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Effect of crystal anisotropy and adhesive forces on laser induced deformation patterns
in covalently bonded thin films
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The effect of crystal structure on laser induced deformation patterns in thin films and surfaces is analyzed
within the framework of a dynamical model for the coupled evolution of defect densities and deformation
fields. In crystals with covalent bonding, such as Si and SiC, preferential bond breaking may occur, as a result
of the relative orientation of the laser electric field and crystallographic axes. We extend here our theoretical
framework to incorporate the effects of anisotropic defect diffusion, and the influence of film-substrate adhe-
sion on deformation pattern selection and stability of thin films subjected to laser beams. We also compare
theoretical predictions to experimental observations on single crystal silicon wafer surfaces. Furthermore, it is
predicted that the laser induced damage threshold for SiC single crystals can be in excess of 200 J/cm2.
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I. INTRODUCTION

Many irreversible structural and morphological chang
in materials interacting with strong laser beams of ene
densityF<Fm , whereFm is the melting threshold, are ex
perimentally observed. Recent experimental investigati
revealed phenomena such as the gradual and catastr
degradation of light-emitting devices,1 cumulative laser dam
age to optical components,2 nonuniform melting of semicon
ductor surfaces, ultrafast laser-induced phase transition3–5

and various material restructuring phenomena in the mate
processing field.6–8 The time of laser-matter interaction
which results in permanent structural changes in mater
can vary from tens of picoseconds to minutes, depending
the value of F, material conditions, and laser irradiatio
mode. These changes are desirable in some technolo
applications~e.g., material processing!, or undesirable in oth-
ers~as in laser reflective mirrors!. Laser induced instabilities
are becoming particularly important in thin film behavio
coatings, semiconductor surfaces, cumulative laser indu
damage~LID ! of optical components, etc.9,11–14 Laser an-
nealing and laser assisted thin film deposition processes
provide numerous examples of such instabilities.15 Under
conditions of interband absorption, semiconductors form
fect centers already at laser energy densitiesF5(0.05
20.1)Fm .16 Their formation mechanisms are not complete
determined, but include heating, acoustic deformation
local electronic excitation of the subsurface layer. In ma
cases, one may observe the formation of regular structure
the surface of the material, and laser-surface interactio
evidently at the origin of such patterning phenomena.

A common instability mechanism in laser irradiated m
terials results from the coupling between defect dynam
and surface deformation.17 The interaction of electromag
netic laser radiation with thin films leads to very strong a
sorption of photon energy in a shallow layer that is a f
wavelengths deep from the surface. As a result, substa
nonequilibrium concentration of lattice defects are genera
0163-1829/2002/65~15!/155304~10!/$20.00 65 1553
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The type of lattice defects depends on photon energy, wa
length of laser radiation, and materials parameters. Exam
of such defects are electron-hole pairs in strongly absorb
semiconductors, interstitials and vacancies in thin films, a
voids and dislocation loops in prolonged irradiation. It is t
coupling between defect generation, diffusion and the de
mation field which leads to pattern forming instabilities. As
result, the dynamical description of such phenomena sho
be based on the dynamics of the defect fieldNd in the thin
film and the elastic continuum of the host material describ
by the displacement vectorU(r ,t)5(Ux ,Uy ,Uz) with ap-
propriate boundary conditions, both dynamics being coup
through the defect-strain interaction. Various types of def
structures may be induced by such dynamical systems.
example, in the case of thin films under laser irradiatio
regular deformation patterns may appear on the film surf
when the laser intensity exceeds some threshold. In spat
extended irradiation zones, one- and two-dimensional g
ings have been widely observed.18,19

The system to be considered in this case is a thin film
a substrate, which is modeled by a thin horizontal crystall
layer subjected to a transverse laser beam. The geomet
the corresponding setup is represented in Fig. 1. Due to la

FIG. 1. Geometry of the thin film-substrate system subjected
a uniform laser beam, showing a schematic illustration of the p
posed surface deformation mechanism.
©2002 The American Physical Society04-1
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D. WALGRAEF AND N. M. GHONIEM PHYSICAL REVIEW B65 155304
induced thermal heating, an increased vacancy density is
ated in the subsurface layer. The corresponding transv
vacancy density profile results in a body force on the fi
which may induce bending deformation. Even under unifo
irradiation, this system may become unstable versus non
form deformations or vacancy density variations. Physica
a local increase in the vacancy density generates lattice
traction in the film. This contraction has two effects: it l
cally reduces the defect formation energy, and, furtherm
induces a converging defect flux. As a result, both film co
traction and local defect density will increase. On the ot
hand, a deformation bump in the film locally decreases
defect density. It furthermore increases the defect forma
energy and induces an outgoing defect flux. In this cas
deformation bump will increase while the defect density w
decrease. There is thus a feedback loop between local d
mation and defect density variations, which provides a de
bilizing mechanism for uniform deformations. However, v
cancy diffusion tends to wash out nonuniformities in t
system and provides a stabilizing mechanism for unifo
defect densities. Instability occurs when the feedback lo
effects dominate over diffusion.17 The growth of this insta-
bility is limited by two mechanisms. The first one com
from finite deformation elasticity which limits the growth o
the deformation. The second one results from vacancy
namics, where the extra defect flux induced by surface
formation is proportional to the vacancy density. Con
quently, defect fluxes from regions of decreasing def
density decrease accordingly in a feedback process w
thus limits defect localization.

All these aspects have been analyzed elsewhere, an
sembled in a full dynamical model, able to describe the m
features of deformation patterning under laser irradiation9,20

This model is based on the following.
~i! A nonuniform laser-induced temperature field acro

the film.
~ii ! The evolution of vacancy density in strained crysta

including generation and transport.
~iii ! The deformation of a thin film in the presence of

nonuniform vacancy density. Pattern formation under
tended and focused irradiation has already been descr
elsewhere, in the framework of this model.9,20,21However, in
these papers, defect generation and transport have been
sidered as isotropic, which is not applicable for crystals w
strong covalent bonding. For example, deformation patte
formed on Si surfaces depend on the laser field orientatio
relation to crystallographic axes.18,19,17This effect is of prac-
tical importance, since the corresponding defect accum
tion induces a local decrease in the melting temperature,
can also influence the laser induced damage thres
~LIDT !.22,23

Another effect that may be of importance for deformati
patterns on semiconductor films is the adhesion between
film and its substrate, which may stabilize the film and o
pose the development of deformation patterns. It would t
be important to determine, for a given film-substrate syst
with given adhesive forces, what irradiation intensity
needed to induce instability. On the other hand, it would
interesting to know what adhesive force levels are requ
15530
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to suppress the surface deformation instability, under gi
irradiation conditions.

Hence, this paper is devoted to the study the influence
film crystalline anisotropy and film-substrate adhesion
fects on laser induced deformation patterns on semicond
tors surfaces. This study is performed within the framewo
of the dynamical model analyzed in Ref. 9, where uns
ported, or weakly adherent, isotropic films were consider
The dynamical model and instability conditions for anis
tropic films on substrates are presented in Secs. II and
Post-bifurcation pattern selection and stability are discus
in Sec. IV, where a comparison with experimental obser
tions is also considered. Finally, conclusions are drawn
Sec. VI.

II. THE DYNAMICAL MODEL

Consider a covalent semiconductor film, such as Si, w
its surface oriented along~100! planes, of thicknessh, and
irradiated by laser light incident on the surface. Its asp
ratio is large, i.e., the lateral dimensions~corresponding to
thex andy directions! are much larger than the thickness,
can be seen in Fig. 1. Its dynamics is governed by coup
evolution equations for vacancy densityC and its neutral
plane transverse deflectionj.17,9 The kinetic equation for va-
cancy density may be written as

] tC5¹WiD̄̄ i¹WiC2
C

t
1¹Wi

uvD% iC

kT
¹Wi~¹W U!

1g expF2
Ef2uv¹W U

kT
G , ~1!

whereC5C(x,y,z,t), ¹Wi5¹x1W x1¹y1W y , andD% i is the diffu-
sion tensor along the surface. Diffusion along thez direction
is neglected, since ‘‘bulk’’ diffusion is much slower than su
face diffusion ~in usual experimental conditionsD it
.1025 cm2 and uuvu.10210 erg.17,18 The displacement
vectorU¢ and the deflection of the film’s neutral surfacej are
related by

¹W •U¢ 52zmDj, ~2!

Here,z is the vertical distance away from the neutral surfa
m5(122n)/(12n), wheren is Poisson’s coefficient. The
equilibrium equation for film bending in the presence of
transverse vacancy density gradient and a film-substrate
hesion force may be written as9

] t
2j1

c2h2

12
D2j2

c2

2
s i j ] i j

2 j5
uv

rh
~C12C2!1

F~j!

rh
,

~3!

whereC65C(x,y,6h/2,t) and F(j) is the adhesive force
per surface unit, between film and substrate. The force
adhesion between the bottom surface of the film and the
layer will be represented by the universal bonding cur
usually invoked in process zone fracture models.24–26Figure
2 shows a schematic representation of the universal bon
curve, where the restoring force per unit area on the film
4-2
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EFFECT OF CRYSTAL ANISOTROPY AND ADHESIVE . . . PHYSICAL REVIEW B 65 155304
bottom surface isF(j). Since the film’s instability threshold
is governed by the small displacement part of theF(j) func-
tion, we will approximate it here asF(j)52Kj, whereK is
the adhesive bond stiffness constant.

Furthermore, the in-plane stress tensor components
related to the film’s transverse deflectionj as27

sxx.@~]xj!21n~]yj!2#, ~4!

syy.@~]yj!21n~]xj!2#, ~5!

sxy.22~12n!~]xj!~]yj!. ~6!

All kinetic coefficients and parameters are defined
Ref. 9.

III. INSTABILITY OF UNDEFORMED STATES

A. Unsupported or weakly adherent films

Let us consider the ideal situation of horizontally unifor
irradiation of the film surface, which may adequately rep
sent the case of thin films irradiated over a large area bycw
or a pulsed laser source. We will furthermore assume tha
adhesive forces are negligible, and that the temperature
file has reached its equilibrium condition, or that its evo
tion is sufficiently slow, as compared to vacancy generat
to consider it as quasistationary. In the absence of defor
tion, the equilibrium vacancy density profileC0(z) is then
the solution of the steady state equation

] tC
052

1

t
C01g expF2

Ef

kT~z!G . ~7!

Hence, the transverse variation of the defect density
lows the temperature variation across the film. Let us c
sider strong absorbing layers such that the linear dimen
of the irradiated domain is much larger than the film thic
ness. The temperature profile across the film may then
approximated by9

T5T11
T12T2

h S z2
h

2D ~8!

with 2h/2,z,h/2, and whereT1 andT2 are the tempera
tures of upper and lower surfaces, respectively, andC0(z)
behaves as

FIG. 2. The universal bonding curve for adhesion between
thin film and substrate. For small film displacements, the for
displacement relationship can be assumed to be linear.
15530
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C0~z!.C1
0 expFgS z2

h

2D G , ~9!

where C1
0 5gt exp@2Ef /kT1#, when gAD't!1, with g

5EfDT/kT1
2 h . This gives

C0~h/2!5C1
0 , C0~2h/2!5C1

0 e2gh5C2
0 . ~10!

The stability of the undeformed reference state ver
spatial perturbations in the horizontal plane may be p
formed by studying the linear evolution of small perturb
tions of the undeformed state. Such perturbations are defi
as n(rW,z,t)5C(rW,z,t)2C0(z) or, in particular, n1(rW,t)
5C12C1

0 andn2(rW,t)5C22C1
0 exp@2gh#.

Before deriving linear evolution equations for these p
turbations, let us propose explicit expressions for vaca
diffusion appropriate to the case of covalent semiconduc
such as Si and SiC. Consider that the~100! surface of a Si or
SiC film is irradiated with a linearly polarized laser field wit
its electric field making an anglea with the surface. Thus
the Poynting vector makes an angleb5p/22a with the
surface, and when irradiation has normal incidence, the e
tric field is parallel to it. Since the interaction between t
electric field and atomic bonds depends on their relative
entation, one has to analyze how this can affect surface
formation. First, let us recall that Si and SiC are covale
semiconductors, which crystallize in the same structure
diamond, i.e., into a structure formed by two interpenetrat
fcc lattices, as represented in Fig. 3.

One sees that there are two families of covalent bon
which are parallel to~110! planes~1554 and 1552 bonds!
and (11̄0) planes~1553 and 1555 bonds!, respectively. It
is known from the study of elementary molecular bonds su

e
-

FIG. 3. Si crystal structure showing orientational relationsh
between the electric field and bond vectors.
4-3
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D. WALGRAEF AND N. M. GHONIEM PHYSICAL REVIEW B65 155304
as in H2 or H2O, that the electric field may induce electron
transitions from lower bonding states to upper antibond
states, which effectively corresponds to bond breaking.
interaction force between atomic bonds and the electric fi
is proportional to the projection of the electric field on t
atomic bond direction. On extending this result to Si and S
covalent bonds, the force constant of the bond is reduce
a factor proportional to cos2f, wheref is the angle between
the electric field and the atomic bond.10

This affects point defect generation and motion in t
material. Effectively, if a point defect is present in the vici
ity of one of these bonds, its jump probability from on
equilibrium state to another, via a saddle point, may be
pressed as follows, in the absence of irradiation, for a ju
in the 4551552 direction

P412~0!}exp2S H41

kT D , ~11!

whereH41 is proportional to the force constant of the 4551
atomic bond@in fact, without irradiation,P412(0)5P214(0)
5P315(0)5P513(0)5P(0)].

Under irradiation, this probability increases to

P412~EW !5P~0!expS qE2 cos2f

kT D , ~12!

where q is a proportionality factor, which depends on th
microscopic properties of the bond. Let us now compute
various jump probabilities for electric fields making an ang
a with ~100! planes andu with ~110! planes, within the
coordinate system defined in Fig. 4. The electric field m
be written as EW 5E sina1Wz1Ecosa cos(3p/41u)1Wx

1Ecosa sin(3p/41u)1Wy. Hence, the scalar products betwe
the electric field and 1552 and 1554 bonds are
(Ea/4A3)(sina2A2 cosa cosu) and (Ea/4A3)(sina
1A2 cosa cosu), respectively. Similarly, the scalar produc
between the electric field and 1553 and 1555 bonds are

FIG. 4. Coordinate system for the computation of the interact
forces between the electric field and covalent bonds in a Si or
elementary cell.
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2(Ea/4A3)(sina1A2 cosa sinu) and 2(Ea/4A3)(sina
2A2 cosa sinu), respectively.

As a result, the corresponding jump probabilities beco

P412~EW !5P~0!expFÃE2

kT
~sin2a12 cos2a cos2u

2A2 sin 2a cosu!G ,
P214~EW !5P~0!expFÃE2

kT
~sin2a12 cos2a cos2u

1A2 sin 2a cosu!G ,
P513~EW !5P~0!expFÃE2

kT
~sin2a12 cos2a sin2u

1A2 sin 2a sinu!G ,
P315~EW !5P~0!expFÃE2

kT
~sin2a12 cos2a sin2u

2A2 sin 2a sinu!G , ~13!

whereÃ5(a2/48)q, a being the Si or SiC lattice constan
For normal irradiationa50 and

P412~EW !5P214~EW !5P~0!expF2ÃE2

3kT
cos2uG ,

P513~EW !5P315~EW !5P~0!expF2ÃE2

3kT
sin2uG . ~14!

The in-plane diffusion flux can be written as

jW5Dx¹x1W x1Dy¹y1W y , ~15!

whereDx5D idx , Dy5D idy , with D i}P0 exp@2ÃE2/3kT#
and

dx5expF2
2ÃE2

3kT
sin2uG ,

dy5expF2
2ÃE2

3kT
cos2uG , ~16!

where cosu5(1Wx•EW )/uEW u and sinu5(1Wy•EW )/uEW u.
On performing the following scalings:

]T5t] t , D̄5tD iD, m5
6muv

2D it

rc2h2k
,

b5
ch

A12D i
, z5

huv

2kDit
j,

n
iC
4-4
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N5m~n11n2!, n5m~n12n2!,

e5mS C1

T1
1

C2

T2
D , h5mS C1

T1
2

C2

T2
D ~17!

the dynamical model becomes

]TN5~dx¹̄x
21dy¹̄y

2!N2N2h~dx¹̄x
21dy¹̄y

211!D̄z

2@dx¹̄x~xn1dN!¹̄x1dy¹̄y~xn1dN!¹̄y#D̄z,

~18!

]Tn5~dx¹̄x
21dy¹̄y

2!n2n2e~dx¹̄x
21dy¹̄y

211!D̄z

2@dx¹̄x~xN1dn!¹̄x1dy¹̄y~xN1dn!¹̄y#D̄z,

~19!

1

b2 ]T
2z52D̄2z1us i j ~z!]̄ i j

2 z2n1F~z!, ~20!

where u56(2kDit/muuvuh2)2, and where x5(T1

1T2)/(2T1T2) andd5(T12T2)/(2T1T2).
The linear evolution matrix of the coupled deformatio

defect system is then, in the absence of adhesive fo
@F(z)50# and in the Fourier space

S 1

b2 v21q̄4 1 0

eq̄2~Q̄~u!221! v111Q̄~u!2 0

dq̄2@Q̄~u!221# 0 v111Q̄~u!2

D ,

~21!

where q̄ is the dimensionless wave number, andQ̄(u)2

5dxq̄x
21dyq̄y

2 . The corresponding characteristic equati
writes

@v111Q̄~u!2#F S 1

b2 v21q̄4D @v111Q̄~u!2#

2eq̄2@Q̄~u!221#G50. ~22!

Since in realistic experimental conditions~i.e., elastic
waves are much faster than diffusional transport!, c
.105 cm s21, h<1022 cm, andD i.1025 cm2 s21, one
hasb@1, and the relevant root for instability is

v15e
Q̄~u!221

q̄2
2@11Q̄~u!2#. ~23!

Hence,e plays the role of a bifurcation parameter, and t
instability threshold is given by the minimum of the margin
stability curve

e5q̄2
Q̄~u!211

Q̄~u!221
. ~24!
15530
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This threshold depends on the relative orientation of the la
electrical field with respect to the crystal axis. Effective
when EW i1W x , dx51@dy5exp@22ÃE2/3kT#, and instability
occurs at

ec5~11A2!2.5.8, qx5qc~0!, qy50, qc
45ec ,

~25!

whereq is the scaled wave number. The corresponding
scaled wavelength is thus

lc~0!5
2pAD it

ec
1/4

. ~26!

In fact AD it is the vacancy mean free path in the subsurfa
layer and is of the order of half the laser wavelength. Hen
for 1 mm laser irradiation, one finds a critical wavelength
the order of 3 mm, in agreement with experimenta
observations.17

WhenEW i1W y , dy51@dx5exp@22ÃE2/3kT#, and one has

ec5~11A2!2.5.8, qy5qc~0!, qx50, qc
45ec ,

~27!

andlc(p/2)5lc(0).
On the other hand, whenEW makes a 45° angle with 1W

x and
1W y , dx5dy5exp@2ÃE2/3kT#,1, and the problem become
isotropic. As a result,

ec5
~11A2!2

d
, UqW cS p

4 D U5S ec

d D 1/4

~28!

and the corresponding wavelength is equal to

lcS p

4 D5lc~0!S d

ec
D 1/4

. ~29!

It is therefore apparent that, in systems where the la
electric field is parallel to one of the crystallographic axe
modes with wave vectors parallel to it are linearly select
This leads to the growth of one-dimensional gratings perp
dicular to the corresponding crystallographic axis. Howev
nonlinear analysis beyond instability is necessary to de
mine the stability of such patterns. It is also important
emphasize, for comparison with experimental observatio
that, although the instability threshold is sensitive to irrad
tion beam orientation, the critical wavelength is only weak
sensitive to it.

For aÞ0, the situation is qualitatively the sam
but quantitatively different. For example,D i(a)
}P0 exp@(ÃE2/3kT)(11cos2a)#<Di(0), and dx(a,u)
5exp@2(2ÃE2/3kT) cos2a sin2u# @dx(a,0)51#, dy(a,u)
5exp@2(2ÃE2/3kT)cos2a cos2u# @dy(a,p/2)51#, which
implies that the corresponding instability thresholdec(a) is
higher than for normal irradiation,ec(a).ec(0). As aresult
instability requires higher energy irradiation, and should
sult in lower amplitude patterns.

In systems where the laser electric field is oriented at 4
with the crystallographic axis, linear terms are spatially is
tropic. In this case, there is an orientational degeneracy in
4-5
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problem, since the linear growth rate of the unstable mo
only depend onq2. Furthermore, the critical wavelengt
should be slightly smaller than in the previous case. Un
these conditions, all unstable modes with any orientat
may equally grow. The survivors, and of course the fi
selected patterns are then determined by their nonlinea
teractions. Hence, the nonlinear saturation terms of the
namics will determine which structure should be selec
and what its stability domain should be. This study is p
formed in Sec. IV.

B. Effect of adhesive forces on the instability threshold

Adhesion between film and substrate may be modeled
a system of springs acting between every film-substrate a
pair. The corresponding force is thus proportional to
transverse film deflectionj, the proportionality coefficient
representing the stiffness of the adhesion bond. Such fo
vanish beyond some cutoff value ofj, where the film sepa-
rates from the substrate, as can be seen schematically in
2. Since we are considering situations where the system
close to instability, we are dealing with small deformati
profiles only, and we may thus assume the film-subst
adhesive forces to be in the linear regime. Equation~20! may
thus be written as

1

b2 ]T
2z52D̄2z1us i j ~z!]̄ i j

2 z2n2K̄z, ~30!

whereK̄5(12D i
2t2/rc2h3)K, and the relevant root for insta

bility becomes

v15eq̄2.
Q̄~u!221

q̄41K̄
2@11Q̄~u!2#. ~31!

It is easy to see that adhesive forces stabilize the sys
and may even suppress instability, as shown on Fig. 5, wh

FIG. 5. Effect of adhesive forces on the linear growth rate
unstable modes. It is observed that, even above instability (e58,
ec.5.8), the linear growth rate becomes negative for allq, for
sufficiently high adhesion.
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linear growth rate becomes negative for increasing adhe
force stiffness. The increase of marginal stability curve,
stability threshold and critical wave number with adhesi
intensity is shown on Fig. 6.

On the other hand, unstable modes, with critical wa
numberqc5e1/4, are stabilized forK̄.e2ec . More gener-
ally, for any e.ec , instability is suppressed, and und
formed surfaces remain stable, for well defined values oK̄

5K̄(e), as shown in Fig. 6.

IV. WEAKLY NONLINEAR ANALYSIS
AND PATTERN SELECTION

In the weakly nonlinear regime beyond a pattern formi
instability, the dynamics may be reduced to the evolution
an order parameterlike variable which corresponds to the
stable modes.28 This reduction may be performed in th
framework of the adiabatic elimination of the stable modes29

In the present case, one is the total mean defect densiN
which is the eigenmode corresponding to the eigenvaluev

52@11Q̄(u)2# of the linear evolution matrix. The secon
one is the transverse displacement of the midplanez that
may also be adiabatically eliminated since the character
time scale of its evolutionb is negligably small. These two
variables may thus be expressed, in Fourier transform,
series expansion in powers ofn.

A. Isotropic surface deformation patterns

When the electric field is oriented at 45° with atom
bonds,Q̄(u)25dq̄2, and the system behaves isotropically.

f

FIG. 6. Marginal stability curves for increasing values of adh

sion intensityK̄, showing an increase of the instability thresho
and hence stabilization of the undeformed film surface for incre
ing adhesion.
4-6
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this case, one recovers, in the absence of adhesive fo
(K̄50) the situation described in Ref. 9, where the evolut
equation for an order parameter such asnqW is, in the weakly
nonlinear regime around the instability

t0]TnqW5@ ē2L~q22qc
2!2#nqW1vE

c
dkW~1W q•1W k!nqW 2kWnkW

2E
c
dkWE

c
dkW8w~$1W q%!nqW 2kW2kW8nkWnkW81•••,

~32!

where t05(21A2)21, ē5(e2ec)/ec , L5t0 /dq0
2, v

5t0(d1xh/ec) and

w5
u

q0
8 S i , jEi j ~$1W q%!1t0xS x1

dh

ec
D ~1W q•1W k!

3@~1W q21W k!1W k8#
d2

112dq0
2@12~1W q•1W k!#

, ~33!
he
fi
ri

th
te

lo-
id
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n
whereq05qc(p/4). It has been found9 that, for sufficiently
thin films, selected patterns correspond to square or hex
nal planforms. Hexagons exist and are stable in the rang30

2
v2

16w0F112ÃS 2p

3 D G <ē, ~34!

where

w05
u

q0
8 1

2d2

114dq0
2 t0xS x1

dh

ec
D

5t0xS x1
dh

ec
D S ū1

2d2

114dq0
2D ~35!

with

ū.
12

t0d2S 2kTDit

q0
4uuvuh2D 2

~36!

and
g~c!5
4d2 cos2~c!/@~112dq0

2!224dq0
4 cos2~c!#1ū@2n12~12n!cos2~c!#

2/~114dq0
2!1ū

. ~37!
n-

de

r to
On the other hand, squares exist for allē.0, but are
unstable versus hexagons in the range 0<ē<eh , with

eh5
v2

2w0@g~2p/3!1g~p/6!#
.

Both patterns are simultaneously stable forē.eh .
Hence, since squares are unstable close to instability,

agonal deformation patterns should always be observed
for a steady increase of laser intensity. For ‘‘quench’’ expe
ments, i.e., when laser irradiation is initiated suddenly in
rangeē.eh , either squares or hexagons could be selec
as a result of their bistability.

B. Anisotropic surface deformation patterns

When the electric field is parallel to one of the crystal
graphic axes, the system behaves anisotropically. Cons
now the case whereEW i1W x , dx51@dy , andQ̄25qx

21dyqy
2

t0]TnqW5@ ē2La~q22qc
2!22Dqy

2#nqW

2E
c
dkWE

c
dkW8wa~$1W q%!nqW 2kW2kW8nkWnkW81•••,

~38!

whereLa5t0 /qc
2 , D5(12dy)/(11A2), and
x-
rst
-
e
d,

er

wa5
u

q8 S i , jEi j ~$1W q%!1t0xS x1
dh

ec
D

3
~qxkx1dyqyky!@~q2k!xkx81dy~q2k!yky8#

k2k82@11~q2k!x
21dy~q2k!y

2#
.

~39!

Linear terms favor one-dimensional modulations withqx
5qc and qy50, while nonlinear terms favor square pla
form. Effectively, in this case also,g(c) is minimum forc
5p/2 and g(p/2).2un/(11u)!1, sincen!1 for such
films. Pattern selection may thus be studied with amplitu
equations for modulations alongx and y directions.29 For
uniform amplitudes, one has

nqW}A~T!eiqcx1A* ~T!e2 iqcx1B~T!eiqcy

1B* ~T!e2 iqcy1•••

t0]TA5 ēA2w0AF uAu21gS p

2 D uBu2G1•••

t0]TB5@ ē2Dqc
2#A2w0BF uBu21gS p

2 D uAu2G1••• .

~40!

From these equations, it results that gratings perpendicula
the x direction and of amplitudeuAgu25 ē (B50) are stable
4-7
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in the domain 0, ē,Dqc
2/(12g).1 or (11A2)2.5.8

,m(C1 /T11C2 /T2)<11.6. For ē.Dqc
2/(12g), one-

dimensional gratings become unstable versus square pat
of amplitudeuAsu25uBsu25 ē/(11g).

For nonparallel orientation of the electric field~e.g., for
arbitraryu such thatdx.dy), gratings perpendicular to thex
direction ~2551554 bonds! are still selected at instability
but their stability domain 0, ē,Dqc

2/(12g).1 is reduced,
sinceD(u,p/4)}dx2dy,D(0). For p/4,u,3p/4, grat-
ings perpendicular to they direction~3551555 bonds! are
selected at threshold.

Although adhesive forces lower instability thresholds,
discussed previously, they do not affect qualitatively patt
selection and stability. Effectively, they do not modify th
angular dependence of nonlinear couplings, as it may ea
be seen, for example, in the anisotropic case, where one

wadh5
uq4

~q41K̄ !3
S i , jEi j ~$1W q%!1t0xS x1

dh

ec
D

3
~qxkx1dyqyky!@~q2k!xkx81dy~q2k!yky8#k2k82

~k41K̄ !~k841K̄ !@11~q2k!x
21dy~q2k!y

2#
.

Previous results remain also qualitatively valid for no
normal irradiation (aÞ0), since, althoughdx anddy explic-
itely depend ona and u, the sign ofdx2dy , which deter-
mines the orientation of the gratings selected at instabi
only depends on the angleu between the projection of th
electric field and atomic bonds on the surface plane~100!.
However, the stability range of these gratings explicitely d
pends ondx2dy and thus ona. In the limiting case of irra-
diation parallel to the surface, theu dependence of diffusion
constants vanishes. The system becomes isotropic, irres
tive of the in-plane irradiation orientation, and two
dimensional cellular deformation patterns should be selec

V. COMPARISON WITH EXPERIMENTS

The results of experimental studies of laser irradiation
single crystal silicon wafers have been reported in Re
17,18. On increasing laser intensity in normal irradiation,
following succession of patterns has been reported. Belo
threshold corresponding to laser fluence of 8.5 J cm22 ~for
an Nd-YAG laser providing 1.6 ms pulses of polarized rad
tion at l51.06 mm), no surface deformation has been o
served. Above this threshold, two-dimensional cellular str
tures, with no dependence of the orientation of this struct
on laser polarization, have been observed. For a further
crease of the laser intensity, the authors report observatio
structures depending on the relative orientation of the po
ization vector of the laser beam and crystallographic ax
When the electric field is oriented along one of the crys
lographic axes, one-dimensional gratings perpendicula
this axis, with a periodl1 of the order of 3mm, is formed at
the film surface. When the electric field is oriented at
angle of 45° with respect to the crystallographic axis, tw
dimensional gratings perpendicular to the crystallograp
axis are formed, with the same period.
15530
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When the incident laser beam is not normal to the surfa
a similar succession of structures as the ones described a
has been observed. However, in addition to the structu
described previously, new gratings, with wavelength,l2, de-
pending on the incidence angle, and perpendicular to
electric field were observed. The wavelength variation l
l25l/(12sina) suggests that these structures corresp
to interferential gratings19 and are out of the scope of th
present study. One should note, however, that the con
between deformational and interferential gratings decrea
when the incidence angle increases. It indicates that the
plitude of deformational patterns decreases for increasinga.

Several of these observations are in agreement with
findings. The dynamical model studied in this paper pred
the formation of laser induced deformation patterns on
film surface above a well-defined threshold. When the in
action between the electric field and atomic bonds is we
the system is isotropic and two-dimensional cellular patte
with no definite orientation have been predicted and stud
in Ref. 9. For a sufficiently intense electric field so as
break covalent bonds, orientational effects appear. In
case, when the field is parallel to one of the crystallograp
axes, one-dimensional gratings perpendicular to it are p
dicted. Nevertheless, on increasing the irradiation intens
one-dimensional gratings should become unstable ve
two-dimensional orthogonal gratings. This effect has n
been reported yet although such two-dimensional grati
have been observed when the electric field is oriented a
angle of 45° with respect to the@110# crystallographic axis,
in agreement with our analysis. For increasing inciden
angles, our analysis does not predict qualitative changes
pattern selection, in agreement with experimental obse
tions. The observed decrease in pattern amplitude could
respond to the predicted increase of the critical defect d
sity.

Adhesion forces are expected to stabilize undeformed
faces and could even be able to suppress deformationa
stabilities. Unfortunately, and to our knowledge, no syste
atic experimental analysis of adhesion effects is availa
Quantitative predictions may easily be obtained regard
the minimum level of adhesion force required to stabilize
deformation of the thin film, but more systematic experime
tal studies are needed to allow for detailed comparisons w
this theory, especially in the presence of adhesive forces

In physical variables, the deformation instability thresho
for weakly adherent films is given by

ec5
6muv

2D it

rc2h2k
S C1

T1
1

C2

T2
DU

c

.5.8. ~41!

Comparing to the experimental conditions of Ref. 18, t
corresponds to a vacancy density of the order ofC1.5
31018 cm23, or a film top surface temperatureT1 of about
1000 K (.0.7Tm). This temperature is given by9

T1.
I 0~12R!h

k
, ~42!
4-8
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whereI 0 is the laser power density,R the surface reflectivity,
and k the thermal conductivity. In the case of Si, whereR
.0.3, k.0.1 W/cm K, andh50.01 cm, this temperatur
corresponds to a laser power of the order of 104 W/cm2. For
the laser used in Ref. 18 with pulses of 1.6 ms, this co
sponds to a critical laser energy density of the order of
J/cm2, which is in the range of fluences where deformati
patterns have been experimentally observed.18

It is interesting to note that if one considers SiC sing
crystals, it has higher reflectivity, thermal conductivity a
melting point as compared to Si. If one uses the value ok
.4.9 W/cm K for SiC, the predicted critical laser ener
density that is necessary to induce surface deformationa
stabilities would be at least 200 J/cm2. Therefore, and ac
cording to the present model, SiC is expected to be con
erably more resistant to laser damage than Si.

As far as adhesive forces are concerned, one can see
Fig. 7 that adhesive forces with scaled stiffness constan
the order of 2 would suppress the deformation instability
e57.5.ec . This implies that the corresponding unscal
stiffness constant isK5rc2h3/6D i

2t2.1010 MPa/m. For a
film-substrate separation distance of the order of a lat
constant, this stiffness would correspond to adhesive fo
of the order of 25 MPa.

FIG. 7. Adhesion bonding stiffnessK̄, necessary to suppress th
surface deformation instability, as a function of the bifurcation p
rametere.
ell

v.

ay

.
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VI. CONCLUSIONS

The study of laser induced deformation patterns in t
films has been performed in the case of covalent solid fi
with varying degrees of adhesion with the substrate. In t
case, the interaction between the electric field and cova
bonds may lift the orientational degeneracy of unsta
modes since their linear growth rate becomes dependen
the electric field orientation relative to crystallographic dire
tions.

However, pattern symmetry, selection and stability d
pends on the interplay between linear growth rates and n
linear couplings between unstable modes. In the pres
case, linear anisotropy induced by bond breaking favors
formation of one-directional gratings while nonlinear term
favor two-dimensional cellular patterns. The results of p
tern selection analysis have been compared to experime
observations. The following significant conclusions from t
present analysis are obtained.

~1! Adhesion forces reduce linear growth rates of unsta
modes, and may even suppress instability when they are
ficiently strong.

~2! For weak electric fields, which are not sufficient
induce bond breaking, two-dimensional patterns without p
ferred orientation are formed.

~3! For strong electric fields, bond breaking increases
defect mobility along ^110& directions. One-dimensiona
gratings perpendicular to these directions develop in
weakly nonlinear regime. For stronger nonlinearities, th
gratings should transform to two-dimensional gratings w
specific orientations.

~4! Deformation patterns depend only quantitatively
the incidence angle of the laser radiation with respect to
film surface.

~5! As a result of its higher thermal conductivity, refle
tivity and melting point as compared to Si, the LIDT fo
deformational surface instabilities in SiC is predicted to
considerably higher than the Si case, and may be in exce
200 J/cm2.
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