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Nonlinear laser lithography for indefinitely large-
area nanostructuring with femtosecond pulses

Biilent Oktem™, Ihor Pavlov?3t, Serim llday%, Hamit Kalaycioglu?, Andrey Rybak23, Seydi Yavas',

Mutlu Erdogan’ and F. Omer llday?*

Dynamical systems based on the interplay of nonlinear feed-
back mechanisms are ubiquitous in nature'>. Well-understood
examples from photonics include mode locking® and a broad
class of fractal optics?, including self-similarity®. In addition
to the fundamental interest in such systems, fascinating techni-
cal functionalities that are difficult or even impossible to
achieve with linear systems can emerge naturally from them’
if the right control tools can be applied. Here, we demonstrate
a method that exploits positive nonlocal feedback to initiate,
and negative local feedback to regulate, the growth of ultrafast
laser-induced metal-oxide nanostructures with unprecedented
uniformity, at high speed, low cost and on non-planar or flexible
surfaces. The nonlocal nature of the feedback allows us to stitch
the nanostructures seamlessly, enabling coverage of indefi-
nitely large areas with subnanometre uniformity in periodicity.
We demonstrate our approach through the fabrication of tita-
nium dioxide and tungsten oxide nanostructures, but it can
also be extended to a large variety of other materials.

The fabrication of nanostructures on surfaces is of paramount
importance in nanotechnology and materials science®. There are
several established techniques, including photolithography, elec-
tron-beam lithography, imprint lithography'® and laser interference
lithography!!, as well as non-conventional approaches such as self-
assembly'? and direct laser writing'®. These techniques require
either high-cost, complex systems or offer limited flexibility. An
alternative flexible and potentially very low-cost method is laser-
induced periodic surface structuring (LIPSS). The first observation
of LIPSS dates back to 1965'*. However, after almost 50 years and
a large body of published work that has demonstrated LIPSS on
various metals, semiconductors and glasses'®!°, the method
has not found widespread use due to the stubborn problem of
quality control®%°,

Despite the evident role of self-assembly in the LIPSS process,
uniformity and long-range order remain poor, a problem we ident-
ified as originating from the fact that the structures are initiated
from multiple seed locations concurrently and independently,
thereby producing an irregular pattern. Because the process is irre-
versible, without self-correction, these irregularities become frozen.
Our solution to this relies on carefully exploiting feedback mechan-
isms to tightly regulate the formation of nanostructures induced by
ultrashort pulses. This process can be summarized in three steps.
(1) The laser beam, with a peak intensity close to the ablation
threshold for titanium, is focused on a titanium surface, where it
is scattered by existing nanostructures or any surface defects'.
The interference of the scattered and incident fields leads to inten-
sity variations in the immediate neighbourhood of the scattering
point. (2) At points where the threshold intensity for ablation is

exceeded, titanium reacts rapidly with O, from the air, forming tita-
nium dioxide (TiO,). The use of ultrashort pulses is necessary to
ensure this process occurs faster than heat diffusion, as this can
smear out the nanometre-scale localization of the deposited laser
energy. The first two steps constitute a positive feedback loop
(Fig. 1a). As the nanostructure grows, so does its scattering power.
(3) The growth mechanism also has an imbedded negative feedback
loop. As TiO, grows on top of the titanium, penetration of O,
through the oxide layer decreases exponentially, decelerating and
eventually halting the growth process (Fig. 1b).

The experimental set-up (Fig. 2 and Methods) consists of an
ultrafast fibre laser?® coupled to a microscope system for real-time
observation of the nanofabrication process. All experiments were
guided by a semi-phenomenological theoretical model developed
by us. The main features of the model are summarized in the follow-
ing and in the Methods, and the details are discussed in the
Supplementary Information. Scattering of the incident laser field
from a single point is modelled as dipole radiation'>'6, with the rela-
tive height of the surface point setting the scattering amplitude. This
is confirmed experimentally (Fig. 3a) and numerically (Fig. 3b) by
the structure formed around an isolated scatterer. The polarization
of the laser sets the dipole radiation pattern, which results in regu-
larly spaced nanolines parallel to the laser polarization. Circular
polarization, which can be visualized as rotating linear polarization,
results in an array of nanocircles. The period of the structures ranges
between 600 and 900 nm, depending on the film thickness. Because
the film is much thinner than the wavelength of light, light experi-
ences a sort of a weighted average (effective) index of refraction
which depends not only on that of the thin film, but also on
those of the air and the substrate above and below the film, respect-
ively. The total field at any surface point is the sum of the incident
field and the total scattered field, which is given by the integral of the
product of the surface height and the incident field over the entire
surface. This surface integral is the mathematical origin of the non-
local feedback. The amplitude of the dipole radiation decays with
distance, which sets a finite range for this nonlocal feedback, such
that two distant points on the surface have negligible mutual influ-
ence. For this reason, processing a large area at once results in struc-
tures with poor long-range order, as seen experimentally (Fig. 3¢)
and numerically (Fig. 3d). By limiting the size of the laser beam
to <10 wavelengths, we ensure that even the most distant points
under the beam have contributions to their mutual fields. This
way, the problem of independent structure initiation is solved.

At points where the total intensity exceeds the ablation threshold
(~1 x 10" W cm™?), the metal (titanium) disassociates from the
solid phase under the non-equilibrium conditions created by the
ultrashort pulse and reacts with O, from the ambient atmosphere,
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Figure 1| Conceptual model. a, Schematic of the nanostructure formation process as a laser beam is scanned over the surface. b, Schematic showing a
cross-sectional view of the surface, depicting the deceleration of the growth process due to negative feedback.
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Figure 2 | Experimental set-up. An amplified fibre laser is coupled to a custom-built, computer-controlled optical microscope set-up. EMCCD, electron-
multiplying charge-coupled device; NA, numerical aperture.
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Figure 3 | Nanostructure formation dynamics. a b, SEM image of the experimental results (a) and numerical simulation results (b) of nanostructures formed
around an isolated scatterer by a few, high-energy pulses with linear polarization. ¢,d, SEM image of the experimental results (¢) and numerical simulation
results (d) of nanostructures obtained with a large and stationary laser beam. e, SEM image of uniform nanostructures obtained by scanning a small laser
beam. f, Numerical simulation results of nanostructures obtained by scanning a small laser beam. g, Numerical simulation results showing robustness of the
nanostructure formation against a defect, showing minor distortion and quick subsequent recovery. Colour bars indicate height in nanometres.

forming metal oxide (TiO,) of an amount that is proportional to the
laser-activated metal (titanium) or available O, at that point, which-
ever is smaller. Here, we simply refer to this controlled transformation
as ablation, because similar physical processes underlie it, even
though the metal is not removed, but is chemically transformed. As
a result of the ablation threshold, no processing of the surface
should occur between the nanolines, where partially destructive inter-
ference leads to the total intensity being below the ablation threshold.
The presence of this threshold, which was confirmed experimentally
(Fig. 3; Supplementary Section ‘Experimental evidence for the
threshold for intensity’), is the main source of nonlinearity.

When scanning a small-diameter beam, the nanostructures are
created sequentially, with existing structures creating new structures,
similar to the toppling of dominoes. This enables the formation of
extremely uniform nanostructures (experimental and simulated
results are shown in Fig. 3e and f, respectively). Moreover, it is
possible to tile indefinitely large areas with nanostructures,
without a discernible reduction in long-range uniformity when
using a small laser beam. We scan the beam along a line, then
shift the beam laterally while still preserving a partial overlap with
the previous point, and then scan again parallel to the line of the
scan (with partial overlap being maintained all along the way with
the first line of the scan). This can be visually observed in
Supplementary Movie S1, where the red disk represents the beam
location and verified experimentally (Supplementary Movie S2).
Further evidence of the role of nonlocal feedback lies in the fact
that the new structures form a tilted front and the nanolines
become distorted into a wavy pattern at the end of each scan line
due to incomplete nonlocal feedback.

NATURE PHOTONICS | VOL 7 | NOVEMBER 2013 | www.nature.com/naturephotonics

The nanostructure formation mechanism exhibits a significant
degree of robustness against distinct types of perturbations. First,
the resultant field at any point is formed collectively by the entire
surrounding area, so the contributions of isolated defects or rough
patches on the surface are easily overwhelmed. When a defect is
placed along the beam path (under conditions otherwise the same
as in Fig. 3f), the nanolines suffer only minor distortions
(Fig. 3g). Defects encountered in Supplementary Movie S2
provide experimental confirmation. Second, Supplementary Movie
S2 shows that the beam focus was not maintained well during scan-
ning due to the poor mechanical stability of our set-up. However,
key features, such as nanoline period and width, are independent
of laser power (see Supplementary Section ‘Insensitivity of the
nanostructure features to laser power and exposure time’ for direct
experimental confirmation). Because of this insensitivity, a partial
loss of focus during scanning is inconsequential. In fact, we found
the standard and Allan deviations of the nanoline period of this
structure to be 0.9 nm and 0.14 nm, respectively (for details see
Supplementary Section ‘Characterization of the uniformity of the
nanostructures’). Third, as a result of the negative feedback
mechanism, the growth of the nanostructures saturates at a given
height. Even minutes-long exposure to a stationary beam or multiple
scans of the laser over the same area have no discernible effect
(Supplementary Movie S4). Robustness against a range of pertur-
bations is a coveted feature of nonlinear systems® that is extremely
difficult to achieve in strictly linear systems.

A diverse range of nanostructures have been fabricated using this
approach. A photograph of nanostructures covering a 3 mm? area,
fabricated on a thin and flexible glass slide, is presented in Fig. 4a.
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Figure 4 | Examples of fabricated nanostructures. a, Photograph of
nanostructures covering an area of 1 mm x 3 mm (colouration is due to
diffraction of room light). b, SEM image of a portion of the same structure.
¢, SEM image of mesh structure obtained by two scans of the beam with
orthogonal polarizations. d, Nanocircles (diameter, 370 nm) obtained with
circularly polarized light. e, Nanostructures fabricated on the side of a
titanium-coated optical fibre, demonstrating the capability to fabricate on
non-planar surfaces. f, Circular pattern of nanostructures obtained by
rotation of the polarization direction. g, Cross-sectional SEM image of
structures created on a thin film of titanium on a silicon substrate,
showing imprinting of the nanostructures to the underlying substrate.

h, Nanostructures obtained on a tungsten film over a glass substrate.

A scanning electron microscope (SEM) image of a section of the
same structure is shown in Fig. 4b. A mesh structure of titanium
dots surrounded by a mesh of TiO, is obtained by scanning
with a linearly polarized beam, followed by a second pass with
90°-rotated polarization (Fig. 4c). Using circularly polarized light,
a regular array of nanocircles is obtained (Fig. 4d, Supplementary
Movie S4). An important advantage of this method is the capability
to create these structures on non-planar surfaces due to the insensi-
tivity of the process to variations in laser intensity. This is in clear

200

contrast to conventional lithography techniques. As a demon-
stration, we scanned the beam over a titanium-coated optical fibre
(125 pm diameter), creating structures despite the very strong
surface curvature (Fig. 4e). Synchronously rotating the polarization
during a circular scan results in optical resonator-like patterns
(Fig. 4f), which could be interesting given the high index of TiO,.
The structures can be imprinted on a substrate such as silicon,
where the titanium film is used only as a transfer material
(Fig. 4g). If desired, titanium can be selectively etched away after-
wards. Although we focused on titanium in this work, our approach
should be applicable to other materials. Indeed, Fig. 4h shows tung-
sten oxide structures fabricated on a tungsten surface.

To conclude, we report a simple, low-cost and high-speed
method based on exploiting naturally occurring feedback mechan-
isms for the creation of metal-oxide nanostructures with femtose-
cond pulses. We have demonstrated periodic nanostructures
covering areas measuring square millimetres with ~1 nm long-
range uniformity on bulk and thin metal films on flexible substrates,
as well as on the surface of an optical fibre, proving that non-planar
surfaces can be processed. These special features, primarily the
ability to process curved surfaces, are nominally not achievable
with conventional techniques. In addition, our technique exhibits
a substantial degree of robustness against defects and perturbations.
This constitutes another demonstration that unique technological
capabilities can emerge naturally by exploitation of nonlinear
photonic systems’. Although we optimized the process for the oxi-
dation of titanium and tungsten under a regular atmosphere, many
metals, semiconductors and dielectrics have been shown to support
LIPSS formation'>~*°. In principle, any of these materials can be sub-
jected to a variety of chemical reactions under a suitable atmosphere
to fabricate nanostructures from a virtually inexhaustible list of
material compositions. The fabricated nanostructures can find
applications in  plasmonics?!, plasmonic nanolithography??,
photon detection?’, nanophotonics*!, memristors®® and metallic
nanostructures?® for nanoelectronics, control of cell behaviour
through patterned surfaces’” and in low-cost fabrication of highly
ordered TiO, structures, which have been shown to significantly
increase the efficiency of dye-sensitized solar cells?.

Methods

Laser set-up. The laser source was a home-built Yb-doped fibre laser, operating at a
central wavelength of 1,060 nm and generating pulses with up to 1 pJ energy at

1 MHz, which can be compressed to 100 fs (ref. 20). The powers incident on the
samples ranged from 100 mW to 1 W. The pulse-to-pulse power stability was on the
order of 0.05% (measured from 3 Hz to 250 kHz).

Integrated laser microscope set-up. The pulses from the laser were coupled into a
modified inverted microscope (Nikon Eclipse Ti) using a dichroic mirror with high
reflectivity for 1 um and high transmission of visible light. The focused spot size was
set to ~12 pm (full-width at half-maximum intensity) in most experiments. Beam
positioning was achieved by moving the sample on a dual-axis step-motor stage
(Thorlabs, MAX203) with a repeatability of ~1 pm. The samples were illuminated
with a halogen source, and imaging was carried out with a x100 oil-immersion
objective. The images were recorded with an electron-multiplying charge-coupled
device camera (Andor, Luca).

Theoretical model. The semi-phenomenological three-step model was based on an
integro-difference equation with decoupled timescales. The laser beam was modelled
as a Gaussian beam centred at a point (x,, y,) on the surface. When the nth pulse
of the pulse train was incident, it scattered from the surface protrusions and
depressions, described by the local height of titanium, &, (x, ). The total laser
intensity was calculated for every point (x, y) on the surface by integrating the
contributions from the surrounding surface elements. Ablation occurs on a
picosecond timescale, much faster than thermal diffusion, which would otherwise
smear out the nanoscale localization of the absorbed laser energy. At points where
the laser intensity exceeded the ablation threshold, titanium was ablated from its top
surface down to the point where the intensity dropped below the ablation threshold.
The amount of O, available was calculated based on the thickness of the TiO, layer
at that point. Ablated titanium and O, react readily on a timescale much slower than
the ablation process, but faster than the arrival of the next pulse (1 ps). The amount
of TiO, formed was determined by the amount of ablated titanium and O,,
whichever was smaller. The surface profile was then updated as h,,_,(x, ). The entire
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process was repeated for the (n 4 1)th pulse with an updated beam position (x,, y,).
A full account of the model is given in Supplementary Section ‘Detailed description
of the theoretical model’.
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Detailed description of the theoretical model

The incident pulse train is modelled as a Gaussian beam along the z axis and normally incident on

the surface, which lies in the (x,y) plane at z=0. The local height (in nm) of the metallic surface,
h(x,y), is nominally initially set to h(x,y)=6(x,y)Ah, where 6(x,y) is a random variable with an

average value of zero and root-mean-square (rms) value of 1. Ah characterises the rms roughness

of the surface.

L, (x.y.)=">1,(x.y.1), (1)
— 2+ _ 2 _ 2
I,(x,y,t)=1,exp u xo’")wz(y Yoa) :TR) . ()

14
Here, n is the pulse number, (x,,,y,,) determine the centre of the beam, which is slowly
(compared to T, ) shifting if the beam is being scanned over the surface, w is the beam width, 7,

is pulse-to-pulse separation, and 7, is the pulse width. For typical scanning speeds we have

utilised, up to 1 million pulses are incident at a point on the surface.

The interaction of a laser with a metal target is largely independent of the pulse shape and even of
the duration for pulse durations in the sub-picosecond regime'?. Consequently, we simplify the
description that follows by assuming the pulse to be of square shape and drop the explicit time
dependence. The corresponding electric field of the beam within the pulse duration for arbitrary
polarisation is given by

(x=xp, ’+(=30,)"

E.(x,y)=(E&+E e"y)e w (3)

2

Here, we have chosen the units such that /, = |En
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Figure S1. Coordinate system used in calculating the amplitude of the scattered electric field at a

point (x,y) due to a surface element at coordinate (x',y"). To calculate the total scattered field at

(x,y), it is necessary to integrate over all (x',y").

We consider the scattered field from a single defect to be dipole-like. The amplitude of the

scattered electrical field at point (x,y) on the surface, due to a surface element at coordinate

(x',y") (Fig. S1) is given by

. [Ex,(ge cos’@— f,sin’0)+ E, e” sinfcosO( f, + ge)]fc‘ 7(X‘—x‘o,n)2+(2y'—y‘o,n)
E. . (x\y)= . Xe 2 . (4)
+[Ex, sin@cosO(g, — f.)+ E, ”(f, cos’ 0 + g, sin’ 0)])7‘

In addition, we have

1 l i(wt—kr
fr=2§h(x'aY')(r—2—ﬁje( “, ®)

[ k I 1 i(wr—kr
:‘Sh(X,}’)[;—r—z—Fje( k), (6)

where & is a proportionality coefficient, i(x',y'") is the local height of the metallic surface at

coordinates(x',y"), and k=27 /A is the wave number of the scattered wave, x'(3') is the unit
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vector along the x'(y') axis, 6 is the angle between r and ', and r is the displacement vector

between (x,y) and (x',y"). In order to find the total local field at an arbitrary point (x,y) on the

surface, we integrate over the contributions from all points on the surface,
Eurn = E,(e)+ [[ By (' y)dx'dy. (7)

Here, normalization of this result to ensure that the sum of the total power scattered over the

surface and that of the reflected light equals the incoming power is implicit.

In order to clarify the underlying physics, let us consider the special case of linearly polarised light

along the y axis. Assuch, =0, E, =0 and E = E,. Then, our result reduces to

_(x'—x ‘0 )2 +(Y'_Y‘0 n )2

E_.(x'.y)=E, {sin@cos@(f, +g,)x'+ (f. cos’ 6+ g, sin’ 9))7'} Xe 2
For large r, further simplification is in order,

_(x'—xloﬂ )2+(}"—)"0,n)2

E, (x'\y)= {Ey, e’ gy sinfcosOx'+ E, e” g, sin’ 05)‘} Xe 2w

(x._x.o’n)z +(y._y.0,n)2 (8)

2w?

=E,exp| — éh(x',y')(éj sin® @'y,

Thus, the total electric field and intensity formed on the surface during the n™ pulse reduce to

(x'=xl, P+ =y, )

_ (] k 2 i(wt—kr) 2w? | 1
Epa ()= E, (x)+E[[E,h(x'y) (;j sinf ¢ dx'dy', (9)

nis effect of the (ﬂerg:f:)lrl:ibf pha;e‘te‘rlm. imp?s}?s‘ tlhe‘tjlrkl’ite—size
the pulse surface point  scts the finite | e on OF . where k- of the laser beam
number range of influence etermines
the period

integration over the entire (x,y) plane

2
s

Isurf,n(‘x’y)Z‘Esurf,n('x’y) (10)

where we have ignored the component along X', since it does not interfere with the incoming light,

which is along y' and the implicit normalisation operation suppresses its influence.

Interpretation of this result is straightforward. The total field is a surface integral with the product

of the surface height and the incident field at each point contributing. The form of the integral is

4 4 NATURE PHOTONICS | www.nature.com/naturephotonics
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suggestive of an interpretation as a Fourier integral over the surface height, A(x',y'), albeit with

important differences. First, there is a preferred direction due to the sin*@ term, which sets the
direction of the nanolines to be parallel to the polarisation direction. Second, the contribution of
each scattering point decays with r~'. This effectively sets sort of a coherence range; two regions
of the surface, some sufficiently large distance away from each other, can have no influence on
each other, but each region will contribute to nanostructure formation in its immediate vicinity
(Fig. S2). This is the mechanism through which concurrent and independent nanostructure
formation occurs when large spot sizes are used and it must be prevented to achieve a globally

ordered structure, which we accomplish by restricting the spot size on the surface: The envelope of
the beam, exp[—{(x—xogn)2 +(y— yogn)z}/ 2w’], also appears in the integrand, which effectively
sets the upper range of the integral since near the edge of the beam the laser intensity will be lower

than the minimum intensity required to activate the surface. This is a key point, through which we

ensure that during each pulse, every single point illuminated by the laser beam contributes to the

total field at every other point. Finally, the " term imposes the periodicity of the nanostructures.

Figure S2. Cartoon showing two regions, Region I and Region II, which contribute to the
formation of nanostructures in their immediate vicinity, but which are far apart enough that they

have no mutual influence, resulting in concurrent, but independent growth of the nanostructures.

Next, we formulate the chemical reaction between the metallic surface and oxygen from the air,
which leads to the production of the metal-oxide. Light intensity reaching a planar slice of

thickness dz, at a depth z below the surface, is given by

NATURE PHOTONICS | www.nature.com/naturephotonics 5 5
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1,(x,y,2)=1,, (x,y)e =, (11)

where z, is the skin depth of the metal (T1). The ablated volume element of Ti below the surface

corresponding to a differential area of dA is given by
dV(x.y)=dA[a(x.y.2)dz, (12)

where o(x,y,z) is the probability of ablation, which depends on the laser intensity. As a
simplifying approximation, we assume that the ultrafast ablation of the metal (e.g., Ti) surface
occurs only if the deposited energy per unit area (fluence) exceeds the threshold for this process.
This is justified for few-picosecond and shorter pulse durations'?. Here, we use the term ultrafast
ablation to refer to disassociation of the Ti from solid form under non-equilibrium conditions

created by the use of energetic, ultrashort pulses. Thus, for a given pulse duration, 7,, there is a
corresponding threshold peak intensity, 7,, which must be exceeded. For intensities below this
critical level, no ablation occurs. Consequently,

a(x,y,z)=H(,(x,y,2)=1,), (13)

where H (x) is the Heaviside function.

We assume, for simplicity, that the metal-oxide (TiO,) synthesis is directly proportional to the
amount of free (ablated) metal (Ti) and O, at that point in space. Therefore, the volume element

ablated by the ™ pulse at point (x,y) on the surface is given by

dV(x,y)=dAAz,, and

Zs ln(lxurf,n (‘x’y) / Ith) for Isurf,n (x’y) > Ith
Az, (x,y)= : (14)
0 for Ismf,n(x,y) <,

The number of evaporated Ti atoms at any point of surface is given by

N (x,y)=dV(x,y)pN, | M, (15)

6 NATURE PHOTONICS | www.nature.com/naturephotonics
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where p is the density of Ti, M,, is the molar mass, and N, is the Avogadro’s number. In the

calculation of 7,, we neglect energy transfer from the evaporated volume to the surrounding

region, which is justified for pulses shorter than a few picoseconds. Accordingly, the amount of
energy that needs to be absorbed per volume element, dV, to provide the energy for ablation, is
approximately given by dW = pLdV . Here, L is an effective total heat capacity for Ti for ablation,
which includes energy required for heating, as well as the latent heat capacities for melting and

evaporation.

The amount of absorbed fluence is given by W, =1 .7, (1 —e ), from which we estimate the

= Lsurfon

energy that must be absorbed within a thin slice to achieve ablation as

dWabs = I

surf ,n

Tp g
—2 ¢ dzdA, (16)
Z

The minimum intensity for ablation on the surface should be,

1,=pLz/7,, (17)
For Ti, using z =30nm, L=115001J/g, p=4500kg/m’, and 7,=170 fs, we obtain

1, =1x10" W/cm”, corresponding to a fluence of 0.17 J/cm?, which agrees well with published
ablation thresholds for Ti with sub-picosecond pulses™*. The experimentally determined threshold

value for the incident fluence per pulse is ~ 0.1 J/cm®, the value of which depends weakly on the

surface roughness. Given the simplicity of this model, the agreement is considered to be good.

As for the amount of oxygen molecules available to react with Ti, we assume that this number is
decreasing exponentially with the thickness of the titanium dioxide layer that forms on top of the
evaporated Ti and acts as a barrier. We formulate this as

Ny, = Ce ", (18)

2
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where C, is a proportionality constant, 4'(x,y)=nh(x,y) is the height of TiO, layer, which is
related to the height of the Ti layer, h(x,y), by a proportionality constant, n, and 4, is a critical

thickness parameter, which characterises the extend of diffusion of O, into TiOs.

The number of TiO, molecules produced after every pulse is highly dependant on the partial
pressures of the reactants, Ti and O,. Lack of availability of the either of the reactants will halt
further production of TiO,. In other words, the number of TiO, molecules formed cannot exceed
the number of ablated Ti atoms, or the number of O, molecules present at that point, whichever is
smaller. Therefore, quite simply,

Nyp, =Ny, if Ny <N, , or

(19)
NTiOZ =N02, if Ny, >N02-

The change in height through the action of by the ™ pulse at point (x,y) on the surface is taken to
be proportional to the number of TiO, molecules,

Al (x,3) = C Ny - (20)
We take £ =10"m, C, =1720 m, and incident wave peak intensity to be 1x10'> W/cm®, which is

similar to the calculated value of 7, .

Once the calculation of the effect of the n™ pulse is finished, the process is repeated for the by the

n+1™ pulse with the updated values of (Xo412Yons1)» if the beam is being scanned and with the

updated values of E,, E , and ¢, if the polarisation is changed.

Even though the theoretical model we have developed is semi-phenomenological, the numerical
simulations based on this model form the core of our physical understanding and have guided the
experimental development of nanostructures towards achievement of unprecedented levels of

uniformity. Furthermore, the model predicts all the salient features observed experimentally. We

8 NATURE PHOTONICS | www.nature.com/naturephotonics
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find that the exact details of the formulation do not change the qualitative nature of the results and
influence only the details, as long as several essential features of the model are retained. In the
remaining sections, each of these essential features and the important results of our model are

discussed further and compared to experimental results.

Modulational instability of a flat surface beyond critical laser intensity

The spontaneous formation of nanostructures under the influence of the laser beam needs to be
explained theoretically. As one can see from our model even by inspection, a perfectly flat (i.e.,
defect-free) surface is a state of equilibrium state as the laser field intensity will be uniform over
the surface. However, this does not necessarily mean that this state is stable against defects (or
surface roughness). Here, we show that a flat surface becomes unstable in the presence of a single
infinitesimal defect if the laser intensity exceeds a critical value. This situation is of similar nature

to various physical systems, including modulational instability in the context of solitons’.

In order to simplify the problem, we consider a toy model for a 1D surface, i.e., a line, since the
generalisation of the main results of this section to a 2D surface is straightforward, but
complicated. Let the height of the surface be given by

h(x)=hy+06(x—x,)Ah 21
i.e., an otherwise perfectly flat surface, but with a single defect of height, Ah, located at x = x,. In

1D, the total electric field is given by

k —ik‘x—x"
E x)=E, + Eh(x")——e dx'
wra )= Ey £
= E, +E[[ Ey[hy + AhS (x'~ x, )]ﬁe”‘“‘ dx'
B, | 1+ AR K sl |
= x| (22)
NATURE PHOTONICS | www.nature.com/naturephotonics 9
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where we have assumed that the beam width on the surface is extremely large (plane wave limit),

since our interest is in the stability of the surface. The component of the integral over 4, vanishes

due to symmetry. Assuming the defect on the surface is small, we proceed with a linearized

stability analysis.

2 - ik‘ x—x(,‘

1+ EAh—— k__griteesl

x)=1,
|x— %|

surf n

= 10[1+2§kAh +0(Ah2)], (22)

|x— x|

after which we will keep only the first-order term in Ah. Similar to the previous section, the

ablation depth for our hypothetical 1D surface will be given by,

Az z, In(1 surf (x)/1,) forl srf x)>1,
xX)= . 23
() 0 forl . (x)<I, 23)

surf ,n

Initially, the surface is flat, except for the small defect point. Thus,

—lk‘X—X()' —zk|x xo‘
zIn| I /I,h(1+2§kAh ] =z, [ln(l /1,)+2EkAh———+0(AR?) (24)

¥ = x| = x|

Clearly, we have, to a good approximation,
e—lk|x )co‘
z,In({,/1,)+2z ckAh——— forl,>1

Az, (x)= Uy 1) +22% |x = x,| 0T (25)

0 forl, <1,

This result shows that there will be no change at any point on the surface unless 7, > 1, if Ah is

sufficiently small. An important corollary of this result is that for a sizeable defect, the laser

threshold for nanostructure formation is less 7,, which is consistent with our experimental

th >

observation that the laser threshold for nanostructure formation is significantly reduced, when
starting around an existing defect. The result obtained from our toy model is valid for k‘x - x0| >1.

Nevertheless, it is capable of illustrating the relevant physics. The most relevant case is when the
peak intensity is very close to the threshold intensity, in which case we have the changing in

surface height as follows,

10 NATURE PHOTONICS | www.nature.com/naturephotonics
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. ik|x—x0|

2z nskAh——— forl, >1,
Ah,(x)=1Az,(x) = ne |x = x| o= (26)

0 forl, <1,
Here, we have recognized that the ablated metal structure will be fully converted (within a
proportionality constant, 717 ) to a change in metallic surface height, since saturation due to oxygen
unavailability can be safely neglected for a defect of infinitesimal size. This result shows, very
importantly, that an isolated defect leads to growth at adjacent peaks separated by the period,
A=2mr/k (Fig. S3). When the next pulse arrives, the two slightly larger defects formed
immediately on either side of the original defect by the first pulse will both contribute to further
growth of the original defect, as well as their own neighbours. Since the growth rate is proportional

to the size of the defect, Ak, growth is exponential (positive feedback) until saturation kicks in.

In summary, our toy model for 1D demonstrates the important result that a flat surface is unstable
against infinitesimal defects, if 7, > 7, . The instability is strongly reminiscent of modulational
instability in nonlinear optics. In addition, the fact that growth occurs at adjacent peaks separated
by A is a key result, demonstrating the non-local, yet periodic nature of the positive feedback and

consequently, the spontaneous emergence of the periodicity of the nanostructures.

T

] | ]
-1 0 1 2
klx-x|

Ah_(au.)

|

—4

AL

3 4

Figure S3. Plot of change in surface height after one pulse as a function of position along the 1D

surface. Red line represents the location of the infinitesimal defect, (x—x,)Ah.
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Numerical simulations clearly show that the full model corresponding to a 2D surface exhibits

modulation-instability-like behaviour for a perfectly flat surface with just a single defect. This is
consistent with our experimental experience that the better polished the surface is, the higher laser
intensity needed to start the nanostructure formation (i.e., if Ak is small, the minimum required
laser intensity is higher). As expected, once the first structures are formed, the laser intensity can
be reduced to values significantly less than the value required to initiate the nanostructure

formation.

Experimental evidence for the threshold for intensity

The nonlinear characteristic of the process is evident from the existence of a sharp threshold in
intensity for the formation of TiO, structures. In laser interference lithography, material
modification occurs through linear absorption of (typically UV) light in a photoresist material.
There is no power threshold for this process and the volume of material processed is essentially a
linear function of the laser intensity. Therefore, the intensity determines the rate of the chemical
transformation. However, there is no on/off mechanism and at points with partially destructive
interference, the process is simply slower. Consequently, an interference pattern can easily be
erased through over exposure. In our case, however, no processing occurs at surface points, where
the intensity is below a critical value. Therefore, the pattern will not change once it is formed, even
with indefinitely long exposure. There is no possibility of over exposure; once the nanopattern has
formed, spatial points with intensity below the threshold will no longer be affected. This can be
visually seen in the experimental movies, when the beam is not moving. The complete lack of
processing of the surface in the troughs, between the peaks is demonstrated by experiments done
on bulk Ti samples. Some of these samples had shallow surface scratches, which were determined
to be 10-20 nm in depth by atomic force microscope (AFM) analysis. We have observed that these

scratches are perfectly preserved in between the nanolines (Figure S4), proving the complete
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absence of laser-induced TiO, formation at these points, and confirming the existence of a sharp

threshold on local intensity.

Figure S4. Pre-existing scratches on surface are preserved between the nanolines. SEM image of
nanolines showing continued existence, after nanostructure formation, of a pre-existing crack on

the surface. According to AFM analysis, the depth of these cracks range between 5-20 nm.

The existence of an intensity threshold and absence of possibility of overexposure is an essential
difference from linear laser interference lithography that stems directly from the nonlinear nature

of the process.

The role of nonlocal positive feedback

The positive feedback that arises from the surface integral in Equation (9) can easily be visualised
through numerical simulations. Fig. S5a illustrates nanostructures formed by scanning a laser beam
over the surface, which constitutes a snapshot in the numerical simulations shown in
Supplementary Movie 1. Fig. S5b shows the contributions to the field formation at a specific point

marked in Fig. S5a. The contributions, corresponding to the kernel of Equation (9), arise from the

NATURE PHOTONICS | www.nature.com/naturephotonics 13
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entire area surrounding the point, which underlies the built-in robustness of the nanostructure
formation mechanism: The contributions of a reasonably small defect will always be overwhelmed

by a much larger surrounding area.

a 0 50 nm 100 nm 150 nm

y (um)

y (um)

X (um)

Figure S5. (a) Numerically simulation of formation of nanostructures. The white cross denotes the

point for which the electric field is calculated. (b) Contribution to the field at the point marked with

the white cross from the surrounding area.
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Saturation of growth due to negative feedback

The negative feedback that arises due to the increased difficulty of oxygen reaching the ablated Ti
structures as the TiO; structure grows is responsible for the halting of the growth process. We
model oxygen available to be decreasing exponentially with increasing thickness of the TiO; layer.
Therefore, the growth of the height of the structures should increase only logarithmically with the
number of incident pulses. The numerical simulations confirm this behaviour (Fig. S6).
Simulations are carried out only to 1000 pulses due to excessive computational time required to

continue further.

5 lllll T T lllllll T T lllllll T T lllllll 100

w IN
T T

[\
T
Height, h (nm)

Change in height, Ah (nm)

—_
T

O llll.k‘“

Number of pulses

Figure S6. Results of numerical simulations showing total height (red circles) and change in height
after each pulse (blue crosses). Green line shows logarithmic fit, which is valid in the deep

saturation limit. In experiments, typically around 10° pulses are incident on each spot.

Experimental evidence comes from the videos, which show clearly that even when the beam is

stationary for tens of seconds, during which more than 10’ pulses are incident on the surface, the

existing structure remains unchanged. This confirms that even a very large number of pulses leads
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to no further processing, and experimentally confirms the heavily saturated growth mechanism

demonstrated in Fig. S6.

Material composition of the TiO, nanostructures

The material properties of the nanostructures that are created in this process have been
characterised through energy-dispersive X-ray spectroscopy (EDX), and Raman spectroscopy. The
XPS measurements clearly show the introduction of oxygen following the process, while it is
practically absent in parts of the Ti samples without nanostructures (Figure S7a). The Raman
spectra (Figure S7b) of Ti samples over the range 150-750 cm™ show that areas where
nanostructures have been formed have three distinct peaks at 241, 439 and 613 cm™'. These three
peaks can be identified as arising from multi-photon process, E, and A, active Raman modes for
the tetragonal rutile structure of TiO,, respectively. Raman spectra from unexposed sections of the
surface have suppressed peaks. Thus, we conclude that the nanostructures comprise predominantly
of TiO; of rutile form. The peaks associated with Al and V arise because the nanostructures under
investigation was created on bulk Ti, which was not pure but contained small amounts of Al and V.
We also characterised nanostructures created from thin films of Ti on glass substrates. The main
results were unchanged, but there were additional peaks associated with the elements found in the

glass substrate.
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Figure S7. (a) Energy-dispersive X-ray spectroscopy (EDX) obtained from regions of a Ti disk (i)
without and (i1) with the nanostructures. (b) Raman spectroscopy obtained from regions of the Ti

disk (i) without and (ii) with the nanostructures.
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Insensitivity of the nanostructure features to laser power and exposure time

A crucial aspect of the formation mechanism reported here is that the nonlinear dynamics of the
process, together with the material properties sets the key features such as the nanoline width and
nanoline period (Figure S8). The orientation of the structures is determined by the polarisation of
the incident pulses. We characterised the dependence of these parameters to exposure time (i.e., the
total number of incident pulses) and incident laser intensity. Figure S8 shows the dependence of
nanoline width and period on the scan rate and the pulse energy. For these experiments, the pulse
duration was ~170 fs, (full-width at half maximum intensity) spot size was 12 um and repetition
rate was 1 MHz. The pulse energy and peak intensity are proportional to incident average power
for given pulse duration, repetition rate and spot size. Neither of these parameters lead to a
measurable change in the nanoline width or period despite a factor of 4-fold change in the exposure
time and a factor of 3-fold increase in pulse energy. This insensitivity to exposure time and pulse
power is central to the uniformity of the structures and pave the way to processing of non-planar
surfaces. Even if the peak pulse intensity varies due to noise from the laser or displacement of the
sample partially out of focus due to a mechanical perturbation or simply because the surface has
curvature, the structures are unaffected. In fact, this should allow the creation of the nanostructures
not only on non-planar surfaces, but also on rough surfaces. This flexibility is in contrast to

conventional laser lithography, which requires the samples to be extremely flat.

With increasing exposure time (reduction of the scanning speed) or pulse energy, the lateral extent
over which the nanostructures reach, in other words, the pattern width is increased (Figure S9).
This is expected from our theoretical model: As each portion of a nanostructure is created through
the nonlinear feedback mechanism, involving scattering from the existing structures, surface points
at the edge of the beam, where the total intensity barely exceeds the ablation threshold still grow,

but with much smaller growth rates.

18 NATURE PHOTONICS | www.nature.com/naturephotonics
© 2013 Macmillan Publishers Limited. All rights reserved.



DOI: 10.1038/NPHOTON.2013.272 S UPPLEMEN TA RY IN FO RM AT | O N

—~~ i Q o ./.-.\ —~~
— £
3 =
ie. -
L 950} 4250 =
o - e
£ / \ o =
S <. Q o o
= I | ©
=z Pz
700 ' : ' : ' : ' 0
2 4 6 8
Scanning speed (um/sec)
b 1200 T | T | T | T | 500
3
£
S -y
B -9 QQOQQQQQ!QQ‘.—y €
= g \_./ c
S S
S 5 g S
e o) = S
L o950 § £ 4250 =
o) < . S o)
c o 2N % c
= Z 1290 O 9 g 5
2 [T TeTe%070 5
(ZU I 2 1 =
(72}
(@)
c
©
Pz
700 1 | 1 | 1 | 1 0
0 100 200 300 400

Incident pulse energy (nJ)

Figure S8. (a) Nanoline width (red circles) and period (black circles) as a function of scanning
speed, which controls the exposure time. (b) Nanoline width (red circles) and period (black circles)
as a function of pulse energy under fixed repetition rate and pulse duration. It is seen that neither

exposure time (total fluence), nor peak power affect the width and period.
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Figure S9. (a) SEM image, where the nanoline pattern width is indicated. (b) The width of the
pattern of nanolines formed is characterized with respect to scanning speed (to which the exposure

time is inversely proportional) (black triangles) and incident pulse energy (red circles).
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Characterization of the uniformity of the nanostructures

Given that the nanoline periodicity, as well as the other features of the nanostructures is determined
by the nonlinear laser-material interaction, it is important to characterise the long-range uniformity
of these structures. We have used atomic force microscopy (AFM) imaging to obtain the surface
profile in a thin and long strip perpendicular to the nanolines from the sample shown in Fig. 4b.
From this, we have extracted distances between successive peaks (for a total of 69 measured
nanoline periods), constituting the nanoline periods of the structure (Fig. S10a). The average value
of the nanoline period is 646.18 nm in this experiment. In addition to calculating the standard
deviation of these measurements, which yields 0.9 nm, we utilised Allan deviation statistics, a
commonly used technique in metrology, to characterise the variation of the nanoline period as we
scan over increasingly large distances over the same sample. The modified Allan deviation reaches
as low as 0.1 nm. If overlapping Allan deviation is used, similar results are obtained (Fig. S10b).
These results are limited by the manufacturer-specified accuracy of the AFM equipment, which is
set by temperature-related nonlinearities of the piezo-stages inside it. We believe that the actual
uniformity of the period of the structures is likely to be superior since it is determined by lesser
stable one of two factors, either the stability of the laser wavelength or the material uniformity of
the Ti thin film. The wavelength of the laser used in this study has a measured stability of better
than 107 fractional variation even without any active stabilisation and the thickness of the thin film
can, in principle, be controlled at the atomic-layer level. Therefore, it appears plausible that the
long-range uniformity of the periodicity is significantly better than the AFM-limited values

reported here.
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Figure S10. Experimental characterisation of the long-range uniformity. Upper panel: Fractional
variation of the nanoline period, A, for 69 consecutive samples. Lower panel: Allan deviation of

the nanoline periods for the corresponding data.

22 NATURE PHOTONICS | www.nature.com/naturephotonics
© 2013 Macmillan Publishers Limited. All rights reserved.



DOI: 10.1038/NPHOTON.2013.272 S UPPLEMEN TA RY IN FO RM AT | O N

Influence of film thickness and laser wavelength

The direction of the nanostructures is directly controlled through the laser polarisation. Other key
features, namely the nanoline width and period can be chosen through the thickness of the Ti thin
film. For a glass substrate, the nanoline width and period can be varied at least between 330 nm —
400 nm and 610 nm — 790 nm, respectively, for film thicknesses of 50 nm to 300 nm (Figure
S1la). Similarly, the nanoline period can be controlled through the laser wavelength, as
demonstrated by measurements at 1050 nm with the fibre laser and a regeneratively amplified
Ti:sapphire laser system (100 fs-long pulses at 1 kHz repetition rate) (Figure S11b). A fuller
characterisation would require a tuneable source of femtosecond pulses, which we did not have
access to. However, on-the-fly control over the periodicity and the creation of complex structures

should be possible with a tuneable laser source such as an optical parametric oscillator or amplifier.
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Figure S11. (a) Experimentally determined variation of the nanoline width (red circles) and
nanoline period (black triangles) as a function of the thin film thickness on glass substrate. (b)
Experimentally determined variation of the nanoline width (red circles) and nanoline period (black

triangles) as a function of the laser wavelength on glass substrate.
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SUPPLEMENTARY INFORMATION

Analogy to mode-locking dynamics and parabolic profiles of the nanostructures

An analogy can be made between these dynamics and mode-locking of lasers. Mode-locking® is
similarly initiated from noise, more precisely, from cavity modes with no mutual coherence, by
positive feedback due to nonlinear gain and stabilised by negative feedback of the pulse shaping

dynamics’, often in the form of solitons or similaritons®. Here, the spatial modes of the surface

structure develop coherence as a result of positive feedback, stabilised and made uniform by
negative feedback.

Cross-sectional profiles of the nanostructures, measured with AFM and confirmed by scanning
electron microscope (SEM) images, are parabolic in shape for all sizes. We note that the nearly

parabolic curves used to fit the measured profiles are of the same mathematical form as used to fit

temporal shape of the similariton pulses in ° (Fig. S12), even though the physical systems are
entirely different.
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Figure S12. (a) Measured cross-sectional profiles (dashed lines) of the nanostructures

demonstrating parabolic shape that scales up self-similarly. Solid lines denote parabolic fits. (b)

AFM image showing the position of the cross-sectional profiles.
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Scaling of the nanoline width with the nanoline height

It is informative to consider how the height and width parameters are related. The nanoline height
and widths determined from AFM profiles are plotted in Figure S13. It is seen that the height of the
nanostructures saturates as the Ti below is depleted and/or the growth process suffocates due to

Ti0, that forms on top effectively blocking the reach of oxygen to Ti below.
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Figure S13. Experimentally determined variation of the nanoline height versus width. Throughout

this range, the spatial profile remains parabolic. The sample comprised of a glass substrate covered

by a 100 nm-thick Ti thin film.
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Thin film preparation

The thin films were deposited by DC magnetron sputtering onto cleaned glass substrates at room
temperature. For Ti thin films, we used a Ti target (50.8 mm diameter x 3.17 mm thick, 99.995%
pure), mechanically clamped to the DC magnetron cathode of a conventional sputtering system
(Vaksis, NanoD-4S). The substrates were cleaned by rinsing in ultrasonic baths of acetone and
methanol and dried under nitrogen gas. The base pressure of 2x107® Torr was obtained in our
deposition system and the sputtering was carried out in a 99% pure argon atmosphere. The target-
substrate distance was kept at 100 mm during deposition. The ambient argon gas pressure was kept
at 8 mTorr for all depositions. The films were deposited at fixed sputtering power of 125 W. The
thicknesses of the films used in this study ranged from 50 to 400 nm as confirmed by using optical

interferometry and verified by cross-sectional viewing of the thin films by SEM.
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