Vol. 4, No. 6 / June 2017 / Optica 637

T Research Article

Check for
updates

Competition between subwavelength and
deep-subwavelength structures ablated by

ultrashort laser pulses

Ler Wang,"t
SauLius Juopkazis,**’ ano HonGg-Bo Sun'®

Bin-Bin Xu,>t Xiao-WEN Cao,' Qian-Kun Li,' Wen-JiNGg Tian,® Qi-Dar CHeN,'®

'State Key Laboratory on Integrated Optoelectronics, College of Electronic Science and Engineering, Jilin University, Changchun 130012, China
2Centre of Excellence for Quantum Computation and Communication Technology, School of Physics,

University of New South Wales, Sydney NSW 2052, Australia

3State Key Laboratory of Supramolecular Structure and Materials, College of Chemistry, Jilin University, Changchun 130012, China
“Centre for Micro-Photonics, Faculty of Science, Engineering and Technology, Swinburne University of Technology, Hawthorn VIC 3122, Australia
*Melbourne Centre for Nanofabrication, ANFF, 151 Wellington Road, Clayton VIC 3168, Australia

°e-mail: chenqd@jlu.edu.cn
“e-mail: sjuodkazis@swin.edu.au
Se-mail: hbsun@jlu.edu.cn

Received 23 February 2017; revised 20 April 2017; accepted 10 May 2017 (Doc. ID 287410); published 9 June 2017

Femtosecond laser-induced periodic subwavelength and deep-subwavelength structures (SWS; DSWS) have attracted
attention due to their subdiffraction resolution of surface and inner volume patterning. Understanding of the richness
of laser-matter interaction during formation of SWS and DSWS is another quest which can help to find control for
nanoscale fabrication. Lack of control over SWS and DSWS formation has impacted their wider use and calls for a
deeper insight into the relationship between them. Herein we present a systematic study defining a criterion for im-
printing either SWS or DSWS, which is based on a competition and their mutual incompatibility discriminated by the
laser fluence and pulse accumulation. Structure evolution of SWS and DSWS is highly dependent on the localized
effective laser fluence, which determines the instantaneous optical permittivity by the laser-excited electrons creating
an active plasma layer. The proposed universal SWS and DSWS competition mechanism involving the laser-induced
plasma wave at the plasma—substrate interface ties together many previous observations and unifies the discussed

mechanisms of surface nanoripple formation.

© 2017 Optical Society of America

OCIS codes: (140.3390) Laser materials processing; (320.7130) Ultrafast processes in condensed matter, including semiconductors;
(250.5403) Plasmonics; (240.4350) Nonlinear optics at surfaces; (220.4880) Optomechanics.
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1. INTRODUCTION

Laser-induced periodic structures (LIPSS) have been widely re-
ported on surfaces of different materials since their first observation
in 1965 on Ge and GaAs irradiated by a ruby laser [1]. Interference
between the incident light and the surface-scattered wave was
attributed to the structure formation under irradiation by continu-
ous wave and high-power nanosecond and picosecond lasers [2-5].
The period of the formed structure is typically larger than half-
wavelength, 1/2, with a strong dependence on the angle of inci-
dence [4,5]. However, under femtosecond (fs) laser irradiation,
periods slightly smaller than the laser wavelength [therefore, sub-
wavelength structures (SWS)] [3,4], as well as deep-subwavelength
structures (DSWS) [6-11] with periods considerably smaller than
A/2, were observed on transparent materials and semiconductors.
Up to now, these two types of surface structures have become a
universally observed feature in the fs laser multipulse ablation
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[3-5]. For example, in the case of silicon, SWS with period A rang-
ing from 500 to 800 nm (0.64 < A = 4, 4 = 800 nm) were ob-
served under the amplified fs-laser pulsed exposure [12-20].
DSWS with a period of 70-130 nm (A < 4/6, 4 = 800 nm) were
realized by a fs-laser oscillator at a several tens of megahertz (MHz)
repetition rate [21,22] or by a fs-laser amplifier in solution
[17,23,24]. The morphology of SWS or DSWS were nearly the
same regardless of the laser parameter differences between repeti-
tion rate, incident angle, and pulse duration [4,12,22,25].
However, they were not observed simultaneously on Si by fs-laser
exposure using the same wavelength, pulse duration, and repetition
rate. Besides, although the modified Sipe’s [12,25] and plasmonic
wave models [21,24] could provide a self-consistent explanation for
the formation of either SWS or DSWS, they cannot consistently
encompass formation of both structures. The relation between
SWS and DSWS has not been systematically studied.
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Fig. 1. Laser-induced plasma conductive active layer supporting waves
which imprint SWS and DSWS patterns by ablation; surface plasmon
polariton (SPP) is formed at the interfaces between the two layers:
air—plasma and plasma—substrate. Reflectivity, R, ,, and thickness of
the plasma layer are varying across the Gaussian focal spot.

Herein, we report on a systematic study of fs-laser-induced
SWS and DSWS at different laser fluences from nearly twice
the threshold to 1/4 the threshold for structure formation and
accumulation with pulse numbers from 1 to 10°. The SWS struc-
tures were observed above 170 m]/cm? by pulse accumulation,
while DSWS were demonstrated between 76 and 170 m]/cm?
using the same laser amplifier and washing of the surface in
HF acid solution. These two types of structures were found
incompatible with each other and strongly dependent on the
localized effective laser fluence (ELF)—the actual fluence at
the interface on which the structure formed (Fig. 1); the average
fluence per laser spot cannot be used to correctly capture forma-
tion of the SWS and DSWS. The interface active layer of excited
electrons was formed under optical excitation, supporting a plas-
monic wave. A near-infrared Ti:sapphire fs laser (Spectra Physics)
with repetition rate of 1 kHz was used to maximally suppress ther-
mal accumulation between pulses and to ensure the same average
laser fluence used for SWS and DSWS formation. The wave-
length of the laser radiation was 4 = 800 nm and pulse duration
was 100 fs. Objective lenses (50x with numerical aperture
NA = 0.7 and 10x, NA = 0.25) were used to focus the laser
beam onto a (100) silicon surface.

2. COMPETITION BETWEEN SUB- AND
DEEP-SUBWAVELENGTH STRUCTURES

The SWS period decreased with the pulse accumulation above the
threshold of 230 m]J/cm? (Fig. 2). The period was very close to
the laser wavelength of 800 nm for the structure recognizable after
a single pulse irradiation at the laser fluence of 436 mJ/cm?. The
period decreased as the pulse number was increasing, and satu-
rated after eight pulses (Fig. 2). This trend was similar for the
smaller laser fluence of 344 m]/cm? except that more pulses were
required for the same period as compared with 436 mJ/cm?. At
the laser fluence of 287 m]/cm?, SWS was first observed after 20
pulses with a period of around 660 nm and then kept nearly the
same as the pulse number increased. It is worth noting that SWS
could be formed by only one pulse at 436 m]J/cm?, while abla-
tion appeared before the formation of SWS when the laser fluence
was 344 and 287 mJ/cm?. The ablation-induced oxidation and
material removal affected the final appearance of the structure but
was not an essential prerequisite for the SWS formation. Ablation
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Fig. 2. DPeriod of SWS versus pulse accumulation at different laser flu-
ences. Representative SEM images at different laser fluences of
(a) 436 mJ/cm?, (b) 344 mJ/cm?, and (c) 287 m]J/cm? shown as inset
figures. Numbers in left upside of each inset figure represent the number
of laser pulses. All scale bars are 500 nm. Arrow shows the laser
polarization.

was enhanced by a positive feedback due to the light scattering
from periodic structures and at the ablation rim. Periodicity of
pattern was damaged and holes formed at the center of the irra-
diation spot when the number of pulses exceeded 102. All the
structures were analyzed after HF acid etching (5 mol/L) for
15 min to remove the oxidation and the ablation debris.

A serrated edge of focal region became more obvious and de-
veloped DSWS at the fluence of 258 m]J /cm?; see Fig. 2 and con-
dition C in Fig. 3. At first, some melting and nanoparticles were
only observed in the ablation center after single-pulse ablation
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Fig. 3. SWS (filled markers) and DSWS (open) evolution with pulse

accumulation at laser fluence of 258 mJ/cm?. Pulse number is (a) 1,
(b) 5, (0 10, (d) 20, (e) 50, (f) 100, (g} 200, (h) 250, (j) 300,
(k) 500, () 1000, and (m) 2000. The maximum length and period
of DSWS. Scale bar for (a)—(m) denotes 500 nm.
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[Fig. 3(a)]. They gradually formed a round border after five pulses
[Fig. 3(b)]. Then the surface morphology showed a similar
serrated rim for 10-20 pulses as that observed after five pulses
at the laser fluence of 287 mJ/cm? [Figs. 3(c) and 3(d)].
Interestingly, the period and the length of DSWS grew with pulse
number.

Orientation of DSWS was preferentially along the laser polari-
zation. The DSWS formed at the rim of the laser ablation region
were about 60 and 70 nm after 20 pulses in the direction parallel
to the laser polarization, as shown in Figs. 3(g) and 3(h). They
extended outside up to 500 nm at 250 pulses along the polari-
zation; however, there was a clear tendency to observe also DSWS
which are perpendicular to the polarization [Fig. 3(h) and 3(m)].
The period of DSWS showed a constant value as the number of
pulses increased, 210-10 nm in the direction perpendicular to the
laser polarization and 190-10 nm parallel to the polarization
[Fig. 3(m)]. If more than 250 pulses were irradiated, DSWS
perpendicular the laser polarization were decreasing in period
from 200 nm at 300 pulses to about 100 nm at 2000 pulses, while
the DSWS in the other direction (parallel to polarization) rapidly
disappeared. At the same time, SWS with period about 580—
40 nm were clearly observed in the center of the ablation region
only when 250 pulses were irradiated, as shown in Fig. 3(h). It
kept this period value when the number of pulses was increasing
from 300 to 500 and become irregular for the higher pulse num-
ber due to a strong light scattering, as shown in Fig. 3(m). All the
structures were rinsed in HF acid solution (5 mol/L) for 15 min to
remove the oxidation and the ablation fragments before structural
characterization by scanning electron microscopy (SEM).

Next, we analyzed SWS and DSWS obtained simultaneously
at the irradiated spot. The atomic force microscope (AFM;
iCON, Veeko) image of the formed DSWS by 100 pulses at
258 mJ/cm? is shown in Fig. 4(a). The height of the DSWS$
around the ablation rim and at the center was about 40 nm
and slightly increased to 48 nm at 300 pulses [Fig. 4(b)]. The
height of the SWS was more than 150 nm at 300 pulses in
the center of the ablation pit. More details were revealed by
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Fig. 4. (a) DSWS formed by 100 pulses at 258 m]J/cm?. (b) Depth of
DSWS changed with pulse number. (c) SWS formed by 300 pulses at
258 mJ/cm?. (d) Laser fluence distribution on the same structure before

HF etching (SEM image).
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comparing the ablation region before and after HF rinse (Fig. 4).
Only a slight signature of DSWS was observed along the polari-
zation between the yellow and green ovals [Fig. 4(d)]. Rinsing in
HF revealed the hidden structures by dissolving the oxidation re-
gion and by removing ablation debris. The ablated features at the
very rim of the pattern have orientation along the laser polariza-
tion [Fig. 3(h)] and are consistent with an increased electronic
conductivity along the E-field of light during the pulse [26].

Next, formation of SWS and DSWS is investigated by analysis
of the light-induced permittivity changes that result in different
plasma densities as revealed in experiments (schematically shown
in Fig. 1). The critical laser intensity for DSWS formation was
defined for the Gaussian light intensity by

]th,2,3 = ]0 eXp(—Zr?h)2)3/w2), (1)

where /) is the intensity amplitude at the center, 7, is the thresh-
old of laser ablation, 7, is the upper limit intensity for DSWS
formation, /3 is the lower intensity bound for DSWS, and w
is the waist of the beam (radius). Following the relationship be-
tween the intensity / and fluence F [27], the critical threshold for
DSWS can be estimated between F(r;) and F(r,) by defining
fa = /7 and 11y = 73/ 7%

I(2) = Lpe /), @)

+o0 +o0 N
F = / I(t)dt = 10/ et dr = Jmegly,  (3)

F(r) = F, JF}y, (4)

with »; = 0.45 pm, r, = 0.95 pm, r3 = 1.38 pm, F(r,) and
F(r3) were found to be at 154 mJ/cm? and 87 m]/cm?, respec-
tively [Fig. 4(d)], and #; is the pulse duration. Structures formed
at the subthreshold (for a single pulse) laser ablation are shown in
Fig. 5. Only DSWS without SWS were observed at 152 m] /cm?
for the pulse accumulation from 1 to 10° as expected from the
established threshold. The period 100 &= 10 nm was determined
for 10% pulses and then increased to 110 & 15 nm for larger
number of pulses, as shown in Fig. 5. Due to a slight jitter of
laser fluence, SWS or an unstructured ablation pit randomly
appeared at the fluence of 170 mJ/cm? for 10° pulses
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Fig. 5. DSWS formed by subthreshold laser fluence. (2; - a,)
Structures ablated by 10% pulses at fluence of 170 mJ/cm?. (b)—(c)
Structures ablated by 152 m]/cm? and 76 m]/cm? by 10° pulses.
Scale bar in the insets is 1 pm.
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(Fig. 5). The fluence 170 mJ/cm? was determined as the lower
limit for the SWS formation. A low threshold for the SWS be-
comes 76 m]J/cm? for an increased number of pulses (Fig. 5).

3. CRITERION OF SUB- AND DEEP-
SUBWAVELENGTH STRUCTURES BY EFFECTIVE
LASER FLUENCE

The photo-excited carrier concentration via absorption and ion-
ization plays a key role in the SWS and DSWS formation. A sur-
face layer where the strongest absorption takes place is changing
its effective dielectric permittivity instantaneously following the
optical energy deposition. This skin plasma layer supports a plas-
monic surface wave (Fig. 1). Considering the indirect and direct
energy gap of silicon at 1.12 eV and 3.4 ¢V, respectively, single-
photon ionization (SPI) and two-photon ionization (TPI) are
probable at the 800 nm central wavelength excitation. The single-
and two-photon ionization created the laser-induced carrier
concentration, NV, which was calculated following the standard
definitions and parameters of Si [27],

Nep = Ngpr + Npr (5)
with
1-R
Ngp = aFy , (6)
w
PF;(1-R)?

= — , 7
Y 24/27t 7
where f is the two-photon absorption (TPA) and a is the linear
absorption coefficients, respectively; and R is the reflection coef-
ficient. The excited carrier concentration altered effective dielec-
tric permittivity €* of the active plasma layer is given by [27]

No-Ng @ 1
* =1 -1 _-2 8
€ +ea-1) N, ®* 1+ i(wrp)™! ©)
N,é?
e = (ns; + kSi)z) W, = e 9)
Egm

where 7g; and kg; are the real and imaginary parts of the refractive
index of Si at 800 nm, defined by 3.681 + 0.005/; @ and w,
are the cyclic and plasma frequencies, respectively; ¢ is the
electron charge, 1.6 x 10°C; g is the vacuum permittivity,
8.854 x 10712 F/m; m* is the effective electron mass, 0.18 [27];
and 7p is the damping time constant, 1 fs [27].

Considering the two plasmonic surface plasmon polariton
(SPP) waves formed on the different interfaces between the
air—plasma and plasma—substrate (Fig. 1), the effective dielectric
constant for each is

=+, (10)

where &, represents the dielectric constant of the environment and
dynamically varies as a function of the air, an oxidized film on Si
(see the Supplement 1, Fig. S3), and the bulk silicon. The
proportion of these different components in the effective medium
varies as ablation develops under pulse accumulation. The value of
€, at the upper and lower surfaces is defined by the effective
medium formalism applicable due to the subwavelength structure,

€1 = f(&si0, €air) = x€pir + (1 - %)€s500,5 (11)
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£y = fles €si0,) = x5 + (1 - X0, (12)

where the ¢,;,, = 1 and the &g, = 2.3. For the structures with
well-defined boundaries, x was taken as the grating width-
to-period ratio for both SWS and DSWS.

The effective complex refractive index, n, + ik,, was

defined by
e+ &

8* 85

= (n, + ik,)%. (13)

E =

Interference of the incident and light scattered from the surface
based on Sipe’s model was attributed to the normal—
perpendicular to the linear polarization—SWS formation with
period [4,12,17]

AN=2/n, (14)

The normal DSWS were attributed to the plasmonic wave
with period [4,21]

Apsws = Ap/2, (15)
where the wavelength of SPP A, is dependent on the plasma
density (hence permittivity) and is defined by

2 2me A
=5 = =—. (16)

wn, n,
It should be noted the instantaneous reflection at the two in-
terfaces is changing with absorption for the two interfaces (Fig. 1),

 (n, -1+ K
(o + 1P 4R

A
sp

R, (17)
(1, = nsi)* + k5,
RS
The laser fluence changed due to the reflection at the
air—plasma interface is
F,=Fy(1-Ry). (19)

In order to estimate the effective absorbance at the lower inter-
face, the transmittance of the plasma layer should be taken into
account,

R, (18)

F2:F1R2 =F0(1—R1)R2. (20)

By using Egs. (5)—(8), the Ngp, N1p, and the total excited
electron concentration N, with laser fluence were iteratively cal-
culated [Fig. 6(a)]. The linear and TPA mechanisms had contri-
bution in electron excitation, plasma layer formation, and, hence,
in the final structure formation, which is a result of ablation
(imprint) of the SPP waves. From simulation, the threshold of
surface structure formation was judged from the lowest reflection,
which was at about 219 m]/ cm?, close to the experimental ob-
servation, 230 mJ/cm?, and existing literature, 200 mJ/cm?
[13,23]. As the laser fluence increased reaching the threshold,
the reflection from the interfaces between the air and plasma layer
decreased from 0.32 to 0.2. Above the threshold, the reflectivity at
the interface between the active layer and the bulk silicon in-
creased quickly with the increasing fluence [Fig. 6(a)]. Such re-
flectivity changes ensured a stable energy absorption inside the
active plasma layer important for the SWS and DSWS formation.

As shown in Fig. 6(b), the SWS period calculated by Eq. (16)
presented a stable period of about 780 nm, while the DSWS
period was around 100 nm, given by Eq. (17). Although the theo-
retical fluence for the stable period of SWS and DSWS were
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Fig. 6. Laser fluence determined a structure via formation the
plasmonic active layer. (a) Excited electron concentration and reflection
versus laser fluence. (b) Induced SWS (x = 1) and DSWS (x = 1) period
and the corresponding effective laser fluence (ELF). (c) SWS and DSWS

period with x.

nearly the same, ; = 315 m]/cm?, the effective fluence, which
differed across the laser spot, was the key factor that determined
which structures could be formed (Fig. 1). When the laser fluence
was above F, the excited electron concentration was enough to
ensure a stable period for SWS, even by only one laser pulse
[Fig. 2(a)]. Nevertheless, the F) = 147 mJ/cm? was required
to form the active plasma layer [right axis on Fig. 6(b)], which
means that the fluence below F| but above F’, was required
to generate the same active plasma layer supporting the scattered
surface wave and the interference between it and the incident light
for the standard SWS according to Sipe’s theory. Due to the
changed surface reflectivity during pulse accumulation, the
experimentally observed lower limit fluence for SWS F, was
F}/(1-0.2) = 184 mJ/cm?, which was in a good agreement
with the experimental result of 170 mJ/cm? (Fig. 5). For
DSWS, the required calculated fluence was only 5 =52m]/ cm?,
which means the experimentally observed lower limit at the flu-
ence F3, which was F} /(1 - 0.2) = 65 m]/cm?, was close to the
experimental result of 76 m]/cm?. Thus, the criterion between
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the SWS and DSWS is clearly defined, and correspondence be-
tween simulations and experiment was good for the F, and Fj,
shown in Fig. 6(b) and schematically in Fig. 1.

Pulse accumulation is the key factor allowing the excited
carrier concentration to reach the required high plasma density
for SWS and DSWS formation, which was reflected by the evo-
lution of period and the volume ratio x. The x = 1 for SWS and
x S 1 for DSWS represents the initial air—dielectric boundary, for
which the period obtained by simulations were 785 nm for SWS
and 210 nm for DSWS [Fig 6(c)], which were close to the ex-
perimental values of 798 + 7 nm [436 m]/cm? in Fig. 2(a)]
and 210-10 nm [Fig. 3(n)], respectively. Due to a slight decrease
of the surface dielectric constant [Egs. (13) and (14)], once the elec-
tron concentration is enough to support a stable surface wave, the
period of SWS kept a saturated value shown in Fig. 6(b) in agree-
ment with experiments (Fig. 2). The DSWS period would slightly
increase with the laser fluence or pulse accumulation; see simulation
in Supplement 1, Fig. $4 and experimental data in Fig. 5.

Due to the Gaussian distribution of light intensity, the depth
of the active layer became likewise Gaussian as shown in Fig. 1. At
the border of the ablation pit, the active layer thickness defined by
the plasma skin depth resulted in the same depth of the formed
DSWS (see Supplement 1 Fig. S1 and Fig 1). The depth of the
active plasma layer was thinner at the bottom of the center of the
ablation pit (Fig. 1 and Supplement 1, Fig. S1). In the center,
SWS were dominating on the very thin active plasma layer
and prevented the DSWS formation at the plasma—substrate in-
terface (Figs. 2 and 3). Such a competition model of SWS above
the skin layer and DSWS below the skin layer was also confirmed
by comparing the pulse accumulation at 3000 pulses before and
after etching (Supplement 1, Fig. S2).

In summary, we have demonstrated fs-laser-induced subwave-
length and deep-subwavelength structures on silicon, and showed
the criterion which discriminated formation of these two types of
surface structures. We analyzed the laser excitation process and
formation of an active plasma layer of the excited electrons, which
supported a SPP surface wave. It was established that the effective
laser fluence has to be considered and local light fluence is respon-
sible for the formation of SWS and DSWS. The self-consistent
relation between SWS and DSWS via modeling of the laser-
induced plasma layer at the interfaces ties together previous
observations and unifies the mechanisms for surface nanoripple
formation.
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