﬂil_aoail)9 (144)
I
where C) =k /K for a TM wave and C, =K /k for where
a TE wave. In these expressions we have kept small Bl
quantities only to first order. We immediately note Py=Re , (16)
that the amplitude of the scattered waves at the sur- K
face, @’ and B%,, is proportional to the amplitude P.=Re{C5[B5(a} +a’ ;)
of the surface corrugation or ripple. This occurs s s
because our calculation is exact to first order. +ao (Bi+B11}, 17)
Finally, we calcglate the normal. com.pogent of Py=—Im{C}[B}(—a’+a* ;)
the average Poynting vector £, just inside the
medium: +ag (BI—=BL]}, (18)
=(ExH*), +c.c. P =(P}+P}H'?, (19)
P
21 .21 t 5
~Pg |1+P.cos=Ex +Pysin==x (15a) ang, P, - (20)
These equations indicate that on the surface a spa-
=Py |1+Picos |[——x—¢, | | , (15b) tially sinusoidal light-intensity distribution with

spacing A exists, in addition to the dc or average
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light intensity. This ac term comes from the in-
teraction between waves of zero order and first or-
der, and is proportional to the amplitude of the rip-
ples through a’ or B%,. Obviously, the larger the
amplitude of the ripples the stronger the ac spatial
energy-flux term. We note that interactions be-
tween first-order waves are neglected since it is a
second-order effect.

B. Dielectric function

By using Egs. (14)—(20) we can compute the in-
tensity or energy absorbed at any point at the sur-
face, provided we know the dielectric function. We
have used the Drude model for the permittivity of
metals and semiconductors, since it is usually a
good description for this type of solids at wave-
lengths in the infrared or in the visible. We obtain
for the real and imaginary parts of € in metals the
following well-known expressions:

1 ®p (21a)
_ _——— 5 a
§ 0+ 1/}

mp2
€G=—"-"T""—"+ (21b)

o o0’ +1/72)

where o is the laser frequency, o, is the plasma fre-
quency, and 7, is the relaxation time. For typical
metals at room temperature #iw, is ~10—20 eV
and 7,~10~'*s. Ujihara® has derived an analyti-
cal model for the evolution of € with temperature.
Walter®® has recently criticized Ujihara’s approach
and suggested some adjustments. We shall, howev-
er, take a path similar to that of Ujihara, since it is
essentially correct and since it provides an analyti-
cal expression for the permittivity as a function of
temperature.

In the model the temperature dependence of €
comes from the variation of w,=1/7, (the
electron-phonon collision frequency) through the
temperature dependence of the phonon population.
From the knowledge of the optical constants at one
temperature €, and ¢; are known at all temperatures
up to the melting point. Figure 7 shows the varia-
tion of the optical constants of aluminum from
room temperature to melting point for two wave-
lengths of interest (ripples were reported only at
1.06 pm). The values for w, and 7, at room tem-
perature are those used by Ujihara. We note that
there is some disagreement as to the exact values of
these two quantities®®~*' in Al and other metals,
but adoption of another pair of values will only
slightly adjust the curve, which is obtained by elim-
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FIG. 7. Permittivity of aluminum as a function of
temperature at two different wavelengths (from Ref. 39).

inating 7, between Egs. (21a) and (21b):

a)2 2 604
e,—1+—2;’iz~ +e,.2=U"4 . (22)

We have also used the Drude model to describe
the permittivity of semiconductors. We use a sim-
plified lossy plasma model where the plasma fre-
quency is now a function of the electron-hole densi-
ty and w7 >>1. In that case we write

w
6=, [1-—2 |, (232)
w
€ =€, 3p R (23b)
O T,
and
2
2 Ne
W)= (24)
P m*e,,

Here, e is the electronic charge, N is the carrier den-
sity, m* is the reduced effective mass, €, is the
dielectric constant of the empty solid at the fre-
quency of interest, 7. is the relaxation time, o is the
laser frequency, and @, is the plasma frequency.
Under strong laser-light illumination the carrier
concentration and the temperature may increase.
The former effect is taken care of by the variation
of the plasma frequency, while the latter effect
should affect 7. and €. If one wants to quantify
the effect of temperature in general, problems oc-
cur: The temperature dependence of the different
scattering mechanisms is not the same and, in gen-
eral, the temperature variations of the optical con-
stants of semiconductors are not very well known.
Very recently, there has been a surge of interest in
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the optical constants of semiconductors as a func-
tion of temperature. Silicon has been the main
semiconductor investigated.**~*® The variation of
€, does not seem as spectacular as it is for metals,
although €, is not constant in the whole solid phase;
the variation of €; may be substantial, but in general
€; <<€,

In Fig. 8 we show the influence of temperature
on €, and €;. We have used the measurements of
Jellison and Modine*® for the absorption coefficient
at 633 and 532 nm, and we have assumed that the
temperature dependence of the real part of the re-
fractive index measured at 633 nm by Murakami
et al.** is not wavelength dependent and can be
used at 532 nm as well.’ The above-mentioned
measurements are valid up to ~1000 K, above
which severe measurement problems appear.

Again, after elimination of w, between (23a) and
(23b) one obtains

€= (€, —€) . (25)

T,
Finally, we will also consider the case of liquid
semiconductors, particularly liquid silicon, and also
liquid metals. The properties of liquid metals are
adequately represented by the Drude model.*®*
Liquid silicon has similar properties to solid or
liquid metals,’®! with large | €, | and ¢;. We shall
use the results of Ref. 51.

C. Nonuniform dielectric function
Consider a plane surface with periodic dielectric

function. The permittivity of the medium can be
expressed as

€1 =€; , (26)

21
14-28e%cos—
+SecosAx

where a stands for an attenuation coefficient in the
—z direction, A is the spatial period, and § is a

small quantity given by
|

aZ aZ
8;/}21 + a;b; +K? 1+26e“’cos2%x ¥, +28e*
We let

¢1 — ZB,,(Z)eiK(a"x—B"Z) ) (30)
n

We substitute ¥, into Eq. (29), keeping only terms
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FIG. 8. Permittivity of silicon as a function of tem-
perature at two different wavelengths (using data from
Refs. 44 and 46). The curve stops at 1000 K, above
which temperature no experimental data are available.
At 532 nm, a=5X10>cm~! and T,=430 K; at 633
nm, a=2.1X10* cm~! and T;=447 K.

A€, +iAg;
T 2e, +ig)
Here, A€, and Ae€; represent the amplitude of the
variation of the real and imaginary part of the

dielectric function at the surface. Note that by
using the Drude model we find

2

A= 26 || o @ (28a)
€; 20?2
for a metal and
Ae; = — wch Ae, (28b)

for a semiconductor.

We now consider the diffraction of a plane wave
by such a periodic grating. The notation will be the
same as in Sec. IVA, and we will show the results
pertaining to a TM wave. From Maxwell’s equa-
tions we find

1

dey 0 de; 0
V2, 40 Y€ty — — Oey 3¢9y dey 3¢y
€

" | Ox Ox dz 0z
which is rewritten as
27 Oy . 2 oY 2
LT Tl AT L xl=0. 29
2 axsmAx aazcosAx 0 (29)

T
with n=1, 0, or —1, and use the slowly varying en-
velope approximation. We find

dB,

31
o 0, (31a)

(27)

3
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dB i '_l
_2iKB'1—-—d‘ +8K2e@Bye K Po—P1)
v
21 @ Boa
A0 2% 20, (31b
X |1+ A K lK (31b)
dB_ 4 I_ ’
—2iKB" |~ -+ 8K’ Boe 0 "
2r g Boa
_AmZ P 0. (31
X |1 A K +i X 0 (31c)

The magnetic field in the vacuum is still given by
Eq. (11). The boundary conditions are

L%, =L Ho , (32a)
6’1 az z=0 6-0 az z=0
V1 |z=0=%0]z=0- (32b)

By solving the system of differential equations [Eq.
(31)], applying the boundary conditions [Eq. (32)],
and keeping small quantities to first order only, we
find

2f3o

By=———"——=2ay, (33a)
T Bo+(k/K)By °
By =Cy1+Chie"*=2a%, , (33b)
where
Ni1=a—iK(Bo—B'y) , (34a)
8ByK ag Boa
Cly=— 4 2m 20 Pl |
T 2iBhm 4 A K K
(34b)
1
C =
T B+ /KB
k|, M+1
X\ — Bil"‘k_ Blii+i 12
’ k ’
XC¢1+§:5/3030 , (34c)

the tangential component of the electric field can be
expressed in the form of
1 _

2K 1 iKa' x
—— AV =" 3 Bre "
iwe we] =,

E . (z=0)=

—

(35)
with
By=—+BuBo , (36a)

1 , LM +1
F) By +i X

C 1By 1+C

s —_—
1=

—2884a (36b)

V. RESULTS AND DISCUSSION

We are now ready to plot and discuss the results
obtained in Sec. IV. We calculate the ac part of the
absorbed power as a function of ripple spacing by
using Egs. (15)—(20). In Figs. 9—11, P, is plotted
versus the relative spatial period A /A for a TM
wave at normal incidence on a corrugated surface.
We show the results for aluminum at melting point,
crystalline silicon at different temperatures, and
molten silicon. For copper we have obtained curves
similar to those for aluminum and molten silicon.
We have chosen a small ratio A /A=0.01 (the rms
surface roughness of the wafers and mirrors used in
our experiments was a significant fraction of the
wavelength). The variation of P, in these figures is
very abrupt around A /A=1, with a sharp (negative)
minimum at A=A and a broader (positive) max-
imum for A <A. To decide which extremum corre-
sponds to growth we remember that we are search-
ing for a feedback mechanism in which the intensi-

T T
ALUMINUM at MeLT
CORRUGATED SURFACE
TM, X=1.06um

h/x =0.0I

€:-6.2 +j27.8

Pc (PERCENT)
o

1 1
0.90 0.95 1.00 1.05 110
A/X

FIG. 9. P, the ac part of the absorbed power nor-
malized to the “intrinsic” absorbed power, vs ripple
spacing ‘A normalized to the laser wavelength A. The
ratio of the surface corrugation height 4 to the wave-
length A is set to 1% and the normal incident wave is
TM polarized. This graph is for aluminum at melting
point and the permittivity is given by Fig. 7.
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TM,A=532nm
h/X=0.01
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& | |
w O ] :
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2° 300K
1000 K
-2+ -
Tm
-4+ -
| |
0.90 0.95 1.00 1.05 LI0
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FIG. 10. P, vs A /A for solid silicon at 300 K, 1000
K, and melting point. The permittivity is given by Fig.
8 and its value at T=T), has been obtained by extrapo-
lation.

ty pattern created by the initial disturbance rein-
forces the perturbation. We deduce from the
geometry of Fig. 4 that P, <0 corresponds to more
energy being absorbed in the ‘“hills” than in the
“valleys,” while P, >0 corresponds to just the oppo-
site situation. If thermal expansion is responsible
for the ripples, then P, <0 yields the desired posi-
tive feedback. If, however, the temperature depen-
dence of the surface tension causes the ripples to
grow, P, >0 yields positive feedback. In that case
more energy is indeed absorbed in the ‘“valleys”

T T

MOLTEN SILICON
16 - CORRUGATED SURFACE |
T™M, X=ium

h/x =0.01

€:=-2875 + j50.5

P (PERCENT)
o

0.90 0.95 1.00 1.05 110
A/X

FIG. 11. P. vs A/A for molten silicon at melting
point. The permittivity is obtained from Ref. 51.

where the temperature is thus highest, and the sur-
face tension of the liquid lowest. The periodic vari-
ation of the surface tension pulls the liquid away
from the valleys and positive feedback is establish-
ed. Large-scale undulations induced by surface-
tension gradients have been observed after cw laser
treatment>? but it is a very slow process not likely to
play any significant role during illumination by
very short laser pulses.*?

In Figs. 12 and 13 we have plotted P, vs A /A for
a TE wave in crystalline silicon at different tem-
peratures and in molten silicon, respectively. It is
apparent that the ac part of the absorbed power has
a small maximum at A=A (compare the vertical
scale with that in Figs. 9—11) and has an overall
different shape. The impact of changing the angle
of incidence is investigated in Figs. 14 and 15 for
aluminum at melting temperature. From these fig-
ures we can understand the polarization dependence
of the ripples. At normal incidence the ripple k
vector will be parallel to the incident optical electric
field (TM wave) since this corresponds to a much
larger | P, |. For oblique incidence the maximum
ac terms occur very close to A/(1+sinf). The am-
plitude of the two possible maxima is not equal,
which probably explains why one spacing is often
predominant.!” TIsenor,'® Oron and Sorensen,'* and
Keilmann and Bai!® have reported accurate mea-
surements of A and have found that A is in fact
slightly smaller than A. The measurements of Ref.
14 are especially relevant, since they were made fol-
lowing irradiation of silicon at 1.06 um. Oron and

T T
SILICON
CORRUGATED SURFACE
TE, A =532nm
h/X = 00l
0.l .
T,
-
2
w
&
w O :
g /
o 300K
as
=0.1 -
1 1
0.90 0.95 1.00 1.05 110

A/ X

FIG. 12. P, vs A /A for solid silicon illuminated by
TE polarized light. All the other parameters are those
of Fig. 10.
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CORRUGATED SURFACE

P (PERCENT)
o

TE, A= lum
o5k h/X=0.0l |
€:-28.75+50.5
~10 I |
0.90 0.95 .00 1.05 1L.10
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FIG. 13. P, vs A /A for molten silicon illuminated by
TE polarized light. All the other parameters are those
of Fig. 11.

Sorensen found a maximum (negative) departure of
<4% from A =\A/(1+sin6), which is consistent in
sign and amplitude with the results of our theory.
We have found?! similar small negative departures
after illumination of copper at 1.06 um.

We now turn our attention to the case of a
periodic variation of permittivity. Figures 16—18
show some of our results for silicon and aluminum.
Figures 6 and 7 illustrate that, as the temperature is
increased, €, decreases in Al and Si (the sign of the
variation also holds for Cu and GaAs), while the

A
T T VT T T
ALUMINUM AT meLT

= CORRUGATED SURFACE -
- TM, A=1.06um
z h/\ = 0.0l
e €:-62 +j27.8
g 5 ‘/,/r"/' -
o] Il 1 Al Il |
o8 | o9 Vi 1.2 13 A/XN
180 T I T T

8; =10
90 —J\ —
o A—
-90 |- \ _
——

-180 | 1 AL ] !
0.8 0.9 L1 1.2 1.3 A/X

FIG. 14. Amplitude Py and phase ¢, of the normal-
ized ac part of the absorbed power vs A /A, for oblique
incidence at 6;=10°. All other parameters are those of
Fig. 9. The two vertical lines show the location of the
spacings given by A =A/(1+sin6;).

¢, (DEGREES)
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) €:-6.2 +j27.8
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3 90 J\' i
I
'3
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=
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. [—
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1.5
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FIG. 15. P; and ¢, vs A /A, for oblique incidence at
9,' = 200.

variation of €; may be of any sign depending upon
the material, its temperature, and the wavelength.
For €, maximum at x=0 positive feedback is
achieved for P, >0. More power flows into the sur-
face where ¢, is already larger (and the temperature
is higher), and consequently €, increases faster. As
shown in Fig. 17 this happens in solid silicon for
A /A=1, while the picture for molten silicon and
the metals is quite different (Figs. 16 and 18).
There is a broad minimum in P, close to A/A=1
and a very narrow local minimum at A=A. De-

2 T :
ALUMINUM
VARIABLE
PERMITTIVITY
Tm TM,A=1.06 um
s N
A€y = 0.1
- 300K
zZ
w
[}
g o f / %
a
o©
-1 .
_2 | !
0.90 0.95 1.00 1.05 1.10

A/X

FIG. 16. P, vs A/A for aluminum at 300 K and
melting point illuminated by a TM wave at 1.06 pm.
The amplitude of the sinusoidal variation of the real
part of the permittivity Ae, is 0.1 and that of the ima-
ginary part is calculated by Eq. (28a) at the two dif-
ferent temperatures.
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\ .
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FIG. 17. P, vs A /A for solid silicon at 300 K, 1000
K, and melting point. The variation of permittivity cor-
responding to a sinusoidal temperature variation of 50
K is calculated from Fig. 8.

pending upon the choice of 8 and the material, how-
ever, this local minimum can be reduced to an al-
most imperceptible kink in an otherwise smooth
curve.

We have also investigated the effects of a varia-
tion of the dielectric function caused by fluctuations
in the electron-hole plasma density. From Egs. (32)
and (24) it is clear that €, decreases and ¢; increases
with increasing carrier density; €, may even become
negative for w, >, but this requires an extremely
dense plasma (n ~ 10?2 cm 3 for visible wavelength

° \‘ f

MOLTEN SILICON
VARIABLE
PERMITTIVITY |

TM, A I pm
€:-28.75+j50.5
Ne=0.99+j0.48

P. (PERGCENT)

!
N
T

6 I
0.90 0.95 .00 .05 .10
A/ X

FIG. 18. P, vs A/A for molten silicon at melting
point. The variation of the permittivity is calculated
from Ref. 51.

illumination). We have found for ® >0, an ex-
tremum of P, close to A=A, but it does not fulfill
the conditions for growth since the absorbed power
turns out to be minimum where the electron-hole
density is highest. Above the plasma frequency for
® <y, not only is the feedback negative, but also
the extremum of P, is located far away from
A /A=1, especially for the small negative real part
of the dielectric function.

From these observations we conclude that a
model in which the variation of the permittivity is
predominant is not likely to allow for ripple growth.
The corrugated surface model is much more likely
to be adequate, since it provides for positive feed-
back. We note that the magnitude of the ac term of
the absorbed power is the largest for metalliclike
corrugated surfaces (compare the results for solid
and liquid silicon). We have made an exhaustive
search in the complex permittivity plane for regions
of large potential growth (large negative P,). The
results are shown in Fig. 19. We indeed observe a
significant difference between materials with posi-
tive and negative €,, with the latter displaying a
larger growth coefficient. For small €; and negative
€,, the ac part of the absorbed power is very large.
This is to be expected: The “intrinsic” absorption
decreases with €;, and therefore the ratio of the
ripple-induced absorption to the intrinsic absorption
increases.

The details of the feedback mechanism are
beyond the scope of this paper. For example, it is
clear that the permittivity of a corrugated surface
under intense laser illumination will also vary

P =15

P =10 30

20
Pc=3
m Pl

At
.
Tm T

10
£ ok )
Tm 7 e=h plosma 1000K_ s

300K
-30 -20 10 0 g 20 €

FIG. 19. Growth coefficient P, in the complex per-
mittivity plane for a corrugated surface (h/A=0.01) il-
luminated at normal incidence by a TM wave. P, corre-
sponds to the negative maximum in Figs. 9—11 and is
expressed in percent. Open and closed circles represent
the permittivity of materials at 532 nm and 1.06 um,
respectively. The point for Si at T, is an extrapolation
of the data of Fig. 8. The region representative of an
electron-hole plasma corresponds to carrier density ei-
ther below (€, > 0) or above (€, <0) plasma resonance.
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periodically under the action of differential heating.
We have only considered one mechanism at a time,
which is to say that one process is predominant.
We have also speculated that for short pulses
growth may occur in two distinct stages: When the
laser pulse is on, growth begins as described in this
paper; when the laser is turned off, growth may
continue under the action of the varying stored en-
ergy.”? However, this possible second stage is prob-
ably not significant. We have compared the condi-
tions for ripple formation at 1.06 um with two dif-
ferent laser pulse durations: 80 ns and 100 ps. At
the adequate incident power level the ripples are al-
ways distinctly formed after illumination by a sin-
gle 80-ns pulse; with a single picosecond pulse the
ripples are usually faint, while repetitive illumina-
tion by several picosecond pulses usually results in
well-established ripples.?! This may indicate that
while ~100 ps are sufficient for ripple formation,
longer pulse illumination is preferable, since the
time available for growth is much longer.>*

It is also easy to explain why ripples can grow
with illumination by increasing the number of laser
shots, or propagate coherently after successive par-
tially overlapping laser shots. In the first case the
first shot induces minute ripple growth, too small to
be visible under an electron or optical microscope’”;
the selection of one Fourier component according to
Sec. III has not yet taken place; therefore, no organ-
ized surface structure is visible under scanning-
electron or optical microscopy. As repetitive il-
lumination is taking place the selection process
slowly eliminates all the Fourier components except
the one with the right spacing, which grows and fi-
nally becomes visible. Growth occurs from one
shot to the next, and the incident power is much
less than what is needed to create ripples under
single-shot illumination.!” In the second case the
ripples in the first spot scatter the incident wave in
the next spot and intensity fringes are produced
with correct spacing; the ripples propagate
coherently, the ripples in the first shot acting as a
seed grating.

There are similarities between our problem and
the anomalies encountered in metallic gratings,’®>’
which are known under the generic name of
“Wood’s anomaly.” In both problems a possible
source of surface excitation is a surface-plasmon po-
lariton.® Light directly incident on a surface, such
as in the experiments of interest here, will not gen-
erate these interface electromagnetic modes; how-
ever, if the surface is rough or corrugated, that pos-
sibility exists.” %! There are two reasons why we

believe they are not the cause of the surface ripples.
First, in semiconductors an extremely large number
of carriers is required to satisfy w, > w, a necessary
condition for plasmons to occur. Then, the wave
number 27 /A of the surface polariton is different
from 27 /A, the difference increasing to infinity as

Wp—0p | min=0V 1+1/€, .

However, when @, —w,, | min the surface polariton is
tightly bound to the interface and the required
electron-hole density is minimal. The surface polar-
iton in the most favorable and likely situation has
thus a wavelength quite different from A. This is in
contradiction with most experimental results, Keil-
mann and Bai'® being the sole clear exception. In
Ref. 19, however, the laser was tuned to overlap a
reststrahlen vibrational region of quartz. Finally,
we note that the presence of a periodic surface
structure may alter that picture’® by opening gaps
in the (w,k) dispersion curve at any multiple of the
grating wave vector.

VI. CONCLUSION

We have developed a detailed theoretical model
to account for the periodic surface structures ob-
served during illumination of solids by intense laser
pulses. In this model initial surface disturbances
scatter part of the incident beam at almost grazing
incidence; the interference of the scattered optical
wave with the incident beam modulates the ab-
sorbed power in such a way that one Fourier com-
ponent is reinforced and grows. We find the max-
imum positive feedback occurs when the spatial
period A =A/(1+siné), and the wave is TM polar-
ized with respect to the grating formed by the rip-
ples, in agreement with most experiments; the
theory readily explains the coherent extension of
ripples from one shot to another in a raster-scan
mode, and the decreasing power density required
for ripple formation in a repetitive shot-
illumination experiment. The nature of the most
likely initial perturbation is in height (even in pol-
ished samples the surface is far from ideally flat),
and the growth coefficient (and to a smaller extent
the actual spacing A) is dependent upon the actual
value of the complex dielectric function. Our re-
sults indicate that growth will be much faster if the
material is metalliclike, that is, for €, <0. This sug-
gests that melting of the semiconductor is neces-

sary.
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Note added in proof. We wish for thoroughness
to bring the attention of the reader to some addi-
tional recent results in the field of laser-induced
surface ripples. Periodic surface structures have
now been observed on insulators®? and on silicon®
using 10.6-um lasers, as well as on metal films at
short wavelengths.®
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FIG. 1. Typical ripples obtained after raster scanning
of GaAs at 1.06 um. The angle of incidence is ~37°
and the spacing is ~2.5 pm.



