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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/cm
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I. INTRODUCTION The type of lattice defects depends on photon energy, wave-

length of laser radiation, and materials parameters. Examples

Many irreversible structural and morphological changesof such defects are electron-hole pairs in strongly absorbing

in materials interacting with strong laser beams of energyemiconductors, interstitials and vacancies in thin films, and
densityF<F,,, whereF,, is the melting threshold, are ex- Voids and dislocation loops in prolonged irradiation. It is the
perimentally observed. Recent experimental investigation§oupling between defect generation, diffusion and the defor-

degradation of light-emitting devicésumulative laser dam- result, the dynamical description of such phenomena should

age to optical componentsjonuniform melting of semicon- P€ based on the dynamics of the defect filidin the thin
ductor surfaces, ultrafast laser-induced phase transftidns film and the elastic continuum of the host material described

and various material restructuring phenomena in the materifgy th_e displacement ve<_:t_dﬂ(r,t)=(ux Uy ’.UZ) W.'th ap-
processing fiel§~® The time of laser-matter interaction, propriate boundary conditions, both dynamics being coupled

. . . .. through the defect-strain interaction. Various types of defect
which results in permanent structural changes in materials

can vary from tens of picoseconds to minutes, depending OStructures may be induced by such dynamical systems. For

i : Pl terial dii dl radiati Qxample, in the case of thin films under laser irradiation,
€ value ofr, matérial condiions, and laser irradiation regular deformation patterns may appear on the film surface

mode. These changes are desirable in some technologicghen the aser intensity exceeds some threshold. In spatially
applicationse.g., material processingor undesirable in oth- - gytended irradiation zones, one- and two-dimensional grat-
ers(as in laser reflective mirrorsLaser induced instabilities ings have been widely observ&f®

coatings, semiconductor surfaces, cumulative laser induceg substrate, which is modeled by a thin horizontal crystalline
damage(LID) of optical components, efc!'~**Laser an-  |ayer subjected to a transverse laser beam. The geometry of
nealing and laser assisted thin film deposition processes alshe corresponding setup is represented in Fig. 1. Due to laser-
provide numerous examples of such instabilifredJnder

conditions of interband absorption, semiconductors form de- Laser irradiation field

fect centers already at laser energy densities (0.05
—0.1)F,,.® Their formation mechanisms are not completely \ \\ \ \ \
determined, but include heating, acoustic deformation anc thin film +Z [100]

local electronic excitation of the subsurface layer. In many
cases, one may observe the formation of regular structures o
the surface of the material, and laser-surface interaction is
evidently at the origin of such patterning phenomena.

A common instability mechanism in laser irradiated ma-
terials results from the coupling between defect dynamic
and surface deformatio. The interaction of electromag-
netic laser radiation with thin films leads to very strong ab-
sorption of photon energy in a shallow layer that is a few FIG. 1. Geometry of the thin film-substrate system subjected to
wavelengths deep from the surface. As a result, substantial uniform laser beam, showing a schematic illustration of the pro-
nonequilibrium concentration of lattice defects are generatechosed surface deformation mechanism.

substrate
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induced thermal heating, an increased vacancy density is crés suppress the surface deformation instability, under given
ated in the subsurface layer. The corresponding transversgadiation conditions.

vacancy density profile results in a body force on the film Hence, this paper is devoted to the study the influence of
which may induce bending deformation. Even under uniformfilm crystalline anisotropy and film-substrate adhesion ef-

irradiation, this system may become unstable versus nonunfects on laser induced deformation patterns on semiconduc-
form deformations or vacancy density variations. Physicallyfors surfaces. This study is performed within the framework

a local increase in the vacancy density generates lattice coRf the dynamical model analyzed in Ref. 9, where unsup-

traction in the film. This contraction has two effects: it lo- Ported, or weakly adherent, isotropic films were considered.

cally reduces the defect formation energy, and, furthermorel "€ dynamical model and instability conditions for aniso-

induces a converging defect flux. As a result, both film contropic films on substrates are presented in Secs. Il and Il

traction and local defect density will increase. On the othef”0St-bifurcation pattern selection and stability are discussed
hand, a deformation bump in the film locally decreases thd" S€c- IV, where a comparison with experimental observa-
defect density. It furthermore increases the defect formatio§ONS 1S @lso considered. Finally, conclusions are drawn in
energy and induces an outgoing defect flux. In this case, gec- V1.

deformation bump will increase while the defect density will

decrease. There is thus a feedback loop between local defor- Il. THE DYNAMICAL MODEL

mation and defect density variations, which provides a desta-
bilizing mechanism for uniform deformations. However, va-

cancy diffusion tends to wash out nonuniformities in the;. . jiaseq by laser light incident on the surface. Its aspect
system and_ _prowdes a _stablllzmg mechanism for unncorrT}atio is large, i.e., the lateral dimensiofsorresponding to

defect dens_mes. Instabl]lty oceurs when the fee_dbgck IOOQhex andy directiong are much larger than the thickness, as
effects dominate over diffusio. The growth of this insta- can be seen in Fig. 1. Its dynamics is governed by coupled

il s iied byt e e 1 o comes 0L s o sy deaand s e
the deformation. The second gne results from vgacanc Od plane transverse deflectigit” The kinetic equation for va-
: y ecancy density may be written as

namics, where the extra defect flux induced by surface de-
formation is proportional to the vacancy density. Conse-

Consider a covalent semiconductor film, such as Si, with
its surface oriented alon@00 planes, of thicknesh, and

. ; L= c -.6DC. .
quently, defect fluxes from regions of decreasing defect #C=V|DV|C— —=+V,—=V(VU)
density decrease accordingly in a feedback process which T kT
thus limits defect localization. E.—0.YU
All these aspects have been analyzed elsewhere, and as- +g ex;{ - f—“} (1)
sembled in a full dynamical model, able to describe the main kT

features of deformation patterning under laser irradiatith. whereC=C(x.y.z.t), v)H:in)x—’—Vyi)yu andIS“ is the diffu-

This model is based on the following, sion tensor along the surface. Diffusion along #atirection
(i) A nonuniform laser-induced temperature field across ng " . ep 9
the film. Is neglected, since “bulk” diffusion is much slower than sur-

(ii) The evolution of vacancy density in strained crystals,face,k-)d'ﬁzfz'on (n usual 7leoxper|£r71elg1tal cor.1d|t|oneDHr
including generation and transport. =107 ont and [f,[=10""" erg. "™ The displacement

(i ) The deformation of a thin film in the presence of avectorD and the deflection of the film’'s neutral surfagare
nonuniform vacancy density. Pattern formation under exJelated by
tended and focused irradiation has already been described S .
elsewhere, in the framework of this modéf*'However, in V-U=-zmA¢, v

these papers, defect generation and transport have been Cisye , js the vertical distance away from the neutral surface
sidered as isotropic, which is not applicable for crystals W|thm:(1_2V)/(1_ v), wherev is Poisson's coefficient. The

strong covalent bonding. For example, deformation patteméquilibrium equation for film bending in the presence of a

form_ed on Si surfaces de_pend on the Iz_aser field_ orientation iﬂansverse vacancy density gradient and a film-substrate ad-
relation to crystallographic axe8:'**"This effect is of prac- | ocion force may be written as

tical importance, since the corresponding defect accumula-
tion induces a local decrease in the melting temperature, and c2h2 c? 6 F(&)
can also influence the laser induced damage threshold d7¢+ EAZS— Ecrij&ﬁ-§= —;](C+—C_)+ 0
(LIDT).22:23 P ph 3
Another effect that may be of importance for deformation ®
patterns on semiconductor films is the adhesion between thehereC..=C(x,y,*h/2}t) and F(¢) is the adhesive force
film and its substrate, which may stabilize the film and op-per surface unit, between film and substrate. The force of
pose the development of deformation patterns. It would thuadhesion between the bottom surface of the film and the top
be important to determine, for a given film-substrate systentayer will be represented by the universal bonding curve,
with given adhesive forces, what irradiation intensity isusually invoked in process zone fracture modéi€® Figure
needed to induce instability. On the other hand, it would be2 shows a schematic representation of the universal bonding
interesting to know what adhesive force levels are requiredurve, where the restoring force per unit area on the film’s
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FIG. 2. The universal bonding curve for adhesion between the
thin film and substrate. For small film displacements, the force-
displacement relationship can be assumed to be linear.

bottom surface i (£). Since the film’s instability threshold
is governed by the small displacement part of B{€&) func-
tion, we will approximate it here as(¢)=— K¢, whereK is
the adhesive bond stiffness constant.
Furthermore, the in-plane stress tensor components are

related to the film’s transverse deflectigras’”’ H
Uxxz[(‘yxf)z‘l'V(ﬂyg)z]u (4)
ayy=[(3y€)*+ v(3x)], (5)
FIG. 3. Si crystal structure showing orientational relationships
Oy™=— 2(1— v)(z?x§)(c9y§). (6) between the electric field and bond vectors.
Re,fAllg kinetic coefficients and parameters are defined in Co(z)zcﬂexr{ y( ,_ g) } )

IIl. INSTABILITY OF UNDEFORMED STATES where C% =grexf —E¢/kT.], when y\D,7<1, with y
=E;AT/KT2h . This gives
A. Unsupported or weakly adherent films

Let us consider the ideal situation of horizontally uniform C%hi2)=cY, C%-h2)=Ccl%e ™=Cc%. (10
irradiation of the film surface, which may adequately repre-
sent the case of thin films irradiated over a large areawy The stability of the undeformed reference state versus

or a pulsed laser source. We will furthermore assume that thepatial perturbations in the horizontal plane may be per-
adhesive forces are negligible, and that the temperature préermed by studying the linear evolution of small perturba-
file has reached its equilibrium condition, or that its evolu-tions of the undeformed state. Such perturbations are defined
tion is sufficiently slow, as compared to vacancy generationgs n(F,z,t):C(F,z,t)—CO(z) or, in particular, n+(F,t)

to consider it as quasistationary. In the absence of deforma;c —C® andn_(ft)=C_—C° exd—

tion, the equilibrium vacancy density profi@°(z) is then U ~(r)=C_—C.. exd .

. . Before deriving linear evolution equations for these per-
the solution of the steady state equation

turbations, let us propose explicit expressions for vacancy
diffusion appropriate to the case of covalent semiconductors
. @ such as Si and SiC. Consider that th€0 surface of a Si or
SiC film is irradiated with a linearly polarized laser field with
its electric field making an angle with the surface. Thus,
Hence, the transverse variation of the defect density folthe Poynting vector makes an angbe= 7/2— « with the
lows the temperature variation across the film. Let us consurface, and when irradiation has normal incidence, the elec-
sider strong absorbing layers such that the linear dimensiotric field is parallel to it. Since the interaction between the
of the irradiated domain is much larger than the film thick- electric field and atomic bonds depends on their relative ori-
ness. The temperature profile across the film may then bentation, one has to analyze how this can affect surface de-

E¢
kT(z)

1
9,C0=— ;C°+g exp{ -

approximated by formation. First, let us recall that Si and SiC are covalent
semiconductors, which crystallize in the same structure as
T, —-T_ h diamond, i.e., into a structure formed by two interpenetrating

T=T,+ T(Z_ E) (8 fcc lattices, as represented in Fig. 3.

One sees that there are two families of covalent bonds,
with —h/2<z<h/2, and wherd . andT_ are the tempera- Which are parallel t¢110) planes(1==4 and }=2 bonds
tures of upper and lower surfaces, respectively, @4¢z) and (110) planeg1==3 and ==5 bonds, respectively. It
behaves as is known from the study of elementary molecular bonds such
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—(Eal4/3) (sina+ 2 cosasing) and —(Ea/43)(sina
—+/2 cosasin #), respectively.

412

FIG. 4. Coordinate system for the computation of the interaction
forces between the electric field and covalent bonds in a Si or SiC
elementary cell.

as in H, or H,O, that the electric field may induce electronic
transitions from lower bonding states to upper antibonding
states, which effectively corresponds to bond breaking. The
interaction force between atomic bonds and the electric field
is proportional to the projection of the electric field on the
atomic bond direction. On extending this result to Si and SiC
covalent bonds, the force constant of the bond is reduced b
a factor proportional to cég, where¢ is the angle between
the electric field and the atomic boRd.

This affects point defect generation and motion in the
material. Effectively, if a point defect is present in the vicin-
ity of one of these bonds, its jump probability from one
equilibrium state to another, via a saddle point, may be ex-
pressed as follows, in the absence of irradiation, for a jump
in the 4==1==2 direction

H
P412<0>o<exrr(k—“;), 11

whereH,, is proportional to the force constant of thee41
atomic bond[in fact, without irradiation,P,;0)=P,;40)

= P3150)=P5140)=P(0)].
Under irradiation, this probability increases to
9E2cog ¢

kT ) (12

PuAE)= P<0)exp(

where ¥ is a proportionality factor, which depends on the
microscopic properties of the bond. Let us now compute the

As a result, the corresponding jump probabilities become

2

PuAE)= P(O)ex;{%(sinzaﬂL 2 coa cosh

2 sin 2 cosé) |,

2
(sirfa+2 coga cosl

i E
P, (E)= P(O)exr{i_l_

2 sin 2« cosf) |,

2

P E)= P(O)exp{ Ti (sifPa+2 coda sing

2sin2asind) |,

2

PaygE)= P(O)ex;{ Tﬁ (sifPa+2 coda sird

2sin2asing) |, (13

\X/herem (a?/48)9, a being the Si or SiC lattice constant.

For normal irradiatiorw=0 and

2
——cog4|,

. - 2wE
P41AE)=P214{E)=P(0)ex 3kT

N - 2wE?
Psid E)=Ps1d E)=P(0)exg ——=-sirfd|. (14
3KT
The in-plane diffusion flux can be written as
j=D,%1+D,V1,, (15)

whereD,=Ddy, Dy=Dyd,, with D P, ex2wEY/3kT]
and

2wE?
dX=exp{— 3T smza},
d,= ZWEZ g 1
y=€x 3T ———C0S 6|, (16)

various jump probabilities for electric fields making an angleywhere cog=(1,-E)/|E| and sing= (1 -E)/|E].

a with (100) planes andd with (110 planes, within the
coordinate system defined in F|g 4. The electric field may
be writen as E=E sinal,+Ecosacos(3m4+6)1,

+E cosa sin(3m/4+ 0)1y. Hence, the scalar products between
the electric field and #=2 and X&=4 bonds are
(Ea/43)(sina— 2 cosacosd) and (Ea/4y3)(sina
++/2 cosa cosd), respectively. Similarly, the scalar products
between the electric field and=E=3 and &==5 bonds are
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JrN=(d,V2+d, VHN—N— 7(dVZ+d, Vi +1)AL

N=u(n +n_), n=u(n —n_),

cC. C_
Sr oo
T, T

c, C._

T, T_

E=p : 71=M( (17

the dynamical model becomes

—[dV(xn+ N)V, +d,V,(xn+ 6N)V, JA,
(18)

(9Tn = (dXV)Z(—F dst

)n—n—e(d,Vi+d,Vi+1)AL
—[d Vi XN+ 6n)V, +d, V,(xN+ 6n) V,JA¢,

(19

1 —
W%F—A%uoij(z)ﬁﬁ (—n+FQ), (20
where u=6(2kDj7/m|6,|h?)?, and where x=(T.
+T )/(2T, . T_) ands=(T, —T_)/(2T,.T_).

The linear evolution matrix of the coupled deformation-

defect system is then, in the absence of adhesive forces

[F({)=0] and in the Fourier space

?w2+54 1 0
€q?(Q(0)2—1) w+1+Q(h)? 0 ’
897(Q(6)%—1] 0 w+1+Q(0)?

(21)

Wherea is the dimensionless wave number, aaw)2

=dxa)2(+dya§. The corresponding characteristic equation
writes

[w+1+Q(6)?]

[w+1+6(0)2][(%w2+a4

—eq?[Q(6)%2-1]|=0. (22)

Since in realistic experimental conditior(se., elastic
waves are much faster than diffusional transport
~10° cms !, h=<10"% cm, andD=10"° cn?s !, one
hasB>1, and the relevant root for instability is

Q(#)2-1
ETZ

—[1+Q(6)7]. (23)

w1=

Hence,e plays the role of a bifurcation parameter, and the

instability threshold is given by the minimum of the marginal
stability curve

,Q(0)%+1

= W . (24)
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This threshold depends on the relative orientation of the laser
electrical field with respect to the crystal axis. Effectively,
when E||Z,, d,=1>d,=exd—2wE¥3KT], and instability
occurs at
ec=(1+2)°=538, 0,=0c(0), dc=éc,

(29
whereq is the scaled wave number. The corresponding un-
scaled wavelength is thus

ay=0,

27T\/DHT

)\C(O): Eél:'IA

(26)

In fact \/D_”T is the vacancy mean free path in the subsurface
layer and is of the order of half the laser wavelength. Hence,
for 1 uwm laser irradiation, one finds a critical wavelength of
the order of 3 um, in agreement with experimental
observations!

WhenE|1,, d,=1>d,=exd—2wE%3kT], and one has

€.=(1+/2)2=5.8, di=e,

(27)

qyqu(O), 0x=0,
and(7/2)=14(0).
On the other hand, whel makes a 45° angle with,Jand

iy, dX:dy:exq—mE2/3k'l']<1, and the problem becomes
isotropic. As a result,

(1+ \/5)2 A e\ 14
€= d ) dc 4 = EC (29)
and the corresponding wavelength is equal to
T d 1/4
)\C(Z) :)\C(O)<6—C> . (29)

It is therefore apparent that, in systems where the laser
electric field is parallel to one of the crystallographic axes,
modes with wave vectors parallel to it are linearly selected.
This leads to the growth of one-dimensional gratings perpen-
dicular to the corresponding crystallographic axis. However,
nonlinear analysis beyond instability is necessary to deter-
mine the stability of such patterns. It is also important to
emphasize, for comparison with experimental observations,
that, although the instability threshold is sensitive to irradia-
tion beam orientation, the critical wavelength is only weakly
sensitive to it.

For a#0, the situation is qualitatively the same
but quantitatively different. For example,D(«)

x Py exd (wEY3KkT)(1+cosa)|<Dy(0), and  dy(a,6)
=exf — (2wE%3kT) coasirtd] [dy(«,0)=1], dy(a,0)
=exf — (2wE%3kT)codacosd] [d,(a,7/2)=1], which
implies that the corresponding instability thresheld«) is
higher than for normal irradiatiorg:(a) > €,(0). As aresult
instability requires higher energy irradiation, and should re-
sult in lower amplitude patterns.

In systems where the laser electric field is oriented at 45°
with the crystallographic axis, linear terms are spatially iso-
tropic. In this case, there is an orientational degeneracy in the
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£=8

15

P unstable

30 q
FIG. 5. Effect of adhesive forces on the linear growth rate of stable
unstable modes. It is observed that, even above instab#ity8(,
=5.8), the linear growth rate becomes negative forcalfor TE 5 75 3
sufficiently high adhesion. Clc q

problem, since the linear growth rate of the unstable modes FIG. 6. Marginal stability curves for increasing values of adhe-
only depend ong?. Furthermore, the critical wavelength sion intensityK, showing an increase of the instability threshold,
should be slightly smaller than in the previous case. Undeand hence stabilization of the undeformed film surface for increas-
these conditions, all unstable modes with any orientatioring adhesion.

may equally grow. The survivors, and of course the final

selected patterns are then determined by their nonlinear ininear growth rate becomes negative for increasing adhesive
teractions. Hence, the nonlinear saturation terms of the dyforce stiffness. The increase of marginal stability curve, in-
namics will determine which structure should be selectedstability threshold and critical wave number with adhesion
and what its stability domain should be. This study is per-intensity is shown on Fig. 6.

formed in Sec. IV. On the other hand, unstable modes, with critical wave
numberq.= e, are stabilized foK>e— .. More gener-
B. Effect of adhesive forces on the instability threshold ally, for any e>e¢., instability is suppressed, and unde-

Adhesion between film and substrate may be modeled bjormed surfaces remain stable, for well defined valueK of
a system of springs acting between every film-substrate atora K(e), as shown in Fig. 6.
pair. The corresponding force is thus proportional to the
transverse film deflectiod, the proportionality coefficient
representing the stiffness of the adhesion bond. Such forces
vanish beyond some cutoff value §f where the film sepa-
rates from the substrate, as can be seen schematically in Fig. |n the weakly nonlinear regime beyond a pattern forming
2. Since we are considering situations where the system igstability, the dynamics may be reduced to the evolution of
close to instability, we are dealing with small deformation an order parameterlike variable which corresponds to the un-
profiles only, and we may thus assume the film-substratgtable mode$® This reduction may be performed in the
adhesive forces to be in the linear regime. Equat®h may  framework of the adiabatic elimination of the stable motfes.

IV. WEAKLY NONLINEAR ANALYSIS
AND PATTERN SELECTION

thus be written as In the present case, one is the total mean defect deNsity
which is the eigenmode corresponding to the eigenvalue
! (7T§— — A2+ uglj(g) [—n—K¢, (30) =—[1+Q(6)?] of the linear evolution matrix. The second

,3 one is the transverse displacement of the midplanbat

— 2 9, 2.3 ... Mmay also be adiabatically eliminated since the characteristic
whereK = (12D7*/pc"h*)K, and the relevant rootfor insta- 00 seaje of its evolutions is negligably small. These two

bility becomes variables may thus be expressed, in Fourier transform, as a
series expansion in powers of
—, Q(0)*—1

=eq®.~=—=—[1+Q()2]. (31)
q K A. Isotropic surface deformation patterns

It is easy to see that adhesive forces stabilize the system, When the electric field is oriented at 45° with atomic
and may even suppress instability, as shown on Fig. 5, whergonds Q(a)z—dq and the system behaves isotropically. In
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this case, one recovers, in the absence of adhesive forcegereq,=q.(/4). It has been fourtdthat, for sufficiently

(K=0) the situation described in Ref. 9, where the evolutionthin films, selected patterns correspond to square or hexago-

equation for an order parameter suchngss, in the weakly —nal planforms. Hexagons exist and are stable in the rdnge

nonlinear regime around the instability

UZ

_ o - SoT<€ (34)
ToﬂTna=[e—A(q2_q§)2]nd+uchk(lq-1k)n&_gn|2 16\N0 1+2’G}'(?)
o _ where
- dkfdk’w 1 Dng_i—pngng +-- -,
L . ({1gh)Ng—k—kNkng L o? (+577)
(32 WO ge T T adg X X T,
where 7,=(2+2)7%, e=(e—e)le;, A=mldq}, v B on\[—  2d?
=7o(0+ xl€c) and =ToX X+6_C u+—21+4dq0 (35
u - on\ - - with
w= ?Ei,jEij({lq})"_ToX Xt (14- 1) ,
0 ¢ — 12 [ 2kTDy7 -
L d? U T o16,|n?
X[(Tq= Tl ——s—————, (39 0%\ gl 6|
1+2qu[1_(1q1k)] and
|
402 cof()/[(1+2dg2)?— 4dgd cof() ]+ u[2v+2(1— v)co()]
y()= : (37)

2/(1+4dgd) +u

On the other hand, squares exist for al-0, but are
unstable versus hexagons in the rangee=e,,, with

2 (Gkx+dyayky)[ (q—K) <k} +dy(q—K)yk/ ]
k%K' 1+ (q—k)+dy(a—k)7]

u - on
Wa:?zi,jEij({lq})"‘ ToX| X+~

C

v
T oW y(27/3) + y(76)]

(39
Both patterns are simultaneously stable éor ey, .

Hence, since squares are unstable close to instability, hex- Linear terms favor one-dimensional modulations with
agonal deformation patterns should always be observed firstdc and d,=0, while nonlinear terms favor square plan-
for a steady increase of laser intensity. For “quench” experi-form. Effectively, in this case alsoy(¢) is minimum for ¢
ments, i.e., when laser irradiation is initiated suddenly in the= 7/2 and y(7/2)=2uv/(1+u)<1, sincev<1 for such

rangee> ¢, either squares or hexagons could be selecteof,”ms- _Pattern selection_ may thus be stud_ied \_/vith amplitude
as a result of their bistability. équations for modulations along and y directions?® For

uniform amplitudes, one has

B. Anisotropic surface deformation patterns ndocA(T)eiqcx+A* (T)e—iqcx+ B(T)eiqcy

When the electric field is parallel to one of the crystallo-

. . , , +B*(T)e Y+ ..
graphic axes, the system behaves anisotropically. Consider (M

now the case wherg||L, d,=1>d,, andQ?*=q;+d,q’ B -
ToaTA:EA_W0A|:|A|2+’)/ E>|B|2 + .-
70dNg=[e~Ax(0?— 2>~ Ag;]ng
[ diw i1 ro0rB=[e—AQZIA—WoB| [B|2+ | = | |A[2|+ - -
- cdk cdk Wa({1gh)Ng_k—kNNgr + - - -, 0’1 c 0 Y3 .

(40)
(39)

From these equations, it results that gratings perpendicular to

whereA = 7o/qZ, A=(1—d,)/(1+2), and the x direction and of amplitudéA,|?= € (B=0) are stable
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in the domain G<e<Aq%/(1—y)=1 or (1+2)?=5.8 When the incident laser beam is not normal to the surface,
<u(C, /T, +C_/T_)=116. For e>Ag(1—7), one- a similar succession of structures as th(_a_ones described above
dimensional gratings become unstable versus square pattEIJI:%S b_een obsgrved. However_, n ad_dmon to the structures
) 5 y — déscribed previously, new gratings, with wavelength, de-
of amplitude|As|*=|Bs|*= €/(1+ 7). o pending on the incidence angle, and perpendicular to the
For nonparallel orientation of the electric field.g., for  gjectric field were observed. The wavelength variation law
arbitrary ¢ such that,>dy), gratings perpendicular to the )~ _ /(1 —sina) suggests that these structures correspond
direction(2==1==4 bonds are still selected at instability, 5 jnterferential grating$ and are out of the scope of the
but their stability domain &.e<AqZ/(1—y)=1 is reduced, present study. One should note, however, that the contrast
since A(§<m/4)>dy,—d,<A(0). For m/A<§<3m/4, grat-  between deformational and interferential gratings decreases
ings perpendicular to thedirection(3==1==5 bondg are  when the incidence angle increases. It indicates that the am-
selected at threshold. plitude of deformational patterns decreases for increasing
Although adhesive forces lower instability thresholds, as  Several of these observations are in agreement with our
discussed previously, they do not affect qualitatively patterrfindings. The dynamical model studied in this paper predicts
selection and stability. Effectively, they do not modify the the formation of laser induced deformation patterns on the
angular dependence of nonlinear couplings, as it may easilfim surface above a well-defined threshold. When the inter-
be seen, for example, in the anisotropic case, where one hagtion between the electric field and atomic bonds is weak,
the system is isotropic and two-dimensional cellular patterns
with no definite orientation have been predicted and studied
in Ref. 9. For a sufficiently intense electric field so as to
break covalent bonds, orientational effects appear. In this
(axkg+dyayky)[(q—K)ckyg+dy(q— k)yk)’,]kzk’2 case, when the field is parallel to one of the crystallographic
1 o1 2 2 axes, one-dimensional gratings perpendicular to it are pre-
(K+K) (K KL+ (g=k)i+dy(q=k)y] dicted. Nevertheless, on increasing the irradiation intensity,
one-dimensional gratings should become unstable versus

normal irradiation ¢#0), since, althougl, andd, explic- two-dimensional orthogonal gratings. This effect has not

itely depend on and ¢, the sign ofd,—d,, which deter- been reported yet although such tvv_o-o_lime_nsiorjal gratings
mines the orientation of the gratings selected at instability,have been ?bs.erved when the eleciric field is orlgnted. atan
only depends on the angie between the projection of the angle of 45° with respect to the10] crystallographic axis,

in agreement with our analysis. For increasing incidence

electric field and atomic bonds on the surface pléhg0). . . e

However, the stability range of these gratings explicitely de_angles, our ar]alys_ls does not pred_lct q“a"t".i“"e changes for

pends ond, —d, and thus om. In the limiting case of irra- pattern selection, in agreement with experimental observa-
X At ' tions. The observed decrease in pattern amplitude could cor-

diation parallel to the surface, thedependence of diffusion d 10 th dicted | £ th itical defect d
constants vanishes. The system becomes isotropic, irrespJ@—Spon 0 the predicted increase of Ihe critical detect den-

tive of the in-plane irradiation orientation, and two- Sty

dimensional cellular deformation patterns should be selecteqac'gghae:éochglrgesvz:]e sg%%ﬁ;egot(;j;%?g'szse 32%?2;?525%1

V. COMPARISON WITH EXPERIMENTS stabilities. Unfortunately, and to our knowledge, no system-
' atic experimental analysis of adhesion effects is available.
The results of experimental studies of laser irradiation ofQuantitative predictions may easily be obtained regarding
single crystal silicon wafers have been reported in Refsthe minimum level of adhesion force required to stabilize the
17,18. On increasing laser intensity in normal irradiation, thedeformation of the thin film, but more systematic experimen-
following succession of patterns has been reported. Below &l studies are needed to allow for detailed comparisons with
threshold corresponding to laser fluence of 8.5 J&rfor  this theory, especially in the presence of adhesive forces.
an Nd_YAG |aser providing 1.6 ms pu|ses Of po'arized radia_ In phySICal Vanables, the defOI’matIOI’l InStabI|Ity thl’esh0|d
tion atA=1.06 wm), no surface deformation has been ob-for weakly adherent films is given by
served. Above this threshold, two-dimensional cellular struc-

4

uqg .
w =—_Ei Ei ({10 +
adh (q4+K)3 J J({ q}) ToX

1)
x+—77
€c

Previous results remain also qualitatively valid for non-

tures, with no dependence of the orientation of this structure 6m02DH7- c., C_
on laser polarization, have been observed. For a further in- °:#<T_+ T_> =5.8. (41)
crease of the laser intensity, the authors report observation of pc°hok + e

structures depending on the relative orientation of the polar-

ization vector of the laser beam and crystallographic axes. Comparing to the experimental conditions of Ref. 18, this

When the electric field is oriented along one of the CrySta"corresponds to a vacancy density of the orderCaf=5

lographic axes, one-dimensional gratings perpendicular tQ, 1018 cm 3, or a film top surface temperatufe. of about

this axis, with a period ; of the order of 3um, is formed at _ : S

the film surface. When the electric field is oriented at an1000 K (=0.7Ty). This temperature is given By
angle of 45° with respect to the crystallographic axis, two-
dimensional gratings perpendicular to the crystallographic T lo(1-R)h 42

axis are formed, with the same period. N K ’
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K VI. CONCLUSIONS
st The study of laser induced deformation patterns in thin
films has been performed in the case of covalent solid films
al with varying degrees of adhesion with the substrate. In this
stable case, the interaction between the electric field and covalent
ol bonds may lift the orientational degeneracy of unstable

modes since their linear growth rate becomes dependent on
the electric field orientation relative to crystallographic direc-
tions.
unstable However, pattern symmetry, selection and stability de-
pends on the interplay between linear growth rates and non-
linear couplings between unstable modes. In the present
0 L = 3 = L 7T case, linear anisotropy induced by bond breaking favors the
e ¢ formation of one-directional gratings while nonlinear terms
o favor two-dimensional cellular patterns. The results of pat-
FIG. 7. Adhesion bonding stiffne$s, necessary to suppress the tern selection analysis have been compared to experimental
surface deformation instability, as a function of the bifurcation pa-observations. The following significant conclusions from the
rametere. present analysis are obtained.

(1) Adhesion forces reduce linear growth rates of unstable
wherel, is the laser power densitR the surface reflectivity, Modes, and may even suppress instability when they are suf-
and « the thermal conductivity. In the case of Si, whete ficiently strong. L _ .
~0.3, k=0.1 W/cm K, andh=0.01 cm, this temperature (2) For weak electric fields, which are not sufficient to

corresponds to a laser power of the order dof M/cn?. For :cg‘rjrue%eobr?enndtatiirgr?g?g’févrvr?];add'mens'onal patterns without pre-
the laser used in Ref. 18 with pulses of 1.6 ms, this corre- (3) For strong electric fields, bond breaking increases the

sponds to_ a _crit_ical laser energy density of the order Of. 15defect mobility along(110 directions. One-dimensional
Jlen?, which is in the range of fluences where deformat'ongratings perpendicular to these directions develop in the

patterns have been experimentally obser’\?gd. __ . weakly nonlinear regime. For stronger nonlinearities, these
It is interesting to note that if one considers SiC singlegratings should transform to two-dimensional gratings with

crystals, it has higher reflectivity, thermal conductivity and specific orientations.

melting point as compared to Si. If one uses the valug of  (4) Deformation patterns depend only quantitatively on

=4.9 W/cm K for SiC, the predicted critical laser energy the incidence angle of the laser radiation with respect to the

density that is necessary to induce surface deformational irfilm surface.

stabilities would be at least 200 J/éniTherefore, and ac- (5) As a result of its higher thermal conductivity, reflec-
cording to the present model, SiC is expected to be considivity and melting point as compared to Si, the LIDT for
erably more resistant to laser damage than Si. deformational surface instabilities in SiC is predicted to be

As far as adhesive forces are concerned, one can see frogensiderably higher than the Si case, and may be in excess of
Fig. 7 that adhesive forces with scaled stiffness constant 6200 J/cr.
the order of 2 would suppress the deformation instability at
e=7.5>¢.. This implies that the corresponding unscaled ACKNOWLEDGMENTS
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