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The influence of solid surface irregularities on the formation of laser-induced periodic
structures is studied both experimentally and theoretically.

A large number of recent papers discuss (see, for exam-
ple, Refs. 1-4) the various aspects of physical processes in-
volved in the creation of laser-induced periodic structures on
surfaces of solids. The emphasis of theoretical analysis car-
ried out in this work was on the study of critical conditions
for the formation of the above structures for the case when
an initial periodic perturbation is present on the surface.

However, first of all, an experiment measures not the
critical conditions required for the structure formation but a
particular surface profile.>*~® Second, a dominant role in a
real situation can be played by surface imperfections which,
far from having any periodic character, are local.® For these
reasons it is interesting to carry out a theoretical and experi-
mental investigation that would allow, within the frame-
work of a particular model, a more complete comparison
between theory and experiment. Such an attempt is underta-
ken in this work.

1. EXPERIMENT

We used a transversely excited pulsed CO, laser. The
resonator consisted of a spherical (R =20 m) totally re-
flecting mirror, two flat totally reflective rotating mirrors
which provided seven beam passes through the active medi-
um, and a GaAs plane-parallel plate used as an exit mirror.
The resonator length was 4 m. The beam profile was Gaus-
sian mode, and the divergence was close to the diffraction
limit when the resonator iris had a diameter of 10 mm. The
radiation was linearly polarized by a GaAs plate placed in
the resonator at the Brewster angle. The wavelength was
determined by an additional interference filter introduced
into the resonator. The pulse length could be varied by an
order of magnitude by changing the composition and pres-
sure of the working mixture: from 180 ns at half-maximum
with a 1l-usec tail, containing 5% of the energy
(CO,:N,:He = 1:0:3 mixture at pressure p = 0.5 atm) up to
2 us (1:1:3 mixture, p = 0.3 atm).

The radiation was focused on the surface of a target by a
spherical mirror (R = 4 m); the radius of the area illuminat-
ed at the e~ level was 0.61 mm. As targets we used flat
plates made from fused KU quartz with a polished surface.
After repeated exposure to radiation, the quartz surface
usually formed the characteristic periodic relief structures
described in Ref. 9; the number of pulses required to form
this relief was inversely proportional to the excess of energy
density in a single pulse over a threshold value. This thresh-
old value corresponds to the onset of evaporation, since si-
multaneously with the relief formation one can observe plas-
ma emission near the target surface due to breakdown in the
vapor with a low threshold value. At lower intensities (0.9
times the threshold value) the relief was not formed even
with 10 or more pulses. The periodic structures originate
near small irregularities, possibly dust particles and micro-
cracks. Typically these periodic structures are localized on a
scale of approximately 100 #m; they fill a crater by develop-
ing near smaller and smaller irregularities until all the sepa-
rate regions merge into one continuous structure.

In the Pater experiments the irregularities on the quartz
surface were created artificially. A narrow groove with a
reproducible (to within 10% ) width was cut with a diamond
saw. After a single exposure to radiation with an intensity
above the threshold value, the periodic structures formed in
the vicinity of the scratch. The period of the structures ex-
hibited a weak dependence on groove width, provided the
width did not exceed 2.5 um; for this reason the width used
in subsequent experiments was 2 um. In Fig. 1 are shown the
structures which formed by normally incident radiation,
when the scratch was oriented perpendicular to the vibration
plane of the light wave. The transverse size of the area within
which the periodic structure was localized was significantly
smaller than its length and practically independent of inten-
sity. This fact is demonstrated in Fig. 2, which shows the
measured distances, at which the amplitude of a periodic

FIG. 1. Microphotograph of the surface structures
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formed by radiation with 4 = 10.6 1 at normal inci-
dence. The arrows show an orientation of the elec-
tric field vector and indicate a linear scale.
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FIG. 2. Distance at which a periodic structure’s amplitude decreases by a
factor of two as a function of radiation intensity.

profile decreased by a factor of two for pulses differing in
intensity by an order of magnitude.

If the radiation is not incident normally, the periodic
structures become asymmetric relative to the scratch (Fig.
3). Figure 4 shows how the value of the period changes when
the vector E in the incident wave is parallel to the plane of
incidence.

2. INTERPRETATION OF EXPERIMENTAL RESULTS

In order to provide a theoretical interpretation for the
experimental results, we consider a model which, on the one
hand, reflects the physics of the observed effects and ex-
plains the experiment, and, on the other hand, allows one to
obtain simple and transparent results.

We will assume that the profile observed experimental-
ly is a superposition of the initial roughness of the surface
and a perturbation of this roughness due to the nonuniform
energy absorption caused by the presence of the profile.
Since from the experimental data it follows that the area of
the structure is localized does not change with time, it is
natural to assume that we are dealing with a quasistationary
situation. Such a situation, as will be shown later, can be
realized under certain conditions if one takes into account
evaporation of the material (which actually occurs in the
experiment).

Let us consider a half-space filled with a material, with
an initial surface profile given by the functionz = {,(x), and
assume that an electromagnetic wave

E©=E, exp (ikz sin $+ikz cos ¢),

is incident on this surface from vacuum; here the axis z is
assumed to be directed towards the vacuum, k is the wave
number, ¢ is the angle between the vector k and the negative
z axis. The profile amplitude is assumed to be sufficiently
small that the correction to the field on the surface separat-
ing two media can be calculated by perturbation theory.

Taking into account the surface texture, we seek a solu-
tion of the temperature distribution problem in the material
in the form

T(z, z2)=T,(2)+T,(z, z),

where T,(z) is the solution of the evaporation problem with
a flat boundary. In the coordinate system moving with a
surface with the velocity v, we obtain for T,(z)
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FIG. 3. Microphotograph of structures for the incidence angle of radi-
ation in ¢ = 15° from a normal.
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Here £ = z + vt; y is the thermal diffusivity of the medium; A
is the coefficient of thermal conductivity;

fo(&) =[8knxnQ/A(n*+x*)] exp (2kxE);

Q is the power density of the incident radiation; n and y are
the refractive coefficient and absorption coefficients of the
medium, respectively; and A is the heat of evaporation per
unit volume of the material. As is well known (Ref. 10), the
vapor speed v is related to the surface temperature by
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FIG. 4. Dependence of the structure period d , on the incidence angle ¢
for the case when the vector E in the incident lightwave is parallel to the
incidence plane.
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v=Sexp[—T"/T,(£=0)], (2)

where S is a quantity of the same order of magnitude as the
sound velocity in the material, T* = MA/R p, M is the mo-
lar weight of the material, p is the density, and R is the gas
constant. For relatively low surface temperatures, when the
inequality (4 /y) To(& = 0) €A holds, it follows from (1)
that

va4nQ/ (n*+x*)A. (3)

In order to find the quantity 7', (x, z) and the corresponding
surface deformation, we will use a coordinate system moving
with the velocity v. We will reduce our problem to that of the
deformation of a flat surface with heat sources distributed
nonuniformly as a function of x. Under the condition

I'T,(§=0)/T.*(§=0) <1

the thermal conduction equation for 7', (&) has the form

o*T, 0*T, v dT,

35’—+3:c_’q_7_§+f'($ ,£)=0,
(4)
aT, T'T,(£=0)
T,(k=—o)=0, A - A
(f==) 5t e~ AT G=0)

Here we have neglected the derivative d7T',/dt, what corre-
sponds to assuming that the change in profile caused by
evaporation is small compared with the surface deforma-
tion, i.e., the surface texture is not produced by removal of a
material. This is the condition for the situation to be quasi-
stationary. The heat generation function is

olme

fi(z, &)= (EwsEow' TE'Eos),

where w is the frequency of the incident radiation, ¢ is the
complex dielectric permittivity, Eo, =2¢~'?E,, and
E ,, (x) is a correction to the field on the plane £ = 0, caused
by the roughness of the real surface.

Inordertocalculate E , , we use an approach developed
in Ref. 11. For the Fourier-representation E . (g) weobtain

Ev(q)=e"EL(q)D(q), (5)
where
+k sin’ 2ig"
(@)=L B(g) + = Lg(gHksing) ~G*(0)],
B(g)= 2¢"[G* (g) sin p—Fkq]

e"G—ik !
G(q)=1(g+ksinp)*+(—ik)*]",

Here£'/? = n + iy with |¢'/2|> 1, is the Fourier transform
of the function {(x) = §{,(x) + §,(x), and §,(x) is the de-
formation profile of the flat surface which is to be deter-
mined. As a result, from Egs. (4) and (5) we obtain for
T,(x,8)

125 Sov. Phys. JETP 64 (1), July 1986

4+

J‘d o' 5@ [D(9)+D" (=9)] erion,

L8~ Gy % P@Fr
~2m0 BT AUR L
A—m, P(Q)—EEC-'F [(5;) +‘1] )
v T°A
T TG0 ©

Using familiar results from elasticity theory'2, we calculate
the component of the deformation vector in the & direction.
Differentiating the result with respect to x to eliminate dis-
placements that do not depend on x, and assuming & = 0, we
obtain

9% (x) 2a(1—0*) jd , Ti(z',£=0)
oz " 3n(1—20) -z’
4a(1+0) T , 0 , (=¥ / 7
+—————3n _{dx _j;dg —————)2+§,2]2T,( LB, (D)

Here a is the volume expansion coefficient and ¢ is the Pois-
son coefficient.

In support of the model we have used here to describe
the formation of surface structures, we can put forward the
following arguments. First of all, estimates show that be-
cause the thermal conductivity of the material in our experi-
ments increases sharply due to ionization during heating to
high temperatures, the melted layer on the quartz surface
can reach a depth of about 107> cm. It is quite realistic to
assume that the local temperature “jump” of approximately
10? K in the x direction can lead to a spatial variation in the
broadening of this layer of the same order of magnitude as
that observed during the experiment for the value of the pro-
file amplitude, i.e., about 10™*

Secondly, even though we are dealing with a liquid, this
liquid can be sufficiently viscous to be considered as a solid.
The characteristic interaction frequencies in our case are
7, '~10°-107 sec™!, where 7, is the laser radiation pulse
length. The relaxation time 7 in fused quartz at the tempera-
tures of several thousand degrees estimated by the extrapola-
tion of viscosity data is 7~ 1075 5.'2~!* Thus, the condition
7/7; > 1 for treating the liquid as a solid state is satisfied.

In order to solve Eq. (7), we apply a Fourier transfor-
mation to both sides. As a result we obtain for quantity £, (¢)
an algebraic equation. By solving the equation and perform-
ing the inverse Fourier transformation, we obtain

AlD(g)+D"(—q)]
(z)= dge'™%,(q )
b (@)= (2)’f D A T O
where
N a(1+o) (3—40)
P(g)=|q|(lq|+r), A—-"‘?(i——%)
Let us consider a simple situation by assuming

£o(x) = (27)"?h 25 (x). Then for large values of x such that
k |x|> 1, and also when the inequality A|e'/?|/(k +r) <1
that limits the quantity Q is satisfied, we obtain from (8)

Li(z)=F.(|z])0(=2)+ @ (|z]) +c.c. 9

Here
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hnAk
q.tr
x[ r (— zi ik|z|n? )+4n"‘6(x—n) ] ,
Re[ (in*)"]>0, g.=k(1Fsiny).
The step function satisfies (y) = 1 wheny >0and 6(p) =
when y<0, T is an incomplete gamma function,
n= 1(25) - 1/2’
@ (|z|) =h*Blci(Blz|) cos (B|z|) +si(B|x])sin(B|2]),
B=4kx cos* $(A/r), Plk<A,
and ci and si are the cosine and sine integrals.
Two limiting cases are of special interest. The first,
when a> b, where a = Re 7 and b = Im %, corresponds to

the existence of surface electromagnetic waves (SEW).
Whenthe inequalitiesa’k |x|> 1andb %k |x| €1 hold we find

i
F.(|z])=— exp(i|z|q.tik|z|n?) -

[ 45" exp(—2k|z|ab)sin(g.|z|
sm(q. |z| £n/4)
For the inverse situation, when b¥»a and the inequalities
b%k |x|> 1 and @’k |x| €1 hold, we obtain
h*Akb sin(q.|z|+n/4)
g.+tr  (bk|z|)*

The theoretical results thus obtained make it possible to ex-
plain the experimental results given above. First of all we
note that, in agreement with experiment (see Fig. 1) and
expressions (9) and (10), the structures which form are re-
lated to the excitation of SEW, since the period d . of a
profile at small angles of incidence differs from the wave-
length of the incident radiation. As the increase of the inci-
dence angle the picture becomes asymmetric with respect to
the initial perturbation (see Figs. 3.and 4), which is ex-
plained theoretically [see formula (9)] by the presence of
the function 6( + x), multiplied by the function F + (|x|),
which oscillates with different periods on opposite sides of
initial perturbation. Note that the function ®(|x|) that en-
ters Eq. (9) does not change significantly the type of struc-
ture, since it is a sufficiently slowly oscillating, weakly de-
caying function.

From Eq. (10) follows an interesting fact, namely, that
the periodic structure is localized over distances
|x| ~ (2kab) ', since at large values of the power density Q
the quantity A/(¢, +r) depends weakly on Q [A~Q,
r~Q (see Refs. 3, 6, and 8) ]. This explains the experimental
dependence shown in Fig. 2. The estimates obtained by com-
paring theory with experimental data give for the quantities

ReF*(|z|)z
t

+a’k|x| (10)

ReF,.(|z|)= (11)
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a and b the values a = 0.3 and b = 0.03, what agrees well
with the inequality a» b.

Let us note that, as follows from this theoretical analy-
sis, excitation of SEW is impossible when b > a, but in this
case the structures can develop with a period which is deter-
mined only by the wavelength and angle incidence of the
laser radiation. These structures can be formed as a result of
interference of volume electromagnetic waves.

We emphasize that all the experimental results given in
this work can be explained within the framework of linear
theory. We think that the fact that the periodic structures do
not spread to a larger area with further repeated exposures to
laser radiation also supports the above statement that linear
theory describes the major effects in the formation of surface
structures. '

In conclusion, we note that the experimental and theo-
retical results obtained in this work demonstrate the impor-
tant role of initial perturbations in the forming periodic sur-
face structures. -

The authors express deep gratitude to A. A. Denisov
and N. A. Timonina for their help with the experiments.
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