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We demonstrate a comprehensive modification study of silica glass, crystalline silicon, and
amorphous silicon film, irradiated by tightly focused cylindrical vector beams with azimuthal
and radial polarizations. The evidence of the longitudinal field associated with radial
polarization is revealed by second harmonic generation in z-cut lithium niobate crystal.
Despite the lower threshold of ring-shaped modification of silicon materials, the modification
in the center of single pulse radially polarized beam is not observed. The phenomenon is
interpreted in terms of the enhanced reflection of longitudinal component at the interface with
high-index contrast, demonstrating that the longitudinal component is inefficient for the flat
surface modification. Enhanced interaction of the longitudinal light field with silicon nanopillar
structures produced by the first pulse of double-pulse irradiation is also demonstrated.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953455]

The radially polarized beams focused with high nu-
merical aperture optics lead to strong longitudinal electric
fields, which are attractive for many applications, includ-
ing particle acceleration,’ high capacity optical recording,’
near-field microscopy,” optical trapping of metallic par-
ti(:les,4 and second-harmonic (SH) generation.5_7 However,
refractive index mismatch at the interface can strongly
affect the light field that oscillates perpendicular to the
surface.> Specifically, the field is suppressed when the
beam propagates from a low refractive index into a high
refractive index medium. This implies that it may be
difficult to employ the field component perpendicular to
the surface in the laser processing of materials with high
refractive indices.

Successful ablation experiments of borosilicate glass by
the single or multi-pulse irradiation'® and modification of sil-
icon with relatively high-index by the multi-pulse irradiation
with the pronounced longitudinal field were reported.'’
Furthermore, enhanced modification by an electric field com-
ponent perpendicular to the surface via a resonant absorption
mechanism'? was suggested to explain the results of the
laser-induced nickel ablation.'? Nevertheless, the direct ex-
perimental evidence confirming that the normal field compo-
nent could produce stronger surface ablation was not
demonstrated.

The vectorial distribution of the electric field could be
visualized via self-assembled nanogratings, which are
always aligned perpendicular to the electric field of the inci-
dent beam.'®'*"'® Tailored optical vector beams including
radially and azimuthally polarized could be also exploited
for complex surface structuring with ultrashort light
pulses."”
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In this letter, using amorphous silicon (a-Si:H), we
demonstrate that the longitudinal component of the single
pulse tightly focused radially polarized beam is inefficient
for modification of flat surface. On the other hand, double
pulse experiments indicate that the same vector beams ex-
hibit an improved micromachining performance when
employed for processing of pillar-like nanostructures on a
crystalline silicon surface. The interaction of tightly
focused radially and azimuthally polarized beams at the
interfaces with different index contrast is experimentally
analyzed for both bulk and thin film materials including
silica glass, crystalline silicon and amorphous silicon. The
experimental results agree well with the analytical and
numerical simulations. In addition, to verify the presence
of a strong longitudinal field, the total field of tightly
focused radially and azimuthally polarized beams is indi-
rectly visualized by second harmonic patterns generated
in a z-cut lithium niobate (LiNbOj3) crystal. Moreover, the
longitudinal electric field of the focused radially polarized
light beam is revealed by the characterization of the self
assembled nanogratings inside silica glass.

The experiments were performed with a femtosecond
laser system (Pharos, Light Conversion, Ltd.) operating at a
wavelength of 1030 nm and delivering pulses of 270 fs at
repetition rates of 20kHz (for silicon materials) and
200kHz (for silica glass and lithium niobate crystal). The
lower repetition rate was used to eliminate any possible
heat accumulation in silicon between the first and second
pulses. The longitudinal component was generated by
tightly focusing radially polarized laser beam, using
0.65 NA dry objectives and 1.2 NA water immersion objec-
tives (Fig. 1).

The Fourier computer generated hologram (CGH) that
converts the initial Gaussian beam into the target annular
beam was generated wusing the adapted weighted
Gerchberg-Saxton (GSW) algorithm.'”® The beam with

Published by AIP Publishing.
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FIG. 1. Setup for femtosecond laser direct writing. Spatial light modulator
(SLM), lenses (L), half-wave plate (HWP), S-waveplate (S), objective lens
(O); d is the distance necessary for the beam to propagate after the reflection
from SLM, and 2fj, f; correspond to the focal lengths of lenses with
f1=300mm.
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annular intensity distribution shaped with an electrically
addressed spatial light modulator (SLM) (Hamamatsu,
LCOS-SLM) was used to enhance the longitudinal compo-
nent.>'*?° The Keplerian beam expander was used to adjust
the beam size to match the pupil size of the objective
lenses. The cylindrical distribution of the electric field
polarization was controlled using a spatially variant polar-
ization converter®' referred to as S-waveplate. The radially
or azimuthally polarized laser beams are generated by rotat-
ing the orientation of the incident linear polarization via a
half-wave plate placed before the S-waveplate.

The electric field distribution of the focused annular cy-
lindrical vector beams at the focal region is defined as
follows:**
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where r and z are cylindrical coordinates, o and f§ are the
focusing angles determined by the outer and inner radius
of the annular shaped beam, and /(0) is the relative am-
plitude of the field. If the non-annular shapes are used,
the f value becomes zero. In the case of f/a ~ 0.5 and
uniform relative amplitude, the ratio of the generated lon-
gitudinal and transverse light intensities in immersion me-
dium is around 0.58 for 0.65NA dry objective and 2.5
for 1.2 NA water immersion objective. Such focusing con-
ditions were used in all following experiments and
simulations.

Longitudinal field does not propagate and is confined
to the focal region making its observation very difficult.
However, longitudinal component can be visualized via a
second harmonic generation. The second harmonic (SH)
patterns generated by radially and azimuthally polarized
beams can be obtained using the following second-order
polarization P(2w) generated in the z-cut LiNbO;
crystal®>**

cos(0)sin(0)1(0)J, (krsin(0) e <D g0,
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E
2
P(20) 0 0 0 0 dy —dn ’
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2E,E,
for azimuthal :
Py(20) = =2dnE,Ey,
Py(20) = —dnE; +dnE;,
and for radial :
P, (20w) = —2dpnEE,+2d3E,E.,
Py(20) = —dnE} +dyE; +2d3 E, E., 4)

where E. , . are Cartesian components of the electric field of
the fundamental beam introduced in Egs. (1)-(3), and
dyp=2.1pm/V, d3; =4.3pm/V, and d;; =27 pm/V are the
absolute values of components of nonlinear susceptibility
tensor.”

In order to verify the existence of the longitudinal field,
the cylindrical vector beams were focused inside a z-cut lith-
ium niobate crystal via a 0.65NA microscope objective
100 um beneath the surface. The generated SH was collected
with a 1.2 NA water immersion objective after the sample,
imaging the focal plane and far-field intensity distributions
of the focusing lens. The SH patterns were observed for both
cylindrical radially and azimuthally polarized beams, while
the pronounced longitudinal component in the radially polar-
ized beam results in ~70% higher SH power (at 1.5 TW/cm?
pump intensities) in comparison with that produced by the
azimuthally polarized beam. The SH power increase is
caused by the 2dsE.E. and 2dsE,E. components of the
second-order polarization produced by the non-zero longitu-
dinal (E,) component of the field at the fundamental fre-
quency (Eq. (4)). When the longitudinal field is enhanced,
e.g., the ratio with transverse field is 0.58, the contribution of
these terms in SH generation increases.

The focal plane SH pattern has the shape of an annular
ring for both radial and azimuthal polarizations (see Figs.
2(b-iii) and 2(d-iii)), while in the far-field SH beam profile
becomes polarization dependent. Specifically, if the funda-
mental beam is azimuthally polarized, the far-field SH beam
remains ring-shaped (Fig. 2(b-vi)), while the radially polar-
ized fundamental beam in the far-field evolves into a three-
lobed pattern (Fig. 2(d-vi)), which is determined by the
orientation of the X and Y axes in the z-cut lithium niobate
crystal. These experimental observations agree very well
with the results of numerical simulation shown in Figs. 2(a)
and 2(c), where the polarization component P.(2w)=d3,;
(Ex2+Ey2)—i—d33Ez2 is not considered because it does not
contribute to the transversal SH field measured in our experi-
ments. One can conclude that the difference in the transverse
SH patterns generated by the focused radially and azimu-
thally polarized beams originate from the longitudinal com-
ponent of the fundamental light field. It should be noted that
since the Figure 2 shows only transversal component of the
SHG wave, the observable quantitative difference in the
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SHG intensity calculated (iii-c) and measured (iii-d) origi-
nates from the nonzero longitudinal component, which—
according to Eq. (4)—is nonzero in the focal plane. As well,
the imaging performed with the high numerical aperture
optics makes the measurements very sensitive to any minor
deviations in the system that can affect the signal.

In further experiments, single dots were imprinted inside
silica glass to visualize the vectorial distribution of electric
field in the focus. A train of 2000 pulses with 250 nJ pulse
energy was focused via a 0.65 NA objective, 120 um beneath
the substrate surface. Under these conditions, the self-
assembled nanogratings are induced. The nanostructures
with the sub-wavelength periodicity behave as a uniaxial
birefringent material where the slow axis is oriented perpen-
dicular to the beam polarization. The slow axis orientation
with corresponding vectorial distribution of electric field was
mapped using quantitative birefringence measurement sys-
tem (CRi Abrio; Olympus BX51) (Fig. 3).

The birefringence cannot be observed if the optical axis
is oriented perpendicular to the image plane (Fig. 3(a-iii)).
Thus, the slow axis induced by the longitudinal field can be
visualized only from the side of the structure. One can
observe from Fig. 3(b-iii) that the center of the light-induced
modification is occupied by an anisotropic structure (light
beam) having a slow axis (polarization) oriented perpendicu-
lar (parallel) to the beam propagation direction. However, on
the sides of the modified region, the nanogratings with or-
thogonal orientation are induced, which reveals the trans-
verse component of the light polarization (Fig. 3(b-iv)). In
contrast, after irradiation with the azimuthally polarized
light, the anisotropy associated with longitudinal component
is not observed (Fig. 3(b-1)).

Further, to directly imprint the intensity distribution of
the tightly focused annular cylindrically polarized beams in

FIG. 2. Second-harmonic patterns gen-
erated by focusing ((a) and (b)) azimu-
thally and ((c) and (d)) radially
polarized laser beams, (i, ii, iii) imaged
focal plane and (iv, v, vi) the far-field
of the focusing lens. In simulations,
only the transverse component is
shown. White arrows indicate the
polarization state of light after the lin-
ear analyzer. The x and y axes show
the crystal orientation. All intensities
are normalized.

high-index material, we carried out the experiments on irra-
diation of 300 nm thick a-Si:H film. The water immersion
microscope objective of 1.2 NA was used for focusing of the
beam. The irradiation with pulse energies below 150 nJ were
ensured to induce the nanocrystalline type of modification
without ablation in amorphous silicon.?®?” In total, the 21
sets of dots were imprinted by a single pulse irradiation of
radially or azimuthally polarized beams at different focusing
depths ranging from —10 um to 10 um (0.5 um step), relative
to the substrate surface (Fig. 4). By choosing the strongest
modification, we ensure that the modification is performed in
the focus (Fig. 4(1), (ii)).

Weak dependence of the modification on the focus depth
was observed indicating a Bessel-like long Rayleigh length,
typical for cylindrically polarized beams (Fig. 4). The thresh-
old energy of modification was more than 40% lower for

Radial

Azimuthal

(iv

r

I}F

2pm
FIG. 3. Slow axis characterization of the birefringent structures inside silica
glass induced by azimuthally (left) and radially (right) polarized laser
beams. (a) (i, iii) Top view and (b) (i, iii) side view of the slow axis orienta-
tion, with (a) (ii, iv), (b) (ii, iv) their corresponding schematics of the possi-

ble nanogratings distribution. Pseudo color indicates the direction of slow
axis (insets).
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FIG. 4. Optical transmission images of structures imprinted by annular-
shape of radially and azimuthally polarized beams in amorphous silicon film
at different focus planes, where in the inset the same structures are compared
in transmission (i) and reflection (ii) modes. The pulse energy in the inset
(right images) varies from 30 nJ to 70 nJ.

radially polarized than for azimuthally polarized beams,
30nJ versus 50nJ, respectively. This phenomenon could be
explained by the lower Fresnel reflection and different mate-
rial transformation dynamics for p-polarization compared to
s-polarizations at the interface of modified region.”®
However, in both cases, only the ring-shaped patterns were
produced. The modification in the center of annulus, where
the strong longitudinal field is present, was not observed.
The surface of the film remains flat in the conditions of irra-
diation below the ablation threshold. Consequently, if the
second pulse is fired, modification of the film qualitatively
will be the same as by the first pulse and will not reveal the
presence of longitudinal component.

Finally, we performed experiments on ablation of p-type
crystalline silicon (111). The radially and azimuthally polar-
ized beams with pulse energy of 150 nJ were focused on the
surface via a 1.2 NA water immersion objective. The irradia-
tion by the single pulse radially polarized beam resulted in a
ring-shaped modification with nanopillar structure in the
center (Fig. 5 (top-left)). Specifically, the molten silicon is
pushed away radially from the region with maximum depos-
ited energy leading to the ring-shaped ablation pattern. The
excess material pushed to the center of the ring solidifies
forming the nanopillar structure. In the case of azimuthal
polarization, the nanopillar structure is not formed due to the
lack of deposited energy and possibly the different material
dynamics after irradiation.”® The deposited energy is sup-
pressed by the higher Fresnel reflection for s-polarization
(azimuthal case) compared to p-polarization (radial case) at
the interface.

The laser-induced nanopillar, which was emerged along
the beam propagation direction, was subsequently ablated
during the second pulse irradiation due to the enhanced
transmission of the longitudinal field along the distorted
interface (Fig. 5 (top-right)). However, the irradiation by
double pulse azimuthally polarized beam kept the center
untouched partially covering it with the ablated material
(Fig. 5 (bottom)). This observation indicates that the needle
shaped surface structures aligned along the beam propaga-
tion direction are necessary for interaction with the longitu-
dinal field.

Numerical simulations of focused vector beams were
performed® to understand why the strong effect of

Appl. Phys. Lett. 108, 221107 (2016)

Radial
~“5 % double 4

double

FIG. 5. SEM images of the laser processed crystalline silicon surface. Each
spot was irradiated with single (left) and double (right) pulse radially (top)
and azimuthally (bottom) polarized beams with energies of 150 nJ.

longitudinal field did not produce modification in amorphous
and crystalline silicon. The simulations revealed that the
transverse electric field propagates without significant ampli-
tude changes, while the longitudinal electric field is discon-
tinuous through the interface when the incident beam is
focused at the water/silicon interface (Fig. 6 (top)). The
magnitude of longitudinal component decreases by a factor
of &/e; (~7.4), where ¢; and &, are the dielectric constants of
the media. Moreover, the total intensity distribution of radi-
ally and azimuthally polarized beams after the transmission
through the water/silicon interface (Fig. 6 (top)) match well
with the structures imprinted in the amorphous silicon film
(Fig. 4).

On the other hand, inside the silica glass, the magnitude
of longitudinal and transverse components are of the same
order, since the refractive index contrast at the air/silica
interface is relatively low (Fig. 6 (bottom)). Experimentally,
it was confirmed by the nanogratings formation both parallel
and perpendicular to the beam propagation direction (Fig. 3).

In conclusion, we have demonstrated the evidence of
longitudinal component of tightly focused radially polarized
beam by the observation of enhanced second harmonic gen-
eration in the z-cut lithium niobate crystal and by the laser-
induced anisotropy oriented perpendicular to the longitudinal
field in silica glass. Despite the lower threshold of
ring-shaped modification in amorphous silicon film and the
nanopillar formation in crystalline silicon, the longitudinal
electric field generated by the single pulse radially polarized
beam produces a negligible modification, which can be
explained by the discontinuity of longitudinal field at the
high-index-contrast interfaces. Thus, the longitudinal electric
field is not effective for modifying flat surfaces of materials
with high refractive index when irradiating from a low index
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mediums. On the other hand, the effect of the high-index-
contrast interface can be eliminated by using high numerical
aperture immersion objectives, e.g., solid immersion lenses.
Alternatively, the sub-wavelength structures oriented along
the beam propagation direction such as nanopillars or
enhanced surface roughness could be beneficial for material
processing by pronounced longitudinal field.
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