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Light induced modulation instability of surfaces under intense illumination
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We show that a flat surface of a polymer in rubber state illuminated with intense electromagnetic

radiation is unstable with respect to periodic modulation. Initial periodic perturbation is amplified

due to periodic thermal expansion of the material heated by radiation. Periodic heating is due to

focusing-defocusing effects caused by the initial surface modulation. The surface modulation has

a period longer than the excitation wavelength and does not require coherent light source.

Therefore, it is not related to the well-known laser induced periodic structures on polymer

surfaces but may contribute to their formation and to other phenomena of light-matter interaction.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4850532]

Laser induced periodic structures on polymer surfaces

(LIPSS) has attracted much attention in recent years because

of their applications to micromechanics,1–3 cell biology,4,5

optics and photonics,6 alignment of liquid crystals,7 etc.

There are two main categories of surface structures: (i) struc-

tures produced by material removal (ablation)8,9 and (ii)

structures formed due to redistribution of material with laser

fluencies below ablation threshold.10–16 A number of mecha-

nisms have been proposed for LIPSS formation in the second

category. All these mechanisms rely on spatial distribution

of laser intensity over the surface produced either by appro-

priate focusing or passing the laser beam through a special

mask,17 or due to the interference of incident electromag-

netic wave with the wave associated with surface vibra-

tions,18 scattered light,19 or the waveguide mode(s).10

Interference is usually invoked to explain periodicity of

LIPSS and the fact that their period is close to the wave-

length of incident light. Another observation explained by in-

terference is that the surface structure wave vector in most

cases is parallel to the polarization of the incident light.

Therefore, the main concept behind spontaneous

(without phase or amplitude mask) LIPSS generation is light

interference for which the coherence of incident radiation is

essential. In this Letter, we show that there is an additional

mechanism resulting in the formation of periodic surface

modulation, which does not rely on interference effects. This

mechanism that we call LIMIS (for Light Induced

Modulation Instability of a Surface) is based on focusing and

defocusing of homogeneous incident radiation beneath the

modulated surface. Due to such redistribution of radiation

energy, the material is heated inhomogeneously and

expanded. In turn, this expansion provides a positive feed-

back to the initial surface modulation. Just like LIPSS,20

LIMIS depends on light polarization as P-polarized light, for

example, has higher transmission through slightly inclined

surfaces than the S-polarized one. LIMIS also increases for

shorter excitation wavelength and for materials with higher

thermal expansion.

To describe this instability, we consider as an example a

thin film of rubber polymer on a substrate kept at a constant

temperature Tsubs. The film is homogeneously illuminated

with light and heated up above the glass transition tempera-

ture Tg by absorbing it. For simplicity, we assume that the

film temperature is constant across the film. Then, the ther-

mal expansion of the film results in an equilibrium thickness

h(0) given by

h 0ð Þ ¼ h0 1þ a� T � Tgð Þ½ �; (1)

where h0 is the film thickness at T¼Tg, T is the film temper-

ature, and a is thermal expansion coefficient of the polymer

in rubber state.

Next, consider a small periodic perturbation of the film

surface with amplitude D. This modulation forms a sequence

of focusing and defocusing cylindrical lenses (in the 2D

case) for the incident light. As a result, the light intensity is

modulated inside the film and so is the temperature field. A

generic relationship between the temperature and light inten-

sity inside the film can be obtained from the heat balance

taking into account heating by light and cooling due to heat

drain to the substrate with temperature Tsubs

@T

@t
¼ 1

h0qCP
ch0

�I xð Þ � gint T � Tsubsð Þ
� �

þ g
qCP

@2T

@x2
; (2)

where �I xð Þ is the average light intensity inside the film at lat-

eral position x, c is light absorption coefficient, g is the heat

conductivity coefficient, gint is the heat conductance through

the film-substrate interface, CP is specific heat capacity of

the film material, and q is the material density. Here, we

used an approximation of homogeneous heating through the

film thickness due to weak light absorption and relatively

quick thermal equilibration across the film. The product qh0

is the amount of material per unit area.

To obtain the distribution of light intensity inside the

film, we assume that the film surface is sinusoidally modu-

lated such that h xð Þ ¼ h 0ð Þ þ D sin kxð Þ, D� h 0ð Þ, where k
and D are the modulation wave vector and amplitude,
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respectively. If the angle of light incidence on the surface

with respect to the normal is small and equal to hi then the

refracted angle is hr ¼ hi=n2, where n2 is refractive index of

the material. We are interested in the angle of the light beam

deviation from its direction of incidence w (see Fig. 1).

Using the approximation hi � dh xð Þ=dx, this angle can be

expressed as w xð Þ ¼ n2�1
n2

� �
dh xð Þ

dx . The position of the light

beam x1 at a distance y from the film surface is

x1 ¼ xþ yw xð Þ ¼ xþ y
n2 � 1

n2

� �
dh xð Þ

dx
: (3)

The light intensity I x1; yð Þ is proportional to the density of

beams dx1=dxð Þ�1
, so that

I x1; yð Þ � I x; yð Þ � I0 � 1� R0ð Þ 1� cyð Þ

� 1þ yk2D
n2 � 1

n2

� �
sin kxð Þ

� �
;

(4)

where I0 is the incident light intensity, I0 is reflectivity of a flat

surface and we assumed weak light absorption cy� 1 and

neglected higher order terms in D. Equation (4) shows that the

light intensity is increased under the surface where

d2h xð Þ=dx2 < 0 indicating focusing effect of the convex

half-period of surface modulation, and it is decreased beneath

the concave half-period d2h xð Þ=dx2 > 0
� 	

due to the defocus-

ing effect. It also demonstrates that the intensity modulation

increases with increasing k. As upon increase, k becomes com-

patible with the light wave vector kL the modulation intensity

decreases due to diffraction effects, as illustrated below.

The above analysis is based entirely on geometric

optics. Therefore, it does not consider light diffraction on the

periodic surface structure. The latter can be represented as a

linear array of alternating cylindrical focusing and defocus-

ing lenses. Diffraction increases when the array period

decreases becoming compatible with the incident light wave-

length. As the lateral distribution of the film temperature is

due to light absorption throughout the film, diffraction

effects have to be averaged over the film thickness.

The impact of this averaged diffraction at onset (that is when

Fresnel number NF ¼ l2=ðkLyÞ > 1, where kL is the wave-

length of light21) is to smear off the light intensity distribu-

tion calculated within the geometric optics approximation.

The effect of smearing can be modelled by a convolution of

the function given by Eq. (4) by a weight function f(x)Ð
f ðxÞdx ¼ 1

� 	
. For illustration purposes, the function f(x)

is chosen to be equal to kL= ykð Þ for �y k
2kL
< x < y k

2kL

(kL ¼ 2p=kL) and zero otherwise. Thus, f(x) has an effective

width roughly corresponding to half width of the far-field

(Frounhofer) diffraction function.22 The light intensity distri-

bution averaged over the film thickness �I xð Þ then takes the

form

�I xð Þ � I0 � 1� R0ð Þ 1� 1

2
ch 0ð Þ

� �
þ 4I0

ð1� R0Þk2
LD

k2h 0ð Þ

� n2 � 1

n2

� �
sin kxð Þ 1� cos

k2h 0ð Þ
2kL

� �� �
: (5)

Since the shear moduls of polymers in rubber state (above

glass transition temperature) is very low,23 we assume that

the surface modulation is entirely due to lateral temperature

variation in the film. Expressing therefore T from Eq. (1)

with h(0) replaced by h xð Þ ¼ h 0ð Þ þ D sin kxð Þ and substitut-

ing the result into Eq. (2), we obtain

sin kxð Þ
ah0

dD
dt
¼ ch0I0 1� R0ð Þ

h0qCP
1� 1

2
ch 0ð Þ

� �
þ 4k2

LD

k2h 0ð Þ
n2 � 1

n2

� �
sin kxð Þ 1� cos

k2h 0ð Þ
2kL

� �� � !

þ 1

h0qCP
�gint �

h 0ð Þ þ D sin kxð Þ � h0

ah0

þ Tg � Tsubs

� �
 �
� sin kxð Þ k2gD

qCPah0

: (6)

Eliminating the part associated with the flat surface

cI0 1�R0ð Þ� 1� 1
2
ch 0ð Þ

� 	
� gint

h0

h 0ð Þ�h0

ah0
þTg�Tsubs

� �
¼ 0 and

assuming in the rest h 0ð Þ� h0 (the film temperature is

slightly above Tg), we obtain the main equation describ-

ing time evolution of the perturbation amplitude dD
dt ¼bD,

where

b¼ 1

qCP

4acI0 1� R0ð Þk2
L

k2

n2 � 1

n2

� �"

� 1� cos
k2h0

2kL

� �� �
� k2g� gint

h0

�
: (7)

According to this equation the surface perturbation grows if

b > 0. The first term in brackets of Eq. (7) determines the

FIG. 1. Schematics of the light focusing-defocusing beneath the polymer

surface (thick solid curve) sinusoidally modulated with the amplitude D. hi,

ht, and w are the local angles of incidence, refraction, and light beam devia-

tion, respectively, h(0) is the equilibrium film thickness before spontaneous

modulation.
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amplitude of light intensity modulation inside the material

due to surface modulation. If the material thermal conduct-

ance g and interface conductance gint are low and the thermal

expansion is high enough then the modulation of light inten-

sity produces a positive feedback to the surface modulation

increasing its amplitude.

The growth rate b for the surface modulation calculated

using Eq. (7) and the material parameters of polystyrene is

shown in Fig. 2. According to this figure, surface modulation

instability (b > 0) exists in a certain range of modulation

wave vectors and this range increases with decreasing inci-

dent light wavelength. The onset for surface modulation at

low k values is due to heat conduction, which smears off the

effect of thermal expansion along the film surface. The off-

set of instability at larger k is due to diffraction, which smears

off the distribution of light intensity hence that of temperature

inside the film. Fig. 3 gives the light intensity threshold for

different excitation wavelength. If all other parameters are

kept constant, then for shorter excitation wavelength the

power density required to initiate surface instability is lower.

Curve 3 in Fig. 3 illustrates the role of the thermal expansion

coefficient: high thermal expansion coefficients lead to a

stronger positive feedback by the modulated light intensity

inside the film hence lowering the intensity threshold.

This linear stability analysis applies to a superposition

of surface modulations and results in the growth of surface

roughness. We believe therefore that there are two mecha-

nisms working in parallel that are responsible for the forma-

tion of LIPSS: at the early stages of illumination there is an

increase of surface roughness due to LIMIS effect.

Simultaneously and at later stages, the light scattered on the

increasingly rougher surface interferes with the incident light

selecting a continuing narrow spectrum of roughness spatial

harmonics, which grows further and eventually results in

LIPSS formation. This sequence of events though interpreted

differently has been observed experimentally in Ref. 14.

In practice, LIPSS are usually generated with pulsed

laser excitation; therefore, it is important to check how the

conditions of LIMIS depend on the laser pulse parameters.

Following the ideas of Ref. 25, we write a generic equation

of energy balance taking into account finite rate of heat

transport

@Q x; tð Þ
@t

¼ cI x; tð Þ þ g
@2T x; t� sð Þ

@x2
: (8)

Note that the last term in the RHS implies that all the deriva-

tives of temperature should be taken at earlier time t� s,

where s is the characteristic delay time for heat diffusion.

We are interested in a situation where the film is under the

action of a laser pulse and all relevant phenomena, such as

the modulation instability, take place within the pulse dura-

tion tP. Assuming that the surface modulation is a simple

harmonic (see Fig. 1) and its amplitude is a relatively slow

function of time on the time scale of tP we may rewrite

Eq. (8) as qCP
@T x;tð Þ
@t ¼ cI x; tð Þ þ gF tP=sð Þ @

2T x;tð Þ
@x2 . Here, we

transferred the effect of the delayed change in temperature

gradients to the delayed change in the heat conductivity of the

film material accounted by the function F tP=sð Þ. The latter

should apparently fulfil the conditions F tP=sð Þ ¼ 0 if tP � s
and F tP=sð Þ ¼ 1 if tP � s. For illustration purposes, we use

the following form of his function F tP � sð Þ ¼ 1

�exp � tP=sð Þ2
h i

. Repeating the above analysis of surface

modulation instability with the heat conductivities multiplied

by the factor F tP=sð Þ, we obtain the following expression in

place of Eq. (7):

b ¼ 1

qCP

4acI0 1� R0ð Þk2
L

k2

n2 � 1

n2

� �"

� 1� cos
k2h0

2kL

� �� �
� k2gF tP=sð Þ

�
; (9)

where for simplicity we neglected the unknown heat trans-

port through the film-substrate interface. For illustrating the

effect of laser pulse on LIMIS, Eq. (9) was implemented to

the experimental conditions described in Ref. 26 with the pa-

rameters of laser excitation and the material (PET) summar-

ized in Table I. The length scale for the lateral heat transport

FIG. 2. Growth rate b of the periodic surface structure (see Eq. (7)) as a

function of its wave vector k for two excitation light wave-lengths 1—kL

¼ 10:6l (CO2 laser) and 2—kL ¼ 1:06l (YAG:Nd3þ laser). The model

parameters are: I0 ¼ 1:5 kW=cm2, a ¼ 0:05, c ¼ 0:01 lm�1, h0 ¼ 20 lm,

n2 ¼ 1:57,24 g ¼ 10�7 Wlm�1K�1, gint ¼ 2� 10�7W lm�2K�1, q¼1:06

�10�12 glm�3, and Cp ¼ 1:25 Jg�1K�1.

FIG. 3. Light intensity I0 required for triggering surface modulation instabil-

ity as a function of the modulation wave vector for two excitation wave-

length 1—kL ¼ 10:6l (CO2 laser) and 2—kL ¼ 1:06l (YAG:Nd3þ laser).

Other parameter values are given in caption to Fig. 2. Curve 3 was calcu-

lated for a ¼ 0:005 and kL ¼ 1:06l to illustrate the role of thermal expan-

sion coefficient.
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in this case is kL, which gives a value for s ¼ kL=vS, where

vS ¼ 105 cm/s is the sound velocity in the polymer.

The growth rate as a function of the wave vector is

shown in Fig. 4. According to this figure, the growth rate

maximum corresponds to the surface structure wave vector

higher than that of the incident light. This means that at least

in the beginning of structure formation its period is shorter

than the incident light wavelength, as observed experimen-

tally.26 One can see also that the maximum growth rate for

kL¼ 795 nm is lower by a factor 20 than that for

kL¼ 265 nm. Assuming that the surface structure amplitude

is proportional to the growth rate, we may conclude surface

structure generation with kL¼ 795 nm requires about 20

times higher fluence than that with kL¼ 265 nm, which is

also consistent with available experimental data.26

It is worth pointing out that LIMIS with pulsed excita-

tion as illustrated in Fig. 4 is quite high even for relatively

high heat conductance and low thermal expansion. This is

due to the delay in heat transport relative to thermal expan-

sion, as the latter is instantaneous and follows the light inten-

sity while the former needs some time to develop. Equation

(9) also gives the dependence of the growth rate at k¼ kL on

tP with all the other parameters kept constant–see inset in

Fig. 4. According to this figure, the instability disappears if

the laser pulse is too long, i.e., when heat transport has

enough time to smear off the thermal expansion. Note that

the offset pulse duration for b seen in the inset in Fig. 4 may

not correspond to a physically attainable value due to the

qualitative character of the function F tP=sð Þ and the use of

the heat conductivity and thermal expansion coefficient

measured at much lower (room) temperature than the one

attained during the laser pulse.

So far we have neglected the incident light polarization,

i.e., the fact that induced one-dimensional modulation of

irradiated surface may have preferential orientation with

respect to polarization of the incident light. To check the

polarization dependence of RS � R0 1þ D2k2

n2

� �
and

RP � R0 1� D2k2

n2þ1

� �
, where the subscripts S and P stand for S-

and P-polarization, respectively. Replacing R0 in Eq. (7) with

both RS and RP and comparing the corresponding threshold

intensities, we find that I0S > I0P, i.e., the surface modulation

develops faster in the direction parallel to the incident light

polarization than in the perpendicular direction.

In conclusion, we have described a mechanism leading

to surface modulation instability of a plastic material under

intense illumination by coherent or non-coherent radiation.

The mechanism involves two main phenomena: (i) the focus-

ing and defocusing of radiation by sinusoidally modulated

surface, which generates sinusoidal modulation of radiation

intensity inside the material; (ii) the local thermal expansion

of the material due to the radiation intensity which further

increases initial surface modulation thus providing a positive

feedback. As the material flow has not been considered in

our approach, the effect of LIMIS is reversible: it disappears

after the light is switched off. It is, however, expected that ir-

reversible plastic flow during irradiation would freeze most

of the generated pattern. The modulation instability can also

greatly enhance the efficiency of mechanisms involving light

scattering on surface roughness. LIMIS is mostly relevant

for materials with high thermal expansion and low elastic

modulus. Most materials have rather low thermal expansion

coefficients (<0.001 K�1); therefore, the threshold intensity

for the modulation instability could be much higher for them

than the breakdown threshold under continuous illumination,

but can be realized under moderate illumination intensity if

pulsed illumination with sufficiently short pulses is used. In

a continuous illumination regime, LIMIS is most relevant for

rubber polymers, which may have thermal expansion coeffi-

cients as high as 0.05. This makes them very prone to devel-

oping surface modulation especially under shorter excitation

wavelength. Further theoretical and experimental studies are

required to clarify the role of the modulation instability in

LIPSS generation and to find out the properties of the steady

state surface structures developing due to LIMIS taking into

account the flow of illuminated material.
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University of Science and Technology (KAUST). A.G. is a
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edges support from a Reintegration Grant under EC

TABLE I. Characteristics of laser pulse excitation: central wavelength kL,

pulse duration tP, light power density I0 during the pulse, and material pa-

rameters of polyethylene terephthalate PET: refractive index n2, absorption

coefficient c, characteristic delay time s, specific density q, specific heat

capacity CP, heat conductivity g, and thermal expansion coefficient a.

Excitation wavelength/excitation

and material parameters kL¼ 265 nm kL¼ 795 nm

tP, fs 260 120

I0, W/cm2 7:7� 105 6� 106

n2 1.7 1.6

c, cm�1 2� 104 4� 102

s, s 0:265� 10�9 0:795� 10�9

q, g/cm3 1.37 1.37

CP, J/g/K 1.0 1.0

g, J/m/K 0.15 0.15

a 7� 10�5 7� 10�5

FIG. 4. Growth rate b of the periodic surface structure (see Eq. (9)) as a

function of its wave vector k for two excitation light wave-lengths 1—kL

¼ 265 nm and 2—kL ¼ 795nm. All other parameters are given in Table I.

Inset shows the dependence of the growth rate for kL ¼ 265 nm at k¼ kL on

the pulse duration tP.
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